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Preface

Cardiac aging, like aging in general, is a complex process involving numerous cellular and molecular
changes, which along the way contribute to the expression of the multiple phenotypes of aging, “the
different faces” of cardiac aging. Several plausible theories have been considered to explain aging,
e.g., evolutionary, free radical, and somatic mutation. However, at this time it is most likely that
these different theories are intertwined with each other without a definitive “winner”, reflecting
a mixture of genetic and epigenetic elements found in most aged individuals with cardiovascular
defects. The demonstration in numerous animals models of the dramatic alterations in life span
achieved by gene engineering or lifestyle modifications, such as caloric restriction and exercise,
further underscores the interplay of both genetic and environmental factors in aging, as well their
acting through molecular and signaling pathways operative in the heart and the vasculature.

That aging and decreasing heart function occurred together has been amply documented, and
our current knowledge of age-associated cardiac pathologies has outpaced our understanding of the
basic mechanisms underlying these processes. At present, Genomic, Proteomic, Recombinant DNA
and other techniques are increasingly being applied to study cardiac cells structural and functional
changes in diverse pathologies, as well as in aging in general, and in the aging heart in particular.
An ever increasing number of animal models have contributed greatly to our understanding of the
multiple pathways and molecules participating in the development of cardiovascular aging dysfunc-
tion and aging-associated diseases. With the availability of the Human Genome Project and novel
and exciting molecular technologies, the unraveling of the underlying basic mechanisms of cardiac
aging have already begun.

In preparing this book it has been our major objective to present each chapter as clearly and as
comprehensively as possible providing current information available on theories and developmental
mechanisms of aging, including biochemical, cellular, molecular, genetic and epigenetic data. The
genetic and molecular basis of cardiovascular aging will be thoroughly discussed together with a
comprehensive assessment of the bioenergetic changes occurring in human and animal models of
cardiac aging, diagnostic progress and future therapeutic modalities.

Besides presenting a detailed review of the most pertinent investigative works from multiple
sources, we have also tried to add as much explanatory ideas and concepts generated from our own
work on cardiovascular aging. Furthermore, we have discussed what in our opinion is the future of
this important field, mainly from the standpoint of basic research. Notwithstanding, we have also
acknowledged the great contributions from the past, and are certain they will continue in the future

The chapters in this book have been arranged in a way that the readers can to some degree
recognize and appreciate the current thoughts and ideas on the particular field/subject. Furthermore,
we have tried to include as much as possible original and creative scientific works, but aware of our
limitations we must accept that this is a work still in progress.

We are hopeful that this book will be a valuable guide to aging and the heart from a post-genomic
perspective, and also an important introduction to new ideas and future progress. Although we do not
expect that this book will make anyone an expert in the field, certainly it will provide a overall-grasp
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of-theories and perspectives that may shape the present and future understanding of Cardiovascular
Aging.

Finally, I want to thank Drs. Goldenthal and Moe for their contribution, for their enthusiasm and
for their dedication to make this endeavor all worthy.

“. . . . . . . . . . . . Time will pass, inevitably
Death will follow, consequently

After a healthy and productive aging, hopefully”

José Marín-García

Highland Park, NJ
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Chapter 1
Post-Genomic View of Aging: Definitions, Theories
and Observations

Overview

From birth to death, aging is a continuous and extremely complex multifactorial process that involves
the interaction of genetic, epigenetic and environmental factors, and in which the incidence of dis-
eases increases as well as the possibility of dying. The variability of the aging phenotype among
individuals of the same species as well as the variability in longevity among species strongly sug-
gests the mediating influence of both genetic and environmental factors in dictating the life span. For
example, several genetic polymorphisms are known to confer extreme longevity in animal models,
and a number of observations suggest that similar polymorphisms may operate in humans. The
spectrum of the aging phenotype may vary from disease and disability to absence of pathology and
preservation of function. At present, humans over age 65 are more likely to be active and productive
than at any other time in history and life expectancy, disability rates, and health and wealth indi-
cators have all shown significant improvement in the last 25 years. The US census bureau reported
that average life expectancy in 2004 was 77.9 years, up from about 47.3 in 1900 with a projection
of 79.2 years for 2015. This increase appears to be largely due to improvements in health care,
nutrition, and overall standard of living for most people. Furthermore, recent observations have
shown that good health, with a balanced emotional state in early life may be associated with greater
longevity, although further research is needed to understand this connection. On the other hand,
healthy, comfortable older age continues to elude many individuals, particularly members of certain
racial, ethnic, and socio-economic groups.

Rather than individual chronological age, aging may be more closely related to epigenetic and
environmental factors, including stress and the absence of disease. The aging human populations
may develop different physiological or anatomical defects and may die from different age-dependent
diseases. Diseases such as Alzheimer disease, cardiovascular disease, osteoporosis, cancer, diabetes,
and arthritis, affect too many older men and women, and seriously compromises the quality of their
lives.

At present, in spite of intensive interest and significant progress in aging research, there is not
yet a universal agreement on one specific theory of aging. On the contrary, the number of theories is
large, some more favored by investigators than others, although in the final analysis many if not all
of these theories may work together. In this chapter, an outline of common but important definitions
of age and aging, together with an analysis of the better-known theories, gender differences, and
epidemiological information on aging will be presented.

J. Marín-García, Aging and the Heart, 3
C© Springer 2008
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Definitions

Life Span, the length of time lived by the individual.

Life span can mean:

Life expectancy, the average life span expected of a group.
Maximum life span, the maximum life span observed in a group under ideal conditions.
Mean or average life span, statistical description of the expected life span.
Longevity, the length of the individual life span with survival beyond the average life span for
that particular species/race.
Chronological life span, the number of years since birth/Life span in units of time.

Organismal Senescence, the gathering of the processes of deterioration, which follow the period of
development.
Cellular senescence, the phenomenon where cells lose the ability to divide (involving DNA damage,
including shortening of telomeres, and cells either senesce, or self-destruct [via apoptosis] if the
damage cannot be repaired).
Biological age, age assessed by biological markers (e.g., telomere length).
Gerontology, the study of aging.
Geriatrics, the study of the diseases of the aging.

Longevity

Longevity is a multifactorial quantitative trait that refers to the life span expected of an individual or
species, extending from birth to death. According to Luciani et al. [1] longevity contains a chance or
probability component resulting from the interaction between chances of survival and unpredictable
events that occur throughout life. Environmental changes that reduce mortality, e.g., advances in
medicine, have a profound impact on the individual life span [2]. In developed countries advances
in the treatment of severe diseases, including cardiovascular diseases (CVD), and improvements
in nutrition and living conditions (environmental hygiene, social welfare and healthcare systems)
have led to a dramatic reduction in the death rate at young ages before 1950, and at old ages after
1950 [3]. As a result, the mean life span has experienced a remarkable increase in the developed
world where more and more people are celebrating their 100th birthday; however, there is not yet a
clear explanation for the heterogeneity of the life span. Why do some people reach advanced ages
while others do not? To answer this question one must look at individual factors such as lifestyle,
behavior, socio-economic background and the individual genetic make-up [2].

Gene-Longevity Association Studies

In the study of longevity, late-death (≥ than 90 years old) is of great interest since it might be the
result of successful aging. Furthermore, families with long-living individuals may offer an important
contribution toward understanding the inherited/familial component of longevity. Using twin data
several investigators have observed a correlation between genetics and life span, and evidence that
longevity tends to aggregate in families have been reported [4–7]. In 1998, Perls et al. found that
the chances for survival until 80–94 years old by siblings of centenarian was four times as high as
those for siblings of individuals at 73 years of age [4]. More recently, these investigators reported
that compared with 1900 birth cohort survival data from the US, male siblings of centenarians were
at least 17 times as likely to attain age 100 themselves, while female siblings were at least 8 times
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as likely [8]. Nevertheless, and in spite of these interesting observations, the basis for the genetic
component to confer human longevity still remains largely undefined.

Elegant genetic studies from simpler organisms (e.g., yeast, C. elegans) have identified a num-
ber of highly-conserved factors, which not only have been shown to modulate life span in a large
number of animal models, but also have functional homologues in humans; these include specific
growth factors (GH, IGF-1), receptors, signaling mediators, transcriptional factors and players in
chromatin remodeling. Of particular interest, is that nearly all the factors identified thus far have
demonstrable effect on cardiac and cardiovascular function, and can modulate the cell’s responsive-
ness to Oxidative Stress (OS). The conservation of these elements in evolution has allowed these
simpler models of cellular aging to be surrogate models for further identification of genes and fac-
tors involved in the aging pathways, as well as the elucidation of a number of environmental factors,
which can either retard or accelerate aging, including nutrients and stress stimuli. On the other
hand, these observations have also showed species-specific variations, which caution against the
wholesale translation of findings from other systems to human. Benedictis et al [2]. in their review
article on human gene-longevity association studies suggested that in the assessment of the genetics
of longevity two major arguments should to be taken into account. The first involves the definition
of the phenotype. Longevity is, in fact, the net outcome of cumulative mortality over all age-classes,
and cumulative mortality is historically controlled. Second, classical approaches to the study of
human genetics, which are aimed at detecting co-segregation of genetic markers in pedigrees, are
not easy to implement since this requires the sampling of pedigrees that include two or more very
old individuals, possibly in more than one generation, which is a rare occurrence. According to these
investigators, this difficulty applies equally to parametric (lod score) and non-parametric (sib-pair)
methods of assessing linkage. Moreover, the continuous changes in environmental and life style
conditions render a direct comparison between the age of death of parents and that of their offspring
virtually meaningless. Gene-longevity association studies of unrelated individuals, which search for
non-random associations between polymorphisms at candidate loci and aging, are the most frequent
type reported in the literature. Although we must recognize that different studies may display dis-
similar results, negative findings for genes whose variants are well-known risk factors in age-related
diseases have been found. Since 1990, several studies have been published, in which a number of
gene polymorphisms showed a significant correlation with longevity, and reduced incidence of CVD
as depicted in Table 1.1. For example, the TLR4 ASP299GLY polymorphism has a significantly
lower frequency in patients affected by myocardial infarction compared to controls, whereas cente-
narians show a higher frequency for this allele [9]. These data are suggestive that people genetically
predisposed to developing weak inflammatory activity, seem to have fewer chances of developing
CVD and subsequently live longer if they do not become affected by serious infectious diseases.
These findings are also in agreement with increasing data showing how the genetic background
may exert the opposite effect with respect to inflammatory components in CVD and longevity, as
discussed in a later chapter.

Santoro et al. [27] have recently evaluated the involvement of mitochondrial DNA (mtDNA) in
human longevity since aging and longevity, as complex traits that have a significant genetic compo-
nent, likely depend on a number of nuclear gene variants interacting with mtDNA variability, both
inherited and somatic. This analysis revealed that the genetics for complex traits, including aging
and longevity, is more complicated than previously thought. For instance, suppression of specific
gene effects on phenotype by nonallelic genes (epistasis) has been documented between nuclear
gene polymorphisms and mtDNA variability (both somatic and inherited), as well as between
mtDNA somatic mutations (tissue specific) and mtDNA inherited variants (haplogroups and sub-
haplogroups); therefore, these multiple interactions must be considered as additional players capable
of explaining in part the aging and the longevity phenotype. We agree with these investigators that
testing this hypothesis is one of the main challenges in the genetics of aging and longevity. It is well
established that mitochondria are major producers of reactive oxygen species (ROS) in cells, and that
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Table 1.1 Human genes whose polymorphisms is associated with longevity

Gene Function Disease associated References

ApoE Lipoprotein metabolism AD, CVD 10–14
ApoB Cholesterol homeostasis

(LDL)
CAD 11, 15–16

ACE Angiotensin converting
enzyme

MI, AD, EH 13, 17

Fibrinogen Plasma coagulation factor CAD 18
Prothrombin Blood coagulation MI 18
ND2 (nt5178) of mtDNA NADH dehydrogenase

subunit 2, OXPHOS
MI, atherogenesis in

diabetes
19–21

J haplotype of mtDNA Not determined Mitochondrial diseases
(LHON), AD

22, 23

C150T of mtDNA MtDNA replication None 24, 25
TLR4 ASP299GLY Toll-R receptor involved

in innate immunity
MI 9

GH1 Growth hormone/
Insulin/IGF-1 signaling

Not determined 26

AD: Alzheimer disease; CAD: Coronary artery disease; CVD: Cardiovascular disease; EH: Essential hypertension;
MI: Myocardial infarction; MtDNA: Mitochondrial DNA; GH, growth hormone

organelle dysfunction may lead to metabolic defects in both vascular and smooth muscle cells with
resulting vascular dysfunction. What is less well known is that mtDNA polymorphisms may play
a significant role in aging and senescence. Takagi et al. [20] have found that a C to A transversion
in mtDNA at nucleotide 5178 of the NADH dehydrogenase subunit 2 (ND2) gene, resulting in a
Leu/Met substitution at amino acid 237, was more frequently present in Japanese centenarians than
in controls, and in subsequent studies demonstrated that the C5178A polymorphism was associ-
ated with anti-atherosclerotic effects in diabetic subjects [21]. To determine whether the C5178A
(Leu237Met) polymorphism in the mitochondrial ND2 gene is associated with a low prevalence of
myocardial infarction (MI) in a case-control study, the genotype of ND2 gene was assessed either
with a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) or by a
colorimetry-based allele-specific DNA probe assay.

Multivariate logistic regression analysis with adjustment for age, gender, body mass index, smok-
ing status, hypertension, diabetes mellitus, hypercholesterolemia, and hyperuricemia demonstrated
that the frequency of the 5178A genotype was significantly higher in controls than in subjects with
MI. Taken together, these findings suggest that the 5178A genotype of mitochondrial ND2 gene
polymorphism is protective against MI and it may also explain, at least in part, its contribution to
longevity.

In contrast, polymorphisms at PAI-1 loci, encoding the plasminogen activator inhibitor type 1
are associated with an increased risk of ischemic heart disease in elderly men [28], consistent with
findings of high PAI-1 activity in populations with angina pectoris [29] and in post–MI patients [30].
However, the impact of moderately increased PAI-1 activities associated with the PAI-1 4G/4G have
failed to show any significant effect on mortality in the general population [28]. It is well-established
that the 4G/5G polymorphism affects PAI-1 gene transcription with lower levels of plasma PAI-1
in the presence of the 5G allele, while the 4G/4G genotype is associated with higher PAI-1 levels.
Moreover, in a population-based study of Dutch elderly (with a follow-up of 7.8 years) assessing
the relative risks for cardiovascular events and all-cause mortality with respect to PAI-1 activity and
4G/5G genotype, the 4G/4G genotype was unexpectedly associated with a decreased risk of stroke,
transient ischemic attack and cardiovascular mortality [31]. In addition, subjects with high plasma
PAI-1 activity were at increased risk of stroke, CV mortality and all cause mortality. Thus, these
findings suggest that the 4G allele appeared to provide protective effect against stroke, perhaps as a
result of the associated inhibition of fibrinolysis leading to atherosclerotic plaque stabilization and
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increased neutralization of potentially neurotoxic tPA. Gene/longevity association studies for those
genes whose variability contributes significantly to general mortality, may be better assessed by
cross-sectional analysis [2].

As indicated in Table 1.1, a consistent positive association has been reported between both
apolipoprotein B (apoB) and apolipoprotein E allele polymorphisms and longevity implicating a
significant role for cholesterol homeostasis in longevity. To examine whether the prevalence of
genetic risk factors for coronary artery disease (CAD) is lower in individuals who have reached
an extremely old age, Kervinen et al [11]. analyzed the allele frequencies of apolipoprotein E (apo
E) and B (apo B) polymorphisms, and plasma lipoprotein(a) levels in nonagenarians and in younger
control groups and found that the frequency of the �4 allele of apo E was significantly lower in the
nonagenarians than in middle-aged and young adults. In addition, the frequency of EcoRI allele R-
of apo B was low in the nonagenarians, whereas the allele frequency for the XbaI polymorphism
of apo B and plasma lipoprotein(a) concentrations did not differ between the nonagenarians and the
younger groups. The presence of these potential genetic risk factors for CAD, namely the �4 allele
of apo E and the R-allele of apo B, decreases the probability of an individual reaching an extremely
old age, and therefore these alleles are less likely to be present in the very old population. The apo E
genotype/allele distributions have been shown to significantly vary between centenarians and young
people in a variety of populations [10], and the e4 allele has been proposed to be a frailty gene,
(i.e., the apo E �4 carrier has an increased rate of mortality compared to the rest of the population)
rather than a longevity gene. However, data from a study of 253 individuals of Italian ancestry
matched for origin, including 100 free-living healthy octo- and nonagenarians, 62 disabled octo- and
nonagenarians, and 91 healthy adult controls do not support the potential association between apo
E polymorphism and longevity or disability in this population [32] likely due to population-specific
interactions between gene pools and environment.

In addition to the control of gene and phenotypic expression by both environmental and epigenetic
influences, the control of gene action by epistatic interactions as well as global regulators likely play
a critical role in aging.

Interestingly, a kindred with familial hypercholesterolemia in which one-third of the relatives
with a mutant LDL receptor gene have normal plasma cholesterol concentrations was reported by
Hobbs et al. [33] The proband, a 9-yr-old boy with a plasma cholesterol value greater than 500
mg/dl, was homozygous for a point mutation that changes Ser156 to Leu in the LDL receptor. The
mutant gene was identified in heterozygous form in 17 of the mother’s relatives, five of whom had
normal LDL-cholesterol values. The pedigree was consistent with dominant transmission of a single
gene that ameliorates or suppresses the hypercholesterolemic effect of the LDL receptor mutation.

As pointed out by Benedictis et al. [2] a decline or increase in specific gene variants in the
genetic pool of the oldest-old (as compared to those of younger individuals) may reflect the capa-
bility of these variants to compensate time-related damages in crucial cell pathways. Studies with
centenarians have stressed that this subgroup through a combination of environmental circumstance,
lifestyle and genetic background have escaped most of the major age-related diseases including
neoplasms [34], exhibit a complex remodeling of immune responses and feature in particular a
largely conserved or even up-regulated innate immunity, with an associated elevation of moderate
inflammation [35]. Interestingly, gene polymorphisms, which may be risk factors for severe diseases,
have failed to reveal any association with longevity or they yielded completely unexpected results,
such as the high incidence in centenarians of the D/D ACE genotype or no longevity association
with the 4G/4G PAI-1 genotype [13, 17]. The positive association between mtDNA inheritance
and longevity on the other hand, may reflect both the essential role and need that mtDNA plays in
cell metabolism (OXPHOS) as well as a potential role as a sensor/trigger of apoptotic cell death,
autophagy and oxidative stress as discussed in Chapter 4.

Aging and longevity are related in a rather complex way with the ability to cope with a
variety of stressors including OS [2]. Observations from both model organisms and healthy
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centenarians have highlighted the importance of the capacity to cope with stress for attaining
longevity. Accordingly, common genetic risk factors defined primarily or solely on the basis of their
involvement in specific diseases, such as CVD are probably not the key to longevity albeit playing
a contributory role. Their effect on mortality appears to be smaller as compared to the effects of
“master” genes located at the cluster of the aging network such as genes in the GH/IGF1/insulin
signaling pathway, which we will describe in several chapters of this book. Consequently, a current
focus of human longevity research includes the search for stress-response genes that have been con-
served by evolution. Furthermore, multidisciplinary approaches integrating demographic, molecular
genetic, biochemical, and clinical methods are increasingly needed to decipher the complex network
of factors that controls aging and longevity in higher organisms.

Longevity Genes from Model Systems

Findings from model systems have shown that individual genes may have significant effect on life
span, a number of which are listed in Table 1.2. The major genetic model organisms used in aging
research are the bakers’ yeast (Saccharomyces cerevisiae), filamentous fungus (Podospora anse-
rina), soil roundworm (Caenorhabditis elegans), fruit fly (Drosophila melanogaster), and mouse
(Mus musculus).

Study of the aging process in Podospora anserina is relatively easy, and is currently under intense
observation in several laboratories to identify genes involved in life span definition. In this model
organism, cellular senescence is accompanied by a drastic reorganization of the internal membrane
network (mitochondria, endoplasmic reticulum, nuclear membrane). At the molecular level, it is cor-
related with extensive mtDNA defects. Early studies suggested that this senescence can be triggered
by the accumulation of a cytoplasmic and infectious element, whose nature is still unknown [37].
Recent evidence suggests that longevity in this model, measured in centimeters of growth, is in
part under the control of numerous nuclear genes encoding and regulating mitochondrial respiratory
metabolism, a key determinant of Podospora life span, as well as other less defined genetic elements
and environmental conditions. Moreover, loss of function of the mitochondrial cytochrome pathway

Table 1.2 Model systems used for genes-longevity association (modified after Jazwinski) [36]

Saccharomyces Caenorhabditis Drosophila Mouse

LAG1 daf-2 sod1 Prop-1
LAC1 daf-12 cat1 p66shc
RAS1 age-1/daf-23 mth mclk1
RAS2 daf-18 IIS
PHB1 akt-1/akt-2
PHB2 daf-16
CDC7 daf-12
BUD1 ctl-1
RTG2 old-1
RPD3 spe-26
HDA1 clk-1
SIR2 mev-1
SIR4-42 IIS
UTH4 aak-2
YGL023
SGS1
RAD52
FOB1

IIS: Insulin/IGF-1 signaling
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leads to the compensatory induction of an alternative oxidase, to decreased ROS production, mtDNA
stabilization and to a striking increase in life span [38]. This model illustrates several aspects of
aging/senescence unique to this fungus as well as conserved features shared by many models includ-
ing the primary role of mitochondrial bioenergy, ROS production and mtDNA defects.

Reports on the increased in mRNA level of heat shock proteins (Hsp) genes in aged Drosophila
suggest that expression of Hsp might be beneficial in preventing the damage induced by aging, and
that overexpression of the small mitochondrial Hsp22 extends Drosophila life span and increases
resistance to OS [39]. Morrow et al. have demonstrated that targeted expression of Hsp22 within
motorneurons increases Drosophila mean life span by more than 30 %. Hsp22 shows beneficial
effects on early-aging events since the premortality phase displays the same increase as the mean life
span, and flies expressing Hsp22 in their motorneurons maintain their locomotor activity longer as
assessed by a negative geotaxis assay. The motorneurons-targeted expression of Hsp22 also signifi-
cantly increased fly resistance to both OS induced by paraquat (up to 35 %) and thermal stress. Also,
these investigators have shown that Drosophila not expressing the mitochondrial small Hsp22 have
a 40 % decrease in life span, dying faster than matched controls and display a decrease of 30 % in
locomotor activity compared with controls [40]. Moreover, the absence of Hsp22 also sensitizes flies
to mild stress. Taken together, these findings suggest that Hsp22 is a key player in cell-protection
mechanisms against oxidative injuries and aging in Drosophila, and further confirm the essential
role that mitochondria play in aging.

There is increasing evidence that aging is hormonally regulated by an evolutionarily conserved
insulin/IGF-1 signaling (IIS) pathway, and mutations in IIS components affect life span in C. ele-
gans, Drosophila melanogaster and mice. According to Hwangbo et al. [41] aging in Drosophila
is slowed when insulin-like signaling is reduced; life expectancy is extended by more than 50 %
when the insulin-like receptor (InR) or its receptor substrate (chico) are mutated, or when insulin-
producing cells are ablated. However, when insulin affects aging, or whether insulin signals regulate
aging directly or indirectly through secondary hormones are not yet known. In addition, C. elegans
life span is also extended when insulin signaling is inhibited in certain tissues, or when repressed in
adult worms, mediated by the forkhead transcription factor (FOXO) encoded by daf-16. Previously,
Kenyon et al. reported that mutations in the gene daf-2 can cause fertile, active, adult C. elegans
hermaphrodites to live more than twice as long as wild type [42]. This life span extension, the largest
yet reported in any organism, requires the activity of a second gene, daf-16. Both genes also regulate
formation of the dauer larva, a developmentally arrested larval form that is induced by crowding
and starvation and is very long-lived. These findings raise the possibility that the longevity of the
dauer is not simply a consequence of its arrested growth, but rather results from a regulated life span
extension mechanism that can be uncoupled from other aspects of dauer formation. Taken together
daf-2 and daf-16 provide intriguing information on how life span can be extended. Moreover, the
conserved nature of these genes actions on aging has been demonstrated. The D. melanogaster
insulin-like receptor mediates phosphorylation of dFOXO, the fly equivalent of nematode daf-16
and mammalian FOXO3a. Likewise, dFOXO regulates D. melanogaster aging when activated in
the adult pericerebral fat body [43]. In addition, this limited activation of dFOXO reduces expres-
sion of the Drosophila insulin-like peptide dilp-2 synthesized in neurons, and represses endogenous
insulin-dependent signaling in peripheral fat body. These findings suggest that autonomous and non-
autonomous roles of insulin signaling combine to control aging. A diagram showing the involvement
of conserved elements in the insulin/IGF-1 signaling pathway is shown in Figure 1.1.

In yeast mother cells, SIR genes are determinants of life span since null mutations in SIR2 shorten
life span and an extra copy of SIR2 can extend life span [44]. These effects appear to primarily derive
from the silencing of chromatin in the ribosomal DNA (rDNA) repeats by Sir2p, mediated through
its histone deacetylase activity. This silencing reduces rDNA gene expression and suppresses recom-
bination that would generate toxic extrachromosomal rDNA circles (ERCs) [45]. In yeast mother
cells, aging results from an asymmetry of cell division, leading to the accumulation of ERCs and
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Fig. 1.1 Elements in insulin and IGF-1 signal transduction pathway are linked with aging and longevity
Shown are highly conserved homologues involved in this pathway in C. elegans (INS-N, DAF-2, ISI, AAP-1, AGE-1,
DAF-18, IST-1, AKT-1/SGK-1, DAF-16), Drosophila (INR, Dp60, Dp110, Chico, dPTEN, PKB, dFOXO) and human
(IGF, IGFR, p85, p110, PTEN, IRS, AKT-1, FOXO), which involves a cascade of phosphorylation events that con-
verge on the FOXO/DAF-16 modulating its entry to the nucleus to set in motion a concerted transcriptional regulation
of downstream target genes. A role of TOR, and GSK-3 in controlling protein synthesis and ribosomal biogenesis is
also involved in aging and longevity with some interfacing with the insulin/IGF-1 signaling pathway. As indicated
by the arrows, DAF-2/ insulin receptor and insulin receptor substrate signaling leads to reduced longevity, whereas
FOXO/DAF-16 signaling increased longevity.

perhaps other deleterious molecules. In C. elegans, although aging appears different that in yeast
(the soma of adults has only post-mitotic cells), a SIR2 homolog, Sir-2.1, can regulate their life span
since transgenic worms with extra copies of Sir-2.1 live longer as well as display enhanced stress
resistance [46]. Interestingly, this effect however is not mediated by silencing rDNA or modulating
ERC formation, a process unique to yeast. Furthermore, Sir-2.1 and its regulation of C. elegans life
span are dependent on the expression of daf-16 and Sir-2.1 is thought to be an upstream element
in the insulin signaling pathway regulating life span [46]. Recent studies have demonstrated that
SIR-2.1 interacts with 14-3-3 proteins to transcriptionally activate DAF-16 and extend life span and
impact stress resistance [47].

Mutations in other downstream elements of this pathway have been shown to reduce signaling
and provide longevity in C. elegans, [48–51] and other downstream elements including ER stress
proteins have been implicated using gene profiling analysis [52].

Sir2 proteins by their biochemical activity as NAD-protein deacetylases might keep track of the
metabolic rate by the amount of available NAD, and couple this status to regulatory events, such as
the silencing of chromatin. Moreover, homologues of SIR2 have been identified and implicated in
cellular senescence in flies as well as in a variety of mouse and human cells (including mammalian
cardiac myocytes) [53–56]. SIR2 genes appear to be operative in regulating aging in many different
organisms, albeit as pointed out by Guarente [57], some of the molecular events that it controls may
be species-specific (i.e., rDNA silencing in yeast and insulin signaling/dauer formation in worms).
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More roles for the SIR2 homologues (there are seven SIR-related proteins [sirtuins] with distinct
subcellular localizations and functions in human cells) in mammalian cells have been revealed
including the deacetylation and activation of mammalian acetyl-CoA synthetases [58], a role in
DNA base-excision repair [59], roles in metabolic regulation [60], fat mobilization [61], and insulin
secretion [62, 63]. These multiple roles SIR2 play in aging and physiology as well with respect to
caloric restriction are more extensively discussed in a later section and are currently viewed as a
potential target for pharmacological modulation to treat both disease of aging and may be eventually
be applicable to expanding human longevity.

Giannakou et al. have studied the timing of the effect of reduced IIS on life span and the role
of a potential target tissue, the fat body of adult Drosophila, containing an overexpressed allele
of dFOXO, a downstream effector of IIS [64]. This study found that FOXO transcription fac-
tors and the adipose tissue are evolutionarily conserved in the regulation of aging, and that the
reduction of IIS in the adult was sufficient to mediate its effects on both life span and fecundity.
Furthermore, most long-lived IIS mutants also show increased resistance to OS. Interestingly, in
Drosophila and in mice, the long-lived phenotype of several IIS mutants is restricted to females.
Recently, van Heemst et al. prospectively evaluated in human subjects the incidence of selected
polymorphic variants in genes encoding elements in the IIS pathway and gauged their impact on
body height and longevity using multivariate analysis [26]. Based on the expected effects (increased
or decreased signaling) of the selected variants components (e.g., GHRHR, GH1, IGF-1, INS,
IRS1), composite IIS scores to estimate IIS pathway activity were determined. In women, lower
IIS scores were significantly associated with lower body height and improved old age survival.
Moreover, multivariate analyses showed that these results were most pronounced for specific vari-
ants including the GH1 SNP, IGF1 CA repeat and IRS1 SNP. In females, for variant allele car-
riers of the GH1 SNP, body height was 2 cm lower and mortality 0.80-fold reduced when com-
pared with wild-type allele carriers. The conclusion was that in females, genetic variation causing
reduced IIS activation is beneficial for old age survival and this effect was stronger for the GH1
SNP than for variation in other conserved IIS genes previously found to affect longevity in model
organisms.

Aging of eukaryotic organisms is affected by their nutritional state and by their ability to pre-
vent or repair oxidative damage. Furthermore, the signaling pathways that control metabolism and
OS responses also influence the life span. When nutrients are abundant, the IIS pathway promotes
growth and energy storage but shortens life span. On the other hand, the transcription factor FOXO,
which is inhibited by IIS, extends life span in conditions of low IIS activity. In addition, activation of
the stress-responsive Jun-N-terminal kinase (JNK) pathway may also increase life span. Wang el al.
demonstrated that JNK requires FOXO to extend life span in Drosophila and that JNK antagonizes
IIS, causing nuclear localization of FOXO and inducing its targets, including growth control and
stress defense genes [65]. JNK and FOXO also restrict IIS activity systemically by repressing IIS
ligand expression in neuroendocrine cells. Therefore, the convergence of JNK signaling and FOXO
on IIS signaling provides a model to explain the effects of stress and nutrition on longevity. A
conserved MST-FOXO signaling pathway has been recently reported to mediate OS responses and
extend mammalian life span. Lehtinen et al. [66] have shown that the protein kinase MST1 mediates
OS-induced cell death in primary mammalian neurons by directly activating the FOXO transcription
factors. MST1 phosphorylates FOXO proteins at a conserved site within the forkhead domain that
disrupts their interaction with 14-3-3 proteins, promotes FOXO nuclear translocation and induces
cell death in neurons. This study extended the MST-FOXO signaling link to nematodes by demon-
strating that knockdown of the C. elegans MST1 ortholog CST-1 resulted in a shortened life span
and accelerated tissue aging, while CST-1 overexpression enhanced life span and delayed aging, and
that the CST-1-induced life span extension occurs in a daf-16-dependent manner. Identification of
the FOXO transcription factors, as major and evolutionarily conserved targets of MST1, suggested
that MST kinases play important roles in diverse biological processes, including cellular responses
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to OS and longevity. Taken together, these studies provide another important mechanism by which
metabolic and stress responses are integrated via phosphorylation of FOXO proteins.

Theories of Aging

Nobody really knows why we get older. It is possible that after an organism passes reproductive age
its use to future generations is limited and it just slowly fades away. It is possible that the organism
changes as it gets older, but why the organism’s cells behave this way is not completely understood.
The theories of aging are many, and the most popular may be that as cells age they become less
efficient and less able to rid themselves of waste and toxic products, and eventually they are no
longer able to work at all – and die.

At the outset it should be mentioned that to establish a new, fundamental theory or view on a
subject that has been so extensively handled by investigators is extremely difficult. Moreover, it is
important to realize that there is not yet a common, universal theory of aging; but rather many diverse
perspectives, which significantly are not necessarily mutually exclusive. Instead, they may better be
held together, at least at the molecular and cellular levels, where they address the questions of “is
aging programmed?” or “is aging accidental?” In this section we will describe the better-known
general theories of aging. Later in Chapter 2 we will further discuss these theories more specifically
in reference to cardiovascular (CV) aging.

Evolutionary Theories

The search for a general biology of aging has utilized terms of evolutionary biology, which correlate
the developmental processes of plants and organisms in an effort to resolve their inherited rela-
tionship and developmental evolution. However, attempts to explain “late-life mortality plateaus”
by using evolution theory have largely failed since they required highly specialized, elaborate and
unrealistic assumptions. It is our view that evolutionary theory is likely to be more applicable to
explaining early reproductive success, rather than later failures such as aging and death. According to
these theories, aging is the result of investing resources in reproduction, rather than the maintenance
of the body (the Disposable Soma Theory or DST), in light of the fact that accidents, predation and
disease will eventually kill the organism no matter how much energy is devoted to repair the body.
According to Weinert and Timiras, the concept of an evolutionary tradeoff is a central premise in
both the DST and the Antagonistic Pleiotropy Theory (APT) [67]. The DST explains why we live
for a certain period of time but does not attempt to delineate the specific cause of aging. On the
other hand, the APT suggests that some genes may be selected for their beneficial effects early in
life, but these can have unselected deleterious effects with age contributing to senescence. More
specific evolutionary theories have been postulated and they are not necessary mutually exclusive,
i.e., late-acting deleterious mutations could accumulate in populations over evolutionary time. Hal-
dane invoked population genetics, the study of the allele frequency distribution and change under
the influence of the four evolutionary forces: natural selection, genetic drift, mutation, and gene
flow. This also takes account of population subdivision and population structure in space, and as
such, attempts to explain such phenomena as adaptation and speciation. Population genetics was
an essential component in the modern evolutionary synthesis (MES). Also, MES may be explained
in terms of a new synthesis, the modern synthesis, the evolutionary synthesis, neo-Darwinian syn-
thesis or neo-Darwinism, which integrates Charles Darwin’s theory of the evolution of species by
natural selection, Mendel’s theory of genetics as the basis for biological inheritance, random genetic
mutation as the source of variation, and mathematical population genetics. The primary founders
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of MES were Sewall Wright, JBS Haldane and RA Fisher, who also laid the foundations for the
related discipline of quantitative genetics or the study of continuous traits (such as height or weight)
and their underlying mechanisms. Using these constructs, late-acting deleterious mutations could
accumulate in populations over evolutionary time through genetic drift. And it is these later-acting
deleterious mutations, which are believed to cause, or perhaps more correctly allow, age-related mor-
tality. Peter Medawar formalized this perspective in his mutation accumulation theory of aging [69].
“The force of natural selection weakens with increasing age – even in a theoretically immortal
population, provided only that it is exposed to real hazards of mortality. If a genetic disaster happens
late enough in individual life, its consequences may be completely unimportant”. The ‘real hazards
of mortality’ are typically predation, disease and accidents. So, even an immortal population, whose
fertility does not decline with time, will have fewer individuals alive in older age groups. This is
called ‘extrinsic mortality’. Young cohorts, not depleted in numbers yet by extrinsic mortality, con-
tribute far more to the next generation than the few remaining older cohorts, so the force of selection
against late-acting deleterious mutations, which only affect these few older individuals, is very weak.
The mutations may not be selected against, and therefore may spread over evolutionary time into the
population.

In his excellent review reflecting on the evolution of senescence and death, WR Clark [70], noted
that Medawar was among the first to recognize what has become a foundation stone of contemporary
evolutionary theories of aging: the declining force of natural selection with age of the individual.
Harmful genetic events that are expressed prior to the reproductive period in an animal’s life history
will be strongly selected against, whereas the expression of such genes at later stages will not be
subject to negative selection. In addition, Medawar speculated that spontaneously arising variants
of genes that display a harmful effect only later in life termed – senescence effector alleles – would
simply accumulate in a species over evolutionary time; the allelic variants of the genes responsible
for Huntington’s chorea and Alzheimer disease are often cited as examples. Moreover, harmful
genetic alterations could arise in senescence regulator genes, as well as in the senescence effector
genes themselves. We concur with Clark that this concept of senescence regulator genes, which
was not followed up for several decades after Medawar proposed it, may be his most important
contribution to thinking about the evolution of senescence. According, to Charlesworth [71], the idea
that a senescent decline in the performance of biological systems must have an evolutionary basis
traces back almost to the beginnings of evolutionary biology. At first sight, the almost universal
existence of senescence in species of multicellular organisms appears paradoxical, since natural
selection may cause the evolution of increased, not decreased, fitness [72]. Many biologists have
the opinion that senescence reflects an inevitable process of damage accumulation with age [73],
and that similarly senescence can be seen in complex machines such as cars [74]. Charlesworth
pointed out [71], that unicellular organisms, such as bacteria, and the germ lines of multicellu-
lar organisms have been able to propagate themselves without senescence over billions of years,
implying that biological systems are capable of continuous repair and maintenance to avoid senes-
cence at the cellular level, and therefore senescence cannot just be an unavoidable cumulative result
of damage. The significant amount of variation among different species in their rates of senes-
cence also clearly indicates that aging is subject to variation and selection that is suggested by
the presence of both quantitative genetic variation and major gene mutations affecting the rate of
aging [72, 75, 76].

The major testable prediction made by the evolutionary theory is that species, which have high
extrinsic mortality in nature, will age more quickly and have shorter intrinsic life span. This is
because there is too little time before death occurs by extrinsic causes for the effects of deleterious
mutations to be expressed and, therefore, selected against. This is borne out among mammals, the
best studied in terms of life history. There is a correlation among mammals between body size and
life span, such that larger species live longer than smaller species in controlled/optimum conditions,
but there are notable exceptions. For instance, many bats and rodents are similarly sized, yet bats
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live much, much longer. For instance, the little brown bat, half the size of a mouse, can live 30 years
in the wild. A mouse will live 2–3 years even with optimum conditions. The explanation is that
bats have fewer predators, therefore low extrinsic mortality. Thus more individuals survive to later
ages so the force of selection against late-acting deleterious mutations is stronger. Fewer late-acting
deleterious mutations = slower aging = longer life span. Birds are also warm-blooded and similarly
sized to many small mammals, yet live often 5–10 times as long. They clearly have fewer predation
pressures compared with ground-dwelling mammals. And seabirds, which generally have the fewest
predators of all birds, live longest.

Also, when examining the body-size vs. life span relationship, predator mammals tend to have
longer life span than prey animals in a controlled environment such as a zoo or nature reserve. The
explanation for the long life span of primates (such as humans, monkeys and apes) relative to body
size is that their intelligence and often sociality helps them avoid becoming prey. Being a predator,
being smart and working together all reduce extrinsic mortality.

Another evolutionary theory of aging was proposed by GC Williams and involves antagonistic
pleiotropy [77]. A single gene may affect multiple traits (pleiotropy). Some traits that increase fitness
early in life may also have negative effects later in life. But because many more individuals are alive
at young ages than at old ages, even small positive effects early can be strongly selected for, and
large negative effects later may be very weakly selected against. Williams suggested the following
example: perhaps a gene codes for calcium deposition in bones which promotes juvenile survival and
will therefore be favored by natural selection; however this same gene promotes calcium deposition
in the arteries, causing negative effects in old age. Therefore negative effects in old age may reflect
the result of natural selection for pleiotropic genes, which are beneficial early in life. In this case,
fitness is relatively high when Fisher’s reproductive value is high and relatively low when Fisher’s
reproductive value is low. We agree with Gavrilov and Gavrilova [78] that evolutionary theories
of aging are useful when they open new opportunities for further research by suggesting testable
predictions, although they may have been harmful when they are used to impose limitations on aging
studies. As pointed out by Gavrilov and Gavrilova [79], manifold difficulties occur in incorporating
evolutionay theory to explain late-life mortality plateaus in aging whereas it may be more proficient
to explain reproduction rather than aging and death. Finally, it is apparent that the evolutionary
theories of aging are not ultimate completed theories; they are rather a set of ideas that require
further research and validation.

Molecular/Genome Mutations/Deletions Theory

The genetics of aging is an extremely exciting research area that can be used to test the theories
of aging. According to Hekimi [80], each animal species displays a specific life span, rate of aging
and characteristic pattern of development of age-dependent diseases. Significantly, the genetic basis
of these related features are being studied experimentally in invertebrate and vertebrate model sys-
tems as well as in humans through medical records. At present, three types of mutants are being
analyzed: (1) short-lived mutants that are prone to age-dependent diseases and might be models of
accelerated aging; (2) mutants that show overt molecular defects but that do not live shorter lives
than controls, and can be used to test specific theories about the molecular causes of aging and
age-dependent diseases; and (3) long-lived mutants that might advance the understanding of the
molecular physiology of slow-aging animals and may help in the discovery of molecular targets
that could be used to manipulate rates of aging to benefit human health. Accumulation of mutations
occur in the mitochondrial genome (together with respiratory chain defects forming the basis for “the
mitochondrial theory of aging”) and nuclear DNA (often termed genomic instability) that will lead
to damage/dysfunction of proteins, membranes, organelles and cells, and finally to cell death and
aging. The DNA damage may be secondary to a number of insults, including oxygen free radicals,
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toxins, chemicals or radiation, together with an ineffectual DNA repair machinery with aging (“DNA
repair theory”) and errors in DNA replication.

Analysis of genome-wide transcription by DNA microarrays and serial analysis of gene expres-
sion (SAGE) are increasingly used to detect changes with age in several model systems. These
techniques allow the compilation of a blueprint or molecular signature of normal aging, and its com-
parison with slowing or acceleration of aging by specific interventions in Drosophila melanogaster,
mice and C. elegans [81–84].

Studies of human centenarians and their relatives have identified a significant genetic aspect
underlying the ability to survive to exceptional ages. In one study, the mortality rate of centenarian
siblings was shown to be, on average, half the mortality rate of the US year 1900 cohort [8, 85].
This sustained life-long reduction in mortality rate suggests that the effect is due to genetic rather
than environmental or socio-economic factors. Another study supported the idea that exceptional
longevity has a genetic component by using a genome-wide scan of 308 individuals belonging to
137 sibships demonstrating exceptional longevity to identify a locus on chromosome 4 that exhibited
significant linkage with exceptional longevity and therefore is likely to contain gene(s) that promote
longevity [86]. Moreover, as we have previously noted, an increasing number of polymorphic gene
variants (listed in Table 1.1) have been identified with differential distribution in the very old and in
centenarians. Genetic analysis of human longevity is particularly important since most of the genetic
aspects of aging are mainly studied in short-lived model organisms.

An outgrowth of the DNA/Genetic theory is the Cell senescence/Telomere/Telomerase Theory of
Aging. Telomeres are specialized DNA-protein structures located at the end of chromosomes, which
shorten with each replication, unless they are preserved by the action of the enzyme telomerase
reverse transcriptase (TERT). During aging their length is progressively reduced in most somatic
cells, with incomplete synthesis of the lagging strand resulting in telomere shortening every time
the cells divide. After a number of cell cycles, telomere length reaches a critical size, cellular
replication stops and the cell becomes senescent. This phenomenon is called telomere-driven senes-
cence versus the stress-induced premature senescence (which can occur independently of telomere
shortening). Telomerization, the expression of TERT in a number of cultured cell-types, including
endothelial cells and cardiomyocytes, leads to recovery of telomerase activity stopping the initiation
of senescence [87–90]. Significantly, telomere shortening and the cell’s replicative life span is not
only achieved by incomplete lagging strand synthesis, but is in great part based on telomeric DNA
damage. In telomerase-negative cells, during DNA replication in vitro, telomeres shorten due to
multiple causes including the inability of DNA polymerases to fully copy the lagging strand, DNA
end processing and random DNA damage, often caused by OS and the short telomeres activate
replicative senescence and irreversible cell cycle arrest. According to von Zglinicki and Martin-Ruiz,
telomere length acts as an indicator of replicative history, of the probability of cell senescence, and
of accumulated OS [91]. In addition, in most human cells telomeres shorten during aging in vivo,
suggesting that telomere length could be a biomarker of aging and age-related morbidity. These
investigators noted that there are two different possibilities: (1) In a tissue-specific fashion, short
telomeres might indicate senescence of stem cells, and this might contribute to age-related func-
tional attenuation in this tissue. (2) Short telomeres in one tissue might act as risk markers for
age-related disease residing in a completely different tissue. Although recent observations appear to
support both approaches, the impact of cell senescence on tissue aging in vivo is still questionable. In
another study, the same group of investigators measured white blood cell telomere length at baseline
in 598 participants of the Leiden 85-plus Study (mean age at baseline 89.8 years), and obtained
second telomere measurements from 81 participants after an average time span of between 4 and
13 years [92]. At baseline, telomere length was not predictive for mortality involving cardiovascular
causes, cancer or infectious diseases, and longitudinal measurements of telomere length were highly
unstable in a large fraction of subjects. Thus the conclusion was that blood monocyte telomere length
is not a predictive indicator for age-related morbidity and mortality at ages over 85 years, possibly
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because of a high degree of telomere length instability in this group. On the other hand, these inves-
tigators have reported more recently a potential correlation between telomere length in peripheral
blood mononuclear cells and ventricular function, as assessed by echocardiographic determination
of ejection fraction (EF) in a group of 85-year old subjects recruited from the community as part
of the Newcastle 85+ Study [93]. In this study, sex and telomere length were significant predictors
of EF while current smoking, blood pressure, plasma high sensitivity C-reactive protein (CRP), and
use of cardiovascular medications were not. Thus aging may affect myocardial function in the oldest
old, and this may be independent of other specific disease processes. In the future it may be possible
to introduce telomerase in cells in vivo, keeping in mind that free radicals damage the DNA (Free
Radical Theory of Aging).

Wear-and Tear- Theories

This set of theories refer to a progressive, accumulative damage that the body can not repair by itself,
including:

(a) The Free Radical Theory of Aging (FRTA).

(b) Cross-linkage theories (a result of metabolism, cross-links form between molecules and lead to
rigidity, leading the molecules to no longer function properly).

(c) DNA-repair theory (DNA cannot keep up with the damage caused by factors like pollution, envi-
ronment, and the slow repair mechanism associated with aging).

(d) Garbage accumulation theory.

(a) FRTA

The groundbreaking original paper on FRTA [94] was published in 1956. This is one of the better-
known theories, and has generated a massive amount of research designed to support or refute the
theory; however, it is still somewhat debatable. Parenthetically, FRTA is the most widely accepted
theory. Not only scientists, but also lay people, have taken a particularly strong interest in this theory,
as evidenced by the sales of supplemental antioxidants.

Free radicals (FRs) are molecules carrying an unpaired electron. They are extremely reactive
compounds that will come to have a new electron in any way possible. In this process, the free radical
will attach itself to another molecule modifying it biochemically. As FRs steal an electron from
other molecules, they may convert these molecules into de novo FRs, or break down or alter their
chemical structure. These aggressive compounds induce damage to cellular macromolecules such as
DNA, lipids and proteins. The main FRs and non-FRs mimics are called reactive oxygen species”
or ROS, including superoxide radical (SOR), hydroxyl radical (OHR), hydroperoxyl radical (HPR),
alkoxyl radical (AR), peroxyl radical (PR) and nitric oxide radical (NOR). Other molecules that
are technically not FRs, but act much like them, are singlet oxygen and hydrogen peroxide (H2O2).
As a measure of the significant potency of FR, they also play predominant roles in other theories,
including the Mitochondrial, Membrane and Cross-link theories, as well as being central elements in
FRTA. Furthermore, recent observations suggest that only some of these damaged macromolecules
can be removed and their accumulation in the aging cell might exceed the cell ability to get rid off
of this “garbage” (The Garbage theory). Moreover, the “garbage” limits the function of the cellular
repair systems creating a positive feedback loop causing cellular aging. Notwithstanding their role
in cell damage, ROS are also important housekeeping signaling molecules, for example in the p53
and NF-�B pathways.
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Some of the strongest indications in support of FRTA have come from life span extension in
Drosophila and C. elegans transgenic studies [95, 96]. Compared to normal controls transgenic
flies equipped with enhanced antioxidant defenses (overexpressed superoxide dismutase [CuSOD]
or catalase) had up to 30 % longer average and maximum life spans; a reduction of age-related
accumulation of oxidative damage to protein and DNA; reduced DNA damage when exposed to
radiation, and many other improved indices of oxidant damage [97]. Increased expression of Cu-
SOD (which neutralizes SOR) and catalase (which neutralizes H2O2) in Drosophila was associ-
ated with increased longevity and increased resistance to OS. Long-lived mutant C. elegans are
also OS resistant and have significant age-dependent increase in SOD and catalase activities [98].
Moreover, antioxidant compounds (synthetic mimetics of catalase and SOD) can delay aging in
C. elegans. [99]

Further support for FRTA comes from interspecies comparison of FR production, oxidative dam-
age, and antioxidant levels. For instance, the white-footed mouse (Peromyscus leucopus) lives about
twice as long as the house mouse (Mus musculus) although their metabolic rates are similar. At
age 3.5 years, the rates of mitochondrial SOR and H2O2 generation was 40 % less in heart and
80 % less in brain in Peromyscus, while catalase and glutathione peroxidase (GPx) activities were
about twice as high in Peromyscus, and the level of damaged proteins was 80 % higher in Mus
mice [100]. The lower rate of mitochondrial superoxide and H2O2 generation, higher activities
of catalase and GPx and low levels of protein oxidative damage in the longer-lived Peromyscus
species supports FTRA and the role of OS in aging. Pigeons and rats have similar body mass and
metabolic rates, yet rates of heart, liver and brain mitochondrial SOR and H2O2 generation are 10
times less in pigeons, while their levels of catalase and GPx are higher. As noted by Beckman and
Ames [95], interspecies comparisons of oxidative damage, antioxidant defenses, and oxidant gen-
eration provide some important corroborating evidence that oxidants are significant determinants of
life span.

On the other hand, initial studies found that ubiquitous overexpression of CuSOD does not extend
life span in transgenic mouse strains as it does in flies [101]. Similarly, dietary antioxidants may
decrease the accumulation of ROS in mice, but they fail to extend their life span [102]. Interestingly,
several studies have suggested that modulation of catalase levels may be more related than SOD
levels to longevity in mice [103–104]. In studies of long-lived dwarf mice, Brown-Borg and Rakoczy
reported significantly elevated catalase in livers and kidneys from dwarf mice compared to age-
matched control mice; conversely, marked reduction was found in liver catalase levels in short-lived
growth hormone (GH) transgenic mice with accelerated aging [103].

These studies have been extended by a recent study, which found that transgenic mice that over-
express human catalase localized to the mitochondria (MCAT) exhibited significant increases (over
20 %) in both their median and maximum life span [104]. These transgenic mouse strains with over
a 50-fold increase in catalase expression in cardiac and skeletal muscle mitochondria also displayed
reduced severity in age-dependent arteriosclerosis, reduced OS (e.g., H2O2 production and oxidative
damage) and increased genomic stability as indicated by reduced levels of mtDNA deletions in
both heart and skeletal muscle. The observation that a relatively large increase in life span results
from the up-regulation of a single gene involved in boosting antioxidant defenses, and its targeting
to the mitochondria, buttresses the notion that mitochondrial ROS and OS play a critical role in
determining life span, and are to date the most compelling support for FRTA. It will be critical to
see if these findings are applicable to other species including larger mammals and humans. A role
of mitochondrial-generated ROS and OS in leading to cellular senescence and aging is illustrated in
Figure 1.2.

It is also noteworthy that stress conditioning can lead to a positive compensatory response
(hormesis), that protects against oxidative damage in part by both activating antioxidant defenses and
reducing ROS generation and extends life span, a critical concept which we will revisit frequently
throughout this book [105]. For example, rodents exposed to chronic radiation exhibit reproducible
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Fig. 1.2 Molecular and subcellular events leading to oxidative stress-induced senescence and aging
Aging-accumulated damage to proteins, lipids and mtDNA caused by mitochondrial-generated ROS including H2O2,
superoxide (O−

2 ) and hydroxyl radicals (OH−), leads to PT pore opening and apoptotic cell death, telomere shortening
and nuclear DNA damage as well as modulated DNA repair and gene expression in the nucleus and increased load for
protein/organelle turnover triggering cell senescence. Also shown are antioxidant factors in peroxisomes (catalase),
mitochondria (GPx, GSH and MnSOD) and in the cytosol (CuSOD), which function to scavenge ROS and reduce
their impact.

increased life span [106]. This can be explained if radiation exposure produces a stable activation
of cellular defenses [67]. Similarly caloric restriction (CR), which can be viewed as another form of
moderate stress conditioning, can prolong the life span of almost every organism in which it has been
used. Considerable evidence has shown that dietary restriction including reduction in caloric intake
impacts cellular metabolism including redox remodeling, reducing ROS production and upregu-
lating antioxidant defenses [107]. In isolated mitochondrial preparations from rodents, CR both
reduced ROS generation and attenuated the accumulation of oxidative damage [108]. Although the
increased-longevity effects of CR is an attractive methodology; it is important to keep in mind that
CR may affect the function of many other molecular, cellular, and organ systems. The potential
correlation of CV function and CR as well as whether this approach is applicable to humans are
addressed in depth in Chapter 15.

A relationship between free radical-mediated oxidative damage and aging has also been demon-
strated in humans [95]. Mecocci et al. have examined markers of oxidative damage to DNA,
lipids, and proteins in muscle biopsy specimens from humans aged 25–93 years, and found an
age-dependent increase in 8-hydroxy-2-deoxyguanosine (a marker of oxidative damage to DNA), in
malondialdehyde (MDA), a marker of lipid peroxidation, and to a lesser extent in protein carbonyl
groups, a marker of protein oxidation [109]. Therefore these findings provide further correlative
support for a contributory role of oxidative damage in human aging. Nevertheless, a direct cause-
and-effect relationship between the accumulation of oxidatively mediated damage and aging remains
to be established [110].
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(b) Cross-Linkage Theory

This theory suggests that as a result of metabolism, cross-links form between molecules that lead
to rigidity, leading the molecules to no longer function properly. This theory is also referred to as
the “Glycosylation theory of aging”. Glucose and other simple sugars in the presence of O2 result
in the production of advanced glycation end-products (AGE), which bind to proteins causing further
cross-linking. While increasing evidence supports a prominent role for increased AGE in aging
particularly in the vascular system (discussed in Chapter 4) and in aging-associated diseases such as
atherosclerosis and diabetes, by most accounts this cross-linking is secondary to the development of
oxidative stress and free radicals and metabolic dysfunction.

(c) DNA-Repair Theory

DNA cannot keep up with the damage caused by factors like pollution, environment, and the slow
repair mechanism associated with aging.

(d) Cellular Garbage Theory

This theory encompasses both the membrane and the Hayflick limit theories involves the accu-
mulation of by-products of normal cellular metabolism that are found in the aging cells (“cellular
senescence” theory). These by-products may be inert (e.g., lipofuscins) or reactive (e.g., ROS), and
together with other molecules are in a cross-linked state (e.g., DNA, lipids, proteins), and cannot
be broken down by lysosomes. This “garbage” is particularly abundant in post-mitotic cells (car-
diomyocytes and neurons) where it interferes with normal cell functioning by the loss of proteins,
organelles, (e.g., mitochondria) and the overall reduction of cellular mass.

(e) The Membrane Theory of Aging

This theory refers to the age-related changes affecting the cells ability to transfer molecules, heat and
electrical processes that impair their function. With aging membranes lipids decrease and become
more rigid, dysfunctional and unable to block the accumulation of toxic products. These cellular
toxins/lipofuscin will deposit in growing amount with aging in the brain, heart and other organs.
Similarly there will be changes in ion transfer (Na+ and K+) that will affect heat and electron
transfer.

(f) The Hayflick Theory

The central premise of this theory relates to findings that human somatic cells are limited in the
number of times that they can divide, and suggests that to live longer there is a need to slow
down the rate of cell division. Changes in cell proliferation could be accomplished by a number
of changes, including dietary (see Chapter 15 on CR) and lifestyle as well as well as by invoking
signaling elements of senescence pathways. Interestingly, both growth factors and OS can modulate
cell proliferation.

Reliability Theory

Reliability theory suggests that biological systems start their adult life with a high load of initial
damage. This theory predicts that even those systems that are entirely composed of non-aging ele-
ments will nevertheless deteriorate with age, if these systems contain a high level of redundancy in



20 Post-Genomic View of Aging: Definitions, Theories and Observations

irreplaceable elements. From this systemic perspective, aging, therefore, is predicted to be a direct
consequence of system redundancy. While intuitively system redundancy has clear positive bene-
fits including overall damage tolerance, which decreases mortality and increases life span, damage
tolerance permits defects to be accumulated over time resulting in aging.

According to Gavrilov and Gavrilova [79], this theory also predicts the late-life mortality decel-
eration with subsequent leveling-off, as well as the late-life mortality plateaus, as an inevitable
consequence of redundancy exhaustion at extreme old ages. More simply put, at very high ages
(e.g., achieved by centenarians), some aging phenomena disappear as redundancy in the number of
elements declines.

This theory explains why mortality rates increase exponentially with age (the Gompertz law) in
many species, by taking into account the initial defects in newly formed systems. The law states that
death rate is a sum of an age-independent component (Makeham term) and an age-dependent com-
ponent (Gompertz function), which increases exponentially with age, (i.e., the larger the quantity of
death with age, the faster it will grow). When external causes of death are rare (e.g., living conditions,
low mortality countries, etc.) the age-independent mortality component is often negligible, and the
formula is simplified to a Gompertz law of mortality [111]. The reliability theory also suggests a
rationale for mortality convergence at higher ages.

The Gompertz-Makeham law in the age window of about 30–80 years rather accurately predicts
the age dynamics of human mortality. Beyond 80 years the death rates do not increase as fast as
predicted by this law (this is called the late-life mortality deceleration). Fundamentally, this theory
may be helpful in developing a comprehensive theory of aging and longevity integrating mathemat-
ical methods with specific biological findings. Other investigators have suggested (primarily based
on studies of Drosophila aging) that the features of the components assumed by this theory are most
likely under the control of natural selection, which ultimately leaves us with mortality patterns that
are shaped by evolution [112].

Neuro-Endocrine/Immunological Theory

This theory deals mainly with the wear and tear that overwhelms the repair mechanisms of the
organism and focuses on the interaction and integration of the neuroendocrine and immune systems.
The nervous system is linked to the endocrine system by the hypothalamus via the pituitary gland.
By synthesizing and secreting neurohormones, often called releasing hormones, the hypothalamus
controls the secretion of hormones from the anterior pituitary gland – among them, gonadotropin-
releasing hormone (GnRH). The hypothalamus sets off various chain reactions whereby an organ
releases a hormone which in turn stimulates the release of another hormone, which in turn stimulates
yet another bodily response.

In the young, the body’s hormone levels tend to be high, accounting for among other things,
menstruation in women and high libido in both sexes. The growth hormones (GH) that help us
to form muscle mass, hGH, testosterone and thyroid, drop dramatically with age so elderly indi-
viduals even if they have not gained weight, will have increased fat-to-muscle ratio. Furthermore,
aging causes a drop in hormone production, produces a decline in the body’s ability to repair and
regulate itself as well. Since the production of different hormones is highly interrelated, decline in
the production of any one hormone is likely to have a feedback signaling effect on other organs
and levels of other hormones as well. As noted by Weinert and Timiras [67], the integration of
the neuro-endocrine-immune systems play an essential role throughout the sequential stages of life
and changes in these systems functions are paramount for aging and in aging-related diseases as
discussed in Chapter 6.



Theories of Aging 21

Hormesis and Aging

Hormesis refers to a biological adaptive response to stimuli that may have a detrimental effect but
when applied at low level/dosage may be beneficial to the survival of an organism [113]. The biolog-
ical response deploys an impressive array of adaptations that may be turned on in response to various
stresses, including physiological stress, as well as exposure to radiation, toxic chemicals, and dietary
alterations. For instance, Hart and colleagues have shown that DNA repair efficiency and fidelity are
markedly enhanced in caloric restricted diets although the implications of these findings for human
populations remains to be further investigated and established [114]. The reasons for the hormesis
phenomenon are not completely understood. It is possible that a low dose challenge with a toxin
may jumpstart certain repair mechanisms in the body, and these mechanisms are efficient enough
that they not only neutralize the toxin’s effect, but even repair other defects not caused by the toxin.
Another explanation is that an insult present at low doses interacts with genetic signaling systems
that upregulate gene expression, whereas high doses cause overt toxicity.

Hormesis in aging is characterized by a beneficial response to stress through physiological adap-
tations, as exemplified in life span extension by irradiation and calorie restriction. The initial obser-
vation that reduced food intake has a beneficial effect on rat life span was made over 70 years ago. In
the decades that followed, researchers have successfully applied this method to increase the life span
of a very wide range of model systems, including mice, hamsters, dogs, fish, invertebrate animals,
and yeast. CR extends life by slowing and/or delaying the aging processes. Recent experiments with
C. elegans suggest that the TOR (target of rapamycin) pathway, rather than insulin-like signaling,
might be involved in mediating the life-extending effect of dietary restriction [115, 116]. Recent
evidence has also suggested a contributory role of translational inhibition in the longevity response
to dietary restriction in C. elegans; [117] TOR is a highly-conserved, established component of
the nutrient response pathway regulating levels of ribosomal proteins (e.g., ribosomal-protein p70
S6 kinase (p70 S6K) and impacting translational initiation factor activities and has been found to
effect ribosome biogenesis as well as the process of translation itself. Reducing levels of p70 S6K
or specific translation-initiation factors (e.g., eIF4E, eIF2b and eIF4G) increases the C. elegans life
span, presumably by shifting cells to physiological states that favor maintenance and repair [117].
Interestingly, recent studies have confirmed similar findings of extended life span by decreased
TOR signaling in yeast [118] and overexpression of dominant-negative alleles of TOR or S6K in
Drosophila [119].

Using rodent as a model system, Masoro has reported that the level of food restriction that
results in life extension and retarded aging also enhances their ability to cope with intense stres-
sors [113]. Moreover, this level of dietary restriction (DR) leads to a modest increase in the daily
peak concentration of plasma free corticosterone, which strongly points to DR as a low-intensity
stressor. Furthermore, in an effort to integrate DR, Hormone-IGF-1 Axis Hypothesis and Oxidative
Damage Attenuation Hypothesis under a single theory Masoro suggests that hormesis may be the
umbrella encompassing those hypothesis, each playing a similar role in life-extending and anti-aging
action [120]. For a more comprehensive discussion on caloric restriction and aging, the reader is
directed to Chapter 15.

Gender Issues in Aging

In a variety of organisms, including human, females live longer and sex-dependent genes influence
life span [121–123]. The effect of a gene on a multifactorial trait is contingent on the physiological
background in which the gene is expressed. If the age-related physiological scenario changes in
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males and females differently, the effects of a certain gene on disease or survival could vary between
the sexes, which indicates that males and females may follow different pathways toward extreme
longevity [124].

It is apparent that females live longer than males, and estrogen may be the cause. It is worth noting
that the direct genomic effect of estrogen is mediated by the interaction of its receptor (ER) with
specific target sequences of DNA termed estrogen response elements, (ERE) and this interaction of
ERs with ERE can be affected by differences in the ERE sequence, the ER subtype and/or dimer-
ization of ERs [125]. On the other hand, there are also “non-genomic” effects of estrogen, which
are independent of gene transcription or protein synthesis and involve steroid-induced modulation
of cytoplasmic or cell membrane-bound regulatory proteins. Relevant biological actions of steroids
have been associated with this signaling in different tissues [126]. Furthermore, signaling regulatory
cascades such MAPK, PI3K and tyrosine kinases are modulated through non-transcriptional mech-
anisms by steroid hormones. Moreover, steroid hormone receptor modulation of cell membrane-
associated molecules such as ion channels and G-protein-coupled receptors has been detected in a
number of tissues. Binding of estrogens to receptors increases the expression of longevity-associated
genes. By activation of the MAPK and NF�B signaling pathways, this binding can result in an
upregulation of antioxidant enzymes including SOD and GPx, suggesting a mechanism by which
mitochondria from females produce fewer ROS than those from males [127].

Baba et al. have examined the interaction of insulin signaling pathway, estrogen and OS [128].
Using a targeted knock-in strategy; they generated a homologous murine model replacing Pro-1195
with Leu in the gene encoding the insulin receptor. Mice homozygous for this mutant allele died
in the neonatal stage from diabetic ketoacidosis, while heterozygous mice exhibited the suppressed
kinase activity of the insulin receptor (InsR) but grew normally without spontaneously developing
diabetes during adulthood. When heterozygous mice were evaluated for longevity phenotypes under
conditions of OS (i.e., 80 % oxygen), mutant female mice survived 33.3 % longer than wild-type
female mice, whereas mutant male mice survived 18.2 % longer than wild-type male mice. These
results suggested that mutant mice acquired more resistance to OS, but the benefit of the longevity
mutation was more pronounced in females than males. Moreover, MnSOD activity in mutant mice
was significantly upregulated, suggesting that the suppressed insulin signaling leads to an enhanced
antioxidant defense. Estrogen treatment of mutant mice resulted in elevated survival of mice with
OS. Conversely both mutant and wild-type female mice had reduced survival response to OS when
ovarectomized. Compared with wild-type mice, estrogen exhibited a significant influence in InsR
mutants, suggesting that estrogen modulates insulin signaling in mutant mice. In addition, it was
found that survival under OS conditions was further augmented when their diet was restricted. Taken
together, these data suggest that distinct insulin, estrogen, and dietary signals can act in a cooperative
way to enhance the resistance to OS in mice.

Advances on Aging and the Genome

Currently, there is a growing body of literature focusing on the identification of genes involved in
multifactorial diseases of the old and in longevity. Nevertheless, important issues remains unan-
swered, including the definition of phenotype, if earlier and later onset phenotypes have loci in com-
mon, and how to rank or reject the many candidate disease loci found in different studies [129]. As
pointed out by Vijg and Suh [130], future investigations are likely to involve large-scale case-control
studies, in which large numbers of genes, corresponding to entire gene functional modules, will be
assessed for all possible sequence variation and associated with detailed phenotypic information on
each individual over extended periods of time. This should eventually unravel the genetic factors
that contribute to each particular aging phenotype
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We concur with these authors that aging, which affects all organ systems, is clearly one of the
most complex phenotype that we know, and that insight into the genetic components of longevity and
aging would offer the unprecedented opportunity to postpone and prevent some, if not all, late-life
illnesses. Currently, the causes of aging still remain in great part unknown, probably because our
limitations in studying aging systems; on the other hand, ample information has been gathered about
individual cellular components at various ages, but without achieving a clear understanding of the
integrated genomic circuits that control mechanisms of aging, survival, and stress responses. These
authors further noted that with the emergence of functional genomics, we finally have the opportu-
nity to study aging in a comprehensive manner, through a systems approach, and the opportunity to
understand the dynamic network of genes that determines the physiology of an individual organism
over time [131].

We have dealt earlier with the theories of aging and comment on the interactions of the genome
and aging, outlining the paramount role played by mitochondria and telomeres. Point mutations and
deletions of mtDNA have been found to increase with aging in several tissues in human, rodents
and monkeys. Recently, the impact of mtDNA mutation has been more directly addressed exper-
imentally by creating homozygous knock-in mice that express a proof-reading-deficient version
of Pol�, the nuclear-encoded catalytic subunit of mtDNA polymerase � [132]. The knock-in mice
developed a three to five-fold increase in the levels of point mutations, as well as an increased
amount of deleted mtDNA. The increase in somatic mtDNA mutations was associated with reduced
life span and premature onset of aging-related phenotypes, including heart enlargement, thus pro-
viding a causative link between mtDNA mutations and aging. Furthermore, the accumulation of
age-dependent mtDNA point mutations and deletions in post-mitotic tissues has been found sig-
nificantly elevated in individuals with either mutations in the mitochondrial helicase Twinkle or
in Pol� suggesting that the activity of proteins involved in mtDNA replication may be targeted in
aging [133].

Experimental evidence indicates that short telomeres accumulate prior to senescence and that
replicative senescence is not triggered by the first telomere to reach a critical minimal threshold
length. These observations are compatible with limited repair of short telomeres by telomerase-
dependent or telomerase-independent DNA repair pathways. Deficiencies in telomere repair may
result in accelerated senescence and aging as well as genetic instability that facilitates malignant
transformation as shown in Figure 1.3 [134]. Molecules that may have a significant role in the repair
of telomeric DNA prior to replicative senescence include ATM, p53, PARP, DNA-PK, Ku70/80,
the human hRad50-hMre11-p95 complex, BRCA 1 and 2 and the helicases that are implicated in
Bloom’s and Werner’s syndrome.

Fig. 1.3 The correlation of oxidative stress, telomeric damage and cell senescence with premature aging, normal
aging and increased longevity.
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As observed by Stewart and Weinberg [135], the cell phenotype of senescence operates to cir-
cumscribe the proliferative potential of mammalian cells, and the key regulators of these pheno-
types are the telomeres whose erosion below a certain length can trigger crisis. The relationship
between senescence and telomere function is rather complex; a number of physiological stresses as
well as dysfunction of the complex molecular structures at the ends of telomeric DNA can trigger
senescence. On the other hand, cells can escape senescence by inactivating the Rb and p53 tumor
suppressor proteins and can surmount crisis by activating a telomere maintenance mechanism. Inter-
estingly, the loss of a functional telomere influences biological functions as diverse as aging and
carcinogenesis.

Notwithstanding, our current knowledge of aging and senescence has outpaced our understand-
ing of the basic mechanisms underlying these processes. At present with the availability of the
Human Genome Project (HGP) and an ever increasing number of animals models, as well as new
and exciting molecular technologies, the unraveling of the underlying basic mechanisms of aging
have already begun. We concur with Vijg and Suh that progress in functional genomics has brought
us to the threshold of identifying genetic components of longevity and aging, and that no longer
should attempts to identify genes be restricted to pedigree analysis. High-throughput genotyping of
single nucleotide polymorphisms (SNPs) in the regulatory and coding regions of candidate human
genes can be used directly to assess genetic variants in association with age and age-associated
diseases in case-control studies in different geographical regions. We also need to evaluate adequate,
well-defined population samples, in which people are monitored for various health parameters and
biological samples are taken [132]. Large population surveys have now begun or are in the planning
stage. In the UK the Biobank initiative, is a project that will follow the health of half a million
volunteers, aged 45–69, for many years, collecting information on environmental and lifestyle fac-
tors and linking these to medical records and biological samples. While the genetic component of
longevity by itself is important, it may be of much greater interest to elucidate the genetics of the
various individual phenotypes that together comprise the aging phenome, and in the aging phenotype
in populations monitored from middle age to old age. These longitudinal studies will provide an
assessment of all stages in the progression of a disease, rather than at a single time. Furthermore,
with the availability of large populations of individuals under such study it will be possible to find
the genes that control human longevity and aging.

Epidemiology/Human Populations

Population Aging

Population aging represents a shift in the distribution of a country’s population towards greater ages.
This shift is in part related to increased longevity, as a consequence of improvements in human living
conditions and health care, and represents one of the most important human achievements occurring
not only in the western world, but also in less advanced countries. The UN has projected that by
2025 there will be almost 1.2 billion elderly people living in the world, 71 % of which are likely
to be in developing countries. Between 1950 and 2025, the “Old” Old (those who are 80 years and
above) will grow twice as fast as the 60-plus-age group [136].

However, with aging we are confronted with important issues, i.e., providing and maintaining
an acceptable quality of life, keeping older people independently active, adequate health and pro-
ductivity, as well as protection while at the same time maintaining economic prosperity in society.
Multiple economic, financial and social changes will be required to achieve these goals. Importantly,
the quality of life with active aging, depends on a number factors including, social, economic, per-
sonal and behavioral factors, as well as health and social services, environment, gender and culture.
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In promoting active aging healthy and active life styles, including healthy nutrition policies, and
prevention of chronic illnesses have to be encouraged.

Notwithstanding the above progress, population aging is not only the result of increased life
expectancy, but is also related to a decline in fertility. An increase in longevity raises the average
age of the population by raising the number of years that each person is old relative to number of
years in which he is young, and decline in fertility increases the average age of the population by
changing the ratio of people born recently to people born further in the past (the old). Of these
two forces, it is declining fertility that is the dominant contributor to population aging in the world
today [137]. While the large decline in total fertility rate is primarily responsible for the population
aging that is taking place in the world’s most developed countries, in developing countries where the
fertility is, at least comparatively, high they may experience even faster population aging than the
currently developed countries in the future. Parenthetically, the majority of the developed countries
(with the exception of the United States) have fertility rates below their replacement levels, and their
population growth is largely based on immigration together with an increased aging population,
which arises from previous large generations now enjoying longer life expectancy.

Modifying/ Delaying Aging

The positive effect of CR on aging and longevity in rodents, as well as the activation of a genetic
pathway in response to starvation in nematodes and mice has been reported. This genetic pathway
may be conserved across phyla and might help delay aging, particularly human aging. On the other
hand, Le Bourg [138] posed the question if delaying aging by hormesis may be more helpful than
studying the effect of the genetic pathway used to survive starvation since these studies have largely
been directed more to analysis of a rescue program used to resist starvation rather than to active
in ad libitum-fed animals; therefore, it is not clear if aging can be delayed under the usual living
conditions of animals and humans. Hormesis has been proposed as a way of studying aging under
normal living conditions, because ad libitum-fed animals subjected to mild stresses can live slightly
longer than control animals and display increased resistance to strong stresses. We agree with Le
Bourg that it would be of interest to study the response to non-lethal stresses rather than lethal
ones in animals subjected to a mild stress inducing hormesis, because elderly people are more often
confronted by such non-lethal stresses (e.g., temperature drop in winter) than by lethal ones. Simi-
larly, following the principles of hormesis, others scientists have suggested that the stress response
may also counteract the negative effects of aging, and several mild stresses have been reported to
increase longevity (irradiation, heat and cold shock, hypergravity, exercise, etc.). In particular one
of them, hypergravity decreases the rate of behavioral aging. At this time the mechanisms whereby
these stresses increase longevity are not clear, although they may involve metabolic regulation and
induction of stress protein such as heat shock proteins (HSPs). It is worth noting than in response
to increased level of ROS in the senescent heart, genes encoding mitochondrial stress proteins
including both heat shock and antioxidant response proteins, such as HSP60, HO-1 and GPx are
up-regulated [139]. Levels of HSP60 protein have been found increased in association with increased
level of protein import into mitochondria indicating that defective mitochondrial protein import is
not the primary cause of mitochondrial dysfunction [140]. A slight longevity increase have been
reported in young adult flies of both sexes submitted to heat shock (37◦C) for 1–3 weeks, although
it was only observed with the lowest heat shock; longer shocks had neutral or negative effects [141].
Interestingly, the experimental flies with increased longevity did not show a delayed behavioral
aging in contrast to hypergravity, but survived longer at 37◦C than control flies. This higher ther-
motolerance was not associated with an increased HSP70 induction, suggesting that these stresses
in comparison with hypergravity and other mild stresses may have dissimilar effects on aging and
longevity.
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Is Aging Reversible?

Our current understanding of aging is that it cannot be prevented nor reversed. Aging in general, is a
complex process, of many causes, which involves numerous cellular and molecular changes and that
along the way contribute to the expression of the multiple phenotypes of aging. Aging is universal
in the animal kingdom where a tradeoff is being paid by most species between the energy that is
expended in reproduction and what is used in the organismal body maintenance. Nevertheless, the
changes of aging that gradually occurs in cells, tissues, organ and systems can be modulated, reduced
or delayed by preventative means, like dietary restriction, and in human by following a healthy
lifestyle. From the lower to the higher species in the animal kingdom similar basic changes occur
with aging, although each organism ages in a unique way with its own timetable. Although the aging
process brings a progressive decline in endurance/power and the risk of disease increases, healthy
aging with adequate maintenance of body functions is still within the individual reach. Moreover,
the emphasis should be not on the loss that occurs with aging, but rather on the gains that aging
may bring to humans, and others species in the animal kingdom (e.g., elephants), such as increasing
knowledge, leadership, well being, relationships and creativity.
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Chapter 2
Overview of Cardiovascular Aging

Overview

Cardiovascular (CV) aging can be defined as a phenomenon of progressive and cumulative decline
in the heart’s physiological functions, which inevitably occurs over time in all living organisms,
and eventually will terminate in death. While normal chronological aging cannot be prevented there
are certain things we can do to slow down “pathological aging.” Because aging results from the
combined acceleration of inflammation, depletion, and wear and tear, individualized interventions
in the aging patient might help to reduce morbidity by decreasing those periods of functional decline
common in old individuals. In this way, the health span will come closer to matching the life
span. It is not clear whether aging in general, and CV aging in particular occur fundamentally
thru genetic processes (intrinsic factors) or from an accumulation of abnormal macromolecules
or extrinsic factors, such as DNA, proteins and lipids (mostly damaged by environmental factors,
including reactive oxidative species [ROS]) or from a combination of both intrinsic and extrin-
sic elements; nevertheless, because the continuous marked increase in life expectancy and life
span, researchers and clinicians must be aware of the effects of aging and the available treatment
modalities.

Introduction

Cardiac aging is a rather complex multifactorial process unlikely to be dependent on a unique,
singular, pathway or determined gene(s) or gene products. On the contrary, a number of specific
and non-specific pathways and genes appear to play a role in the general regulation/modulation
of life span, and cardiac aging in particular. At the molecular level, multiple mechanisms inter-
play in cardiac aging either in parallel or in series, including the involvement of somatic muta-
tions, telomere loss, defects in protein turnover, protein functional decline with accumulation of
defective proteins, (i.e., impaired induction of heat shock proteins and decline in chaperone func-
tion) and mitochondrial defects. Most of these mechanisms produce significant damage to cardiac
macromolecules.

From a cardiovascular standpoint, some mechanisms appear to be more at work than others,
in particular the molecular stresses that defective mitochondrial bioenergetics and biogenesis may
bring to cardiomyocytes, as well as alterations in hormonal and inflammatory signaling and telomere
shortening. Identification of the totality of the mechanisms/pathways contributing to cardiac aging
is probably an unattainable goal, although important work in this regard is currently in progress.
A promising development is the availability of high output genetic screening applied to both new
animal model systems as well as human subjects. Furthermore, approaches such as integrative
physiology could be used to assess/monitor the function of the heart non-invasively and without

J. Marín-García, Aging and the Heart, 33
C© Springer 2008



34 Overview of Cardiovascular Aging

perturbing cardiovascular hemodynamics. For instance, using optical coherent tomography (OCT)
the contractility of the heart of adult Drosophila was evaluated by Wolf et al. [1]. They were able
to accurately distinguish between normal and abnormal cardiac function based on measurements of
internal cardiac chamber dimensions in vivo. Decreased contractility with cardiomegaly was found
in association with mutations in cardiomyocyte sarcomeric or cytoskeletal proteins, including tro-
ponin I, tropomyosin 2 or �-sarcoglycan, recapitulating in this animal model the cardiac phenotypes
associated with specific mutations that cause human dilated cardiomyopathy (DCM.) This approach
could be employed to screening genes that could also be involved in the cardiomyopathy of aging.
Later on in this chapter, further discussion will be presented about the feasibility and practicality of
using animal models in the study of CV aging, together with the mechanisms that may bring about
CV aging.

Biophysiology of CV Aging

The processes of biological CV aging are mechanistically connected to reduced physiological
reserve, abnormal drug handling, and pharmacodynamic responses. Thus, an intrinsic, continuous
and irreversible process of progressive decline in its molecular and physiological function char-
acterizes the aging heart, and this cardiac deterioration is the most common cause of death in
elderly people. When cardiac disease is added to this normal process it may be called extrinsic
cardiac aging. The aging human heart displays alterations in the histology of the vasculature and
hemodynamics, including the development of large resistance vessels with intima-media-thickening
and increasing deposition of matrix substance, which ultimately will lead to reduced compliance
and increased vessel stiffness and endothelial dysfunction [2, 3]. Furthermore, with aging, there is
increased left ventricular mass relative to chamber volume, decreased diastolic function [4–6] and
decreased �-adrenergic sympathetic responsiveness [7]. While interactions between advanced age,
disease and physical inactivity need to be considered when interpreting age-associated changes in
cardiovascular function, the “aging process” in itself occurs independently of changes on cardiac
structure and performance, such as cardiac hypertrophy and prolonged myocardial contractility.
Cellular mechanisms thought to be involved in cardiac aging, include prolonged action potential
(AP) duration, altered myosin heavy chain (MHC) isoform expression and sarcoplasmic reticulum
(SR) function, all of which may lead to changes in cardiac excitation–contraction (E-C) coupling.
Cardiac E-C coupling cycle or cardiac cycle has been shown to be prolonged with increased age,
probably due to cytosolic Ca2+ overload-induced dysregulation [7]. The cytosolic Ca2+ load is
dependent on multiple factors, including membrane structure and permeability, regulatory pro-
teins within the membrane, and ROS levels, which affect both membrane structure and func-
tion. However, the link between advanced age and altered cardiac E-C coupling is not yet fully
understood.

At present, significant progress is being made in our understanding of the molecular and cellular
changes that underlie the aging processes. Rapidly evolving technologies continue to unravel how
genes control cell and tissue function. For example, the technique of DNA microarray gene profiling
permits a comparison of expression of tens of thousands of genes at one time to determine which
genes are turned on or off in a particular cell or condition. The USA’s National Institute of Aging
(NIA) has at present a collection of 15,000 mouse genes, including genes active in early develop-
ment, and this repository is available to research institutions worldwide. Verified sequences of each
gene in the set are also available, and by comparing the sequence information with genes that have
already been well studied, scientists may be able to determine the function of these genes in mice
and eventually in humans.
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Mechanisms/Signaling Pathways in the Aging Heart

Telomeres and CV Aging

Most of the current theories on CV aging stand by the principle that accumulation of nuclear and
mtDNA damage, of variable severity, will result in senescence of cardiomyocytes since DNA can
be easily oxidized and damaged by a number of insults, including diet, toxins, pollution, environ-
ment, as well as other epigenetic influences and lifestyle. Despite a variety of DNA repair systems,
DNA damage including base modification, large-scale rearrangements, single-strand and double-
strand breaks produced over a lifetime accumulate in aging. Evidence of this aging-associated DNA
damage is most evident in mtDNA, presumably because of its proximity to the formation of ROS
as well as to the less extensive protection provided by mitochondrial-based DNA repair systems.
However, as previously noted in Chapter 1, telomeres are particular aging-sensitive areas of nuclear
chromosomes.

Located at the end of chromosomes, telomeres are DNA-protein structures which have been
shown to be indispensable in maintaining not only the stability and integrity of the genome but are
integral to the regulation of life span of both cultured cardiomyocytes and the entire organism [8].
The telomeric complex is composed of noncoding double-stranded repeats of G-rich tandem DNA
sequences (TTAGGG in humans) that are extended several kilobase pairs, the enzyme telomerase,
(consisting of a catalytic telomerase reverse transcriptase [TERT] and a telomerase RNA component
[Terc] serving as a template for the synthesis of new telomere DNA repeats) and numerous associ-
ated proteins with structural and regulatory roles that participate in the control of telomere length
and capping. In most somatic cells, including vascular endothelial cells (ECs), smooth muscle cells
(SMCs), and cardiomyocytes, telomerase activity is insufficient, and telomere shortening occurs
with increasing cell division, resulting in irreversible cell growth arrest and cellular senescence.
For instance, ECs from human abdominal aorta display age-dependent telomere shortening and
increased frequency of aneuploidy [9]. Moreover, a greater rate of age-associated telomere loss
has been found in ECs from intimal regions of human iliac arteries [10] and abdominal arteries [11].
Age-dependent telomere shortening may trigger defective cellular function, vascular dysfunction
and compromised viability of the aged organism (as illustrated in Fig. 2.1). Moreover, increasing
evidence suggests an association between telomere length and cardiovascular disease (CVD). For
instance several studies have documented telomere attrition and evidence of cellular senescence in
vascular cells in coronary artery disease (CAD) and human atherosclerosis [12–14]. Vascular SMCs
from atherosclerotic fibrous caps expressed markers of senescence (e.g., senescence-associated �-
galactosidase) not seen in normal vessels, and markedly shorter telomeres than normal vessels com-
pared with normal medial vascular SMC; telomere shortening was closely associated with increasing
severity of atherosclerosis [12]. Average telomere length in leukocytes of 10 patients with severe
CAD was significantly shorter than in 20 controls with normal coronary angiograms after adjust-
ment for age and sex [13]. Telomere length was shorter in white blood cells from hypertensive
men with carotid artery plaques compared to hypertensive men without plaques and multivariate
analysis indicated that telomere length was a significant predictor of the presence of carotid artery
plaques [14].

Interestingly, in the Newcastle 85+ study telomere length was found to be a predictor of LV ejec-
tion fraction (EF) in the oldest old subjects (85+ years of age) [15], in which longer telomeres were
associated with a significant increase in EF as measured by echocardiography. Nevertheless, whether
telomere shortening is a direct cause of the cardiovascular pathology of aging or a consequence is
not known.

Since telomere dysfunction and telomere shortening have been observed with aging in SMCs,
endothelial, and white blood cells, they may be the primary factors in predisposing vascular tissues
to atherosclerosis, and to a decreasing capacity for neovascularization [8]. Interestingly, attrition of
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Fig. 2.1 Telomeres, telomerase and cell proliferation
A) Linear structure of telomeres present at the ends of the chromosomes (one end at the Q arm is shown here) are
composed of a tandem repeated sequence in telomeric DNA, a telomerase ribonucleoprotein complex including a
catalytic telomerase reverse transcriptase holoenzyme (TERT), a RNA component and additional telomeric proteins
(listed on top) B) Looped structure of telomere shows formation of T-loop and D-loop region. C) Telomere length
decreases in aging in somatic cells but not in germ cells. As telomerase activity is low or absent in most somatic
cells, progressive telomere erosion occurs with each mitotic division during normal aging. In germ cells (and tumor
cells) containing high telomerase activity- no change in telomere length is seen with aging or progressive divisions.
Accelerated telomere attrition is associated with human premature aging. Some of the phenotypic changes associated
with telomere length are shown on the bottom right.

telomere length is most prominent under conditions of high oxidative stress (OS), whose prevalence
is likely linked in hypertensive and diabetic individuals, and in individuals with CAD. As we dis-
cuss further in Chapter 4, under conditions of mild chronic OS, the loss of telomere integrity is
a major trigger for the onset of premature senescence [16]. Kurz et al. recently demonstrated that
glutathione-dependent redox homeostasis plays a key role in the preservation of telomere function
in endothelial cells [17]. Increasing intracellular OS in human umbilical vein ECs (HUVECs) by
treating cells with inhibitors of glutathione synthesis caused premature EC senescence with dimin-
ished telomere integrity. Incubation of ECs with H2O2 induced the nuclear export of TERT into
the cytosol and loss of nuclear telomerase activity, and the onset of EC replicative senescence [18].
Similarly, cultivation of ECs resulted in an increased endogenous ROS formation starting after 29
population doublings concomitant with nuclear TERT export and senescence onset. Incubation of
ECs with the antioxidant N-acetylcysteine, or with the statin atorvastatin, reduced the intracellular
ROS formation and delayed nuclear export of TERT protein, loss in the overall TERT activity, and
the onset of replicative senescence.

Recent observations have demonstrated that telomere biology also plays a significant role in the
functional augmentation of endothelial progenitor cells (EPCs) by statins [19]. The ex vivo cultur-
ing of EPCs leads to premature replicative senescence brought about by uncapping of telomeres
associated with loss of telomere repeat-binding factor (TRF2) and telomeric dysfunction rather
than telomere shortening. Co-treatment of the cultured EPCs with statins delayed their premature
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senescence, in part by induction of TRF2 expression at the post-translational level. While the ability
of EPCs to sustain ischemic tissue repair may be limited in the aging heart, estrogens which have
been shown to accelerate recovery of the endothelium after vascular injury, were able to inhibit
the onset of EPC senescence and significantly increase EPC telomerase activity [20]. Incubation
of ex vivo cultivated EPCs with 17�-estradiol in a dose-dependent fashion significantly increased
TERT transcript levels as gauged by RT-PCR. The finding that this anti-senescent effect of estrogen
was significantly inhibited by pharmacological blockers of the phosphoinositide-3 kinase (PI3K)
activity confirmed the role of PI3K/Akt pathway in mediating TERT induction by estrogen also
suggested by elevated Akt phosphorylation in estrogen-treated EPCs. In addition, EPCs treated with
17�-estradiol exhibited significantly enhanced mitogenic potential and release of VEGF protein;
moreover, EPCs treated with both 17�-estradiol and VEGF were more likely to integrate into the
network formation than those treated with VEGF alone. Others have shown that estrogen also pro-
motes cardiovascular protection via non-nuclear effects of estrogen receptor signaling leading to
endothelial nitric oxide synthase (eNOS) activation also utilizing the P13K/Akt pathway [21]. The
production of NO by cultured vascular ECs which could be induced by repeated exposure to the
NO donor S-nitroso-penicillamine reduced EC senescence and delayed age-dependent inhibition of
telomerase activity [22].

Telomerase inactivation during aging may also be related to the oxidized low-density lipoprotein
(LDL)-accelerated onset of EPC senescence, which leads to the impairment of proliferative capacity
and network formation [23]. Oxidized LDL-induced EPC senescence was accompanied by a 50 %
reduction in telomerase activity. The cardiovascular protective effects of estrogens promoted via
indirect actions on lipoprotein metabolism, and through direct effects on vascular ECs and SMCs
likely contribute to the lower incidence of CVD observed in premenopausal women compared with
men. In this regard, it is noteworthy that women have a decelerated rate of age-dependent telomere
attrition over men [24].

Several observations primarily in studies with human fibroblasts support the concept that the
average telomere length is better maintained in conditions of low OS generated by either addition
of antioxidants, low oxygen or overexpression of antioxidant enzymes [25–27]. Selective targeting
of antioxidants directly to the mitochondria can counteract telomere shortening and increase life
span in fibroblasts under mild OS [28]. These studies have led to the proposal that mitochondrial
dysfunction may be a key mechanism underlying the loss of cellular proliferative capacity charac-
terizing replicative senescence through enhanced telomere shortening (Fig. 2.2), and the generation
of ROS may signal the nucleus to limit cell proliferation through telomere shortening and telomeres
as sensors to damaged mitochondria [29].

Furthermore, there is increasing evidence that telomere dysfunction is an important factor in
the pathogenesis of human and experimental CVDs associated with aging including hypertension,
atherosclerosis, and heart failure (HF) (Fig. 2.3) and is increasingly viewed as an important potential
therapeutic target in their treatment.

Cellular Damage/Cell Loss, Mitochondria and CV Aging

Cell damage occurs at random in any organ or tissue, including the heart, although the number of
damaged cells required to affect cardiac function is unknown. When assessing cell damage in the
heart (or any other similar organ) one should be mindful of the significant difference between using
in vitro compared to in vivo approaches, with cells in culture reaching a limit in their potential
for cell division/differentiation, which may not occur in in vivo [30]. Therefore caution should be
exercised in the interpretation of data collected from different methodologies. Previous observations
have shown that under physiological and pathological conditions, ROS are abundantly generated
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Fig. 2.2 Mitochondrial ROS production contributes to telomere-dependent replicative senescence
Production of ROS by aberrant mitochondrial respiratory complexes thought to occur in aging leads to mtDNA and
protein damage and lipid peroxidation, PT pore and apoptotic progression (via cytochrome c release, membrane
permeabilization, apoptosome formation and nuclear DNA fragmentation). ROS also affects the nucleus by reducing
telomerase activity and increasing its export from the nucleus, causing direct DNA damage and activating specific
gene expression – all of which contribute to the signaling of replicative senescence. Also depicted is the involvement
of antioxidant response both in the mitochondria (e.g., MnSOD and GPx) and in the cytosol, which can remove ROS
by scavenging free radicals.

in mitochondria, mainly during aging and in ischemia-reperfusion of the heart. Moreover, mito-
chondrial dysfunction and ROS generation may play a significant part in the loss of postmitotic
cells, such as cardiomyocytes. Confirming this, in vitro studies of H2O2-treated cardiomyocytes in
our laboratory and others have shown that increased mitochondrial OS and declining mitochondrial
energy production lead to the activation of apoptotic pathways [31, 32]. However, whether this also
occurs in the aging heart in vivo is not known.

Although the role of apoptosis in normal myocardial aging is presently under considerable debate
(as discussed further in Chapter 4), cardiomyocyte apoptosis has been confirmed by data demonstrat-
ing that the aging rat heart had significantly elevated levels of cytochrome c release from mitochon-
dria, as well as decreased levels of the antiapoptotic protein Bcl-2, whereas levels of the proapoptotic
protein Bax were unchanged [33]. Moreover, preliminary evidence from both animal models and
human clinical studies suggests that apoptosis also plays a contributory role in aging-associated
cardiovascular diseases including cardiomyopathy and HF, increased susceptibility to ischemia and
myocardial infarction (MI), and atherosclerosis [34–37].

The mitochondrial-mediated intrinsic apoptotic pathway, which has been documented in the
aging and failing heart, may play a significant role in the development of cardiac dysfunction
and pathogenesis. This pathway also features an extensive dialogue between the mitochondria, the
nucleus and other subcellular organelles (described in more detail in Chapter 4). Central to the
early triggering events in the intrinsic apoptotic pathway, the release to the cytosol of a number of
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Fig. 2.3 Telomeres and telomerase in human and animal’s models with cardiovascular disease (CVD)
Telomere and telomerase phenotype in different tissues from patients with indicated CVD, and selected animal models
of CVD.

mitochondrial-specific proteins from the mitochondrial intermembrane space including cytochrome
c, Endonuclease G (EndoG), AIF (apoptosis inducing factor) and Smac/Diablo subsequently leads
to downstream caspase activation, nuclear DNA fragmentation and cell death [38]. The release of
EndoG and AIF, and their subsequent translocation to the nucleus, specifically affect degradation of
nuclear DNA, even in the absence of caspase activation [39, 40]. In addition, AIF loss-of-function
studies in transgenic mice have recently revealed that this mitochondrial flavoprotein also plays an
essential function in mitochondrial respiration and aerobic energy and loss of this mitochondrial-
based protein leads to impaired cardiac contractility and oxidative phosphorylation (OXPHOS)
deficiency [41, 42]. Studies employing knockdown of EndoG using lentiviral-delivered RNAi have
demonstrated that EndoG function is essential for ischemia-mediated nuclear DNA degradation in
postnatal cardiomyocytes and was associated with an increase to caspase-independent pathways
occurring during early cardiac differentiation [43].

Both Smac/Diablo and cytochrome c are released from the mitochondria and become subse-
quently involved in cytosolic caspase activation. Smac binds and inhibits cytosolic antiapoptotic
signaling complexes (e.g., IAPs) that modulate apoptosis whereas cytosolic cytochrome c binds
Apaf-1 along with dATP and promotes recruitment of procaspase-9 into the apoptosome, a multi-
protein complex resulting in cytosolic caspase activation [44, 45]. The release of these mitochondrial
peptides primarily involves an outer membrane permeabilization mediated by proapoptotic cytosolic
factors Bax, Bak and tBID. In addition, a group of BH3-only proteins termed executioner proteins
including Bnip3, PUMA, Bid, Bad, HGTD-P, and Noxa have been identified that also serve this
function in response to ischemia-reperfusion in heart and/or brain [37]. In response to both external
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pro-death signals largely provided by the extrinsic apoptosis pathway (e.g., ischemia/hypoxia, cyto-
toxic cytokine TNF-α and Fas ligand) and nuclear signals (e.g., p53), these proapoptotic factors
translocate to mitochondria where they bind outer membrane proteins (e.g., VDAC) leading to
channel and pore formation in the outer membrane [38]. Activation of mitochondrial apoptosis-
induced channels (MAC) in the outer membrane which provide specific pores for the passage of
intermembrane proteins, in particular cytochrome c, to the cytosol are also regulated by Bcl-2 family
proteins [46].

Protein release from the intermembrane space and cristae, where the majority of cytochrome c
is located, also appears to be closely associated with the opening of the voltage-sensitive perme-
ability transition (PT) pore located at the contact sites between inner and outer membranes, which
is responsive to membrane potential changes, mitochondrial ROS and Ca2+ overload, pro-oxidant
accumulation and NO [47]. Recent studies in the postischemic heart have noted that PT pore opening
in reperfused hearts increased along with reperfusion time and concurs with cytochrome c release
from mitochondria [48]. However unlike MAC, PT pore is not specific to apoptotic cell death and is
a feature of necrotic cell death (as further discussed in Chapter 4).

The composition of the PT pore, while still controversial, is thought to involve several key com-
ponents of mitochondrial bioenergetic metabolism, including the adenine nucleotide translocator
(ANT), mitochondrial creatine kinase, the outer membrane porin molecule (VDAC) and inner mem-
brane cyclophilin D (shown in Fig. 2.2). Opening of the PT pore promotes significant changes in
mitochondrial structure and metabolism, including increased mitochondrial matrix volume lead-
ing to mitochondrial swelling, release of matrix calcium, altered cristae, and cessation of ATP
production secondary to ETC uncoupling, and dissipation of the mitochondrial membrane poten-
tial [47, 49]. Scorrano et al. have proposed that cytochrome c efflux in apoptosis is coordinated with
the activation of a mitochondrial remodeling pathway characterized by changes in inner mitochon-
drial membrane morphology and organization, ensuring the complete release of cytochrome c as
well as the onset of mitochondrial dysfunction, which might further contribute to the aging and/or
failing heart phenotype [50].

Opposing the progression of this pathway, antiapoptotic proteins (e.g., Bcl-2), localized to the
outer mitochondrial membrane, either directly compete with or impede the proapoptotic factor
activities, fortify, or remodel the mitochondrial membranes and their channels thereby preventing
mitochondrial disruption and inhibiting PT pore opening. In addition, both the extrinsic and intrinsic
pathways are regulated by a variety of endogenous inhibitors of apoptosis including FLICE, XIAP
and ARC.

Studies with the multifaceted ARC which acts on targets in both the intrinsic and extrinsic path-
way, have demonstrated that ARC is cardioprotective stemming the release of cytochrome c and
hypoxia-induced injury in the heart, although its role in aging has not yet been assessed [51].

The endoplasmic reticulum (ER) has been recently recognized as an important organelle in the
intrinsic pathway, mediating cell death elicited by a subset of stimuli such as OS [52]. Similar to
their roles in transducing upstream signals to the mitochondria, proapoptotic proteins appear to relay
upstream death signals to the ER triggering the release of Ca2+, which in turn can rapidly accumulate
in mitochondria promoting PT pore opening [53, 54]. Pro-survival factors from the growth factor
signaling pathways (e.g., IGF-1) also can inhibit the progression of the apoptotic pathway.

Interestingly, p66Shc, a protein that is localized in the mitochondria, has recently been identified
as an important component in the control of life span, regulation of the mitochondrial transmem-
brane potential and control of the OS response in mammals [55–57]. Despite its lacking a conven-
tional mitochondrial targeting sequence, a fraction of cytoplasmic p66Shc protein localizes in the
mitochondria remaining in an inactive form in a complex with mitochondrial heat shock protein
HSP70 [56]. The activated monomeric form of p66Shc occurs upon its dissociation from HSP70
in response to stresses including OS and UV light, and can directly react with reduced cytochrome
c to generate H2O2 which in turn induces mitochondrial permeability and apoptosis [58]. Mice
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containing a homozygous deletion of the p66shc gene have an extended life span (by 30 %), lower
ROS levels and increased stress resistance [55]. In addition, acting downstream of tumor suppressor
p53, p66Shc is required for p53-mediated stimulation of intracellular oxidant production, and induc-
tion of cytochrome c release and apoptosis [56, 57]. Interestingly, deletion of p66shc gene in mice
decreased the tissue damage resulting from hindlimb ischemia, reduced overall systemic and tissue
OS, and vascular cell apoptosis [59]. Wildtype mice showed a marked decrease in capillary density
and exhibited muscle fiber necrosis in response to ischemic insult. In contrast, p66Shc −/− mice
displayed decrease in minimal capillary density and myofiber death. Moreover, p66Shc deletion
reduced early atherogenesis in animals fed a high-fat diet [60]. A more extensive discussion of the
multi-faceted p66Shc is presented in Chapter 9.

As suggested by experimental models, mitochondria-related apoptosis is a contributory mecha-
nism of aging. Compared to myocytes from younger animals, myocytes derived from the hearts of
old mice displayed increased levels of markers of cell death and senescence [61]. It is possible that
apoptosis in cardiac aging may be a protective mechanism to get rid of those damaged, potentially
dangerous cells in a mechanistic effort to incline the balance toward healthy cells, although, we
do not know where this balance is. On the other hand, the marked accumulation of mtDNA muta-
tions in strains of transgenic mice overexpressing proofreading-deficient polymerase � (discussed
in Chapter 1) was unexpectedly not associated with increased markers of OS or defective cellular
proliferation, but rather correlated with the induction of apoptotic markers, particularly in tissues
characterized by rapid cellular turnover. The levels of apoptotic markers which are increased during
aging in normal mice, increased further in these transgenic mouse strains and correlated with the
accumulation of mtDNA mutations in the heart [62].

Recent studies examining senescence in cultured human fetal cardiomyocytes have noted growth
arrest and morphological changes in association with senescence associated �-galactosidase activ-
ity [63]. Studies with glioma cells stained for senescence-associated �-galactosidase activity, a
biomarker specific for senescent cells, showed that the enlarged cells gave a distinctive positive
staining reaction [64]. This senescence phenotype appears to be dependent on the continuous
expression of p16INK4A. It has been proposed that the induced expression of p16INK4A in these
cells reverted their immortal phenotype, and caused immediate cellular senescence. Interestingly,
increased expression of p16INK4A has also been detected in aging cardiomyocytes [61]. Proteins
implicated in growth arrest and senescence, such as p27Kip1, p53, p16INK4a, and p19ARF, were
also present in myocytes of young mice, and their expression increased with age. Furthermore,
DNA damage and myocyte death have been found to exceed cell formation in older mice, leading
to a decline in the number of myocytes, and HF. Interestingly, this effect did not occur in transgenic
mice in which cardiac stem cell-mediated myocyte regeneration compensated for the extent of cell
death, and prevented ventricular dysfunction.

Mice containing an IGF-1 transgene had attenuated levels of senescence-associated gene products
(e.g., p27Kip1, p53, p16INK4a, and p19ARF) and Akt phosphorylation in myocytes, and compared
to wild-type mice exhibited decreased levels of myocyte DNA damage and cell death. Unfortunately,
neither myocyte mitochondrial structure nor function were evaluated [61].

ROS Generation and CV Aging

ROS, by-products of normal metabolic processes are highly reactive, small oxygen-containing
molecules that play an essential role in OS levels and signaling of the aging heart. In the mitochon-
dria, ROS are generated from electrons produced (or leaked) from the electron transport chain (ETC)
at complexes I and III although non-mitochondrial sources of ROS generation are both active and
physiologically relevant in the heart. The inefficiency of electron transfer through the mitochondrial
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ETC and altered level of antioxidant defenses underlie the accumulation of ROS and oxidative
stress in the aging heart [65]. As we noted in Chapter 1, a causative role for ROS in the aging
process, known as the free radical theory of aging (FRTA) presupposes that in biological systems
ROS attack molecules and cause a decline in the function of organ systems, eventually leading to
failure and death. Moreover, the bioenergetic dysfunction that occurs with aging further increases
the accumulation of ROS. Mitochondrial ROS generation is increased in cells with abnormal ETC
function as well as under physiological and pathological conditions where oxygen consumption is
increased with respiratory complex I in particular playing a major role in the formation of superoxide
radicals [66]. A decline in complex I activity (in concert with increased state 4 respiration) elevates
ROS production during aging. This promotes the generation of prooxidant compounds, leading to
modulation of PT pore opening, abnormal mitochondrial membrane potential, and induction of cell
death.

Among its many targets in the cardiomyocyte, ROS causes extensive damage in particular
to mitochondrial macromolecules (e.g., carbohydrates, DNA, lipids and proteins) proximal to its
source as well as reduced fluidity in the mitochondrial inner-membrane. Age-associated mito-
chondrial membrane changes include increased membrane rigidity, elevated levels of cholesterol,
phosphatidylcholine, omega-6 polyunsaturated fatty acids (PUFA) and 4-hydroxy-2-nonenal with
decreased levels and oxidative modifications in omega-3 PUFA and cardiolipin, a unique inner mem-
brane phospholipid [67]. These changes are potentially responsible for the increased susceptibility
of the aging heart to the damaging effects of ischemia/reperfusion (I/R), including mitochondrial
Ca2+ overload, opening of the PT pore and cell death. Under the appropriate conditions, the aging
myocardium may exhibit increased permeability of the inner mitochondrial membrane to solutes
causing mitochondrial swelling, “proton leak”, reduced ETC efficiency and uncoupling of OXPHOS
from respiration which would limit net ATP production [68]. Unpublished studies from our labora-
tory have confirmed increased PT pore sensitivity to Ca2+ in senescent rat myocardial mitochondria,
and these findings are consistent with previous observations of enhanced Ca2+ vulnerability and
Ca2+-induced damage in mitochondria from senescent animals hearts [69, 70].

Oxidative modification of proteins, such as carbonylation, nitration, and the formation of lipid
peroxidation adducts such as 4-hydroxynonenal (HNE) and malondialdehyde (MDA), are by-
products of oxidative damage secondary to ROS [71, 72]. Several studies support across-the-board
or global increases in levels of some protein oxidative modifications [73]. For instance, protein
carbonyls have been reported to increase exponentially with age, particularly in the last third of
life span reaching a level such that on average one out of every three protein molecules carries
the modification and the modified proteins are likely dysfunctional either as enzymes or structural
proteins [74]. Other studies have focused on specific proteins (and specific residues within those
proteins) that are modified with age. While modifications in membrane-localized ANT and in the
protein subunits of respiratory complexes I to V secondary to ROS-mediated nitration, carbonyla-
tion, HNE and MDA adduct formation and an associated decline in enzymatic activity in vitro have
been reported [75, 76], a recent study of bovine heart submitochondrial particles found that proteins
sustaining oxidative damage generated from in vivo basal level of ROS were primarily localized
in the mitochondrial matrix [77]. Superoxide is also especially damaging to the Fe-S centers of
metabolic enzymes (e.g., complex I, aconitase, and succinate dehydrogenase). Inactivation of the
Krebs cycle enzyme, mitochondrial aconitase by superoxide, which generates Fe (II) and H2O2,
increases formation of the highly reactive hydroxyl radical [75, 78], and in aging mouse heart, this
enzyme was also a prominent target of MDA-adduct formation resulting in significant age-related
decline in its activity [75].

Another type of reactive free radical, peroxynitrite formed from NO reacting with superoxide
radicals is a strong oxidant associated with age-related modification of specific proteins gener-
ally detected as tyrosine nitration of targeted subunits. Viner et al. have demonstrated significant
age-dependent loss in the sarcoplasmic reticulum Ca2+-ATPase (SERCA) activity in parallel with
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accumulation of significant amount of nitrotyrosine in skeletal muscle [79]. Significant increases in
nitrotyrosine in SERCA were also found in aging rat heart [80], and in atherosclerotic plaques and
vessels from rabbits and from human subjects [81]. While it has been demonstrated that peroxynitrite
reacts in vitro with mitochondrial membranes from bovine heart to significantly inhibit the activities
of respiratory complexes I and V as well as resulting in 3-nitrotyrosine accumulation in selective
complex I and V subunits [82], this has not been demonstrated in aging. However, a recent analysis
of the aging cardiac proteome in rats with regards to 3-nitrotyrosine has identified substantial mod-
ification in over 48 proteins, including many involved in bioenergetics such as cytosolic proteins of
glycolysis (i.e., �-enolase, �-aldolase, GAPDH), mitochondrial proteins involved in electron trans-
port, TCA cycle, fatty acid �-oxidation and OXPHOS (i.e., 3-ketoacyl-CoA thiolase, acetyl-CoA
acetyltransferase, malate dehydrogenase, creatine kinase, electron-transfer flavoprotein, F1-ATPase
(ATP synthase) and VDAC/porin), as well as proteins involved in cardiomyocyte structural integrity
(i.e., desmin) [83].

Another central premise of the mitochondrial theory of aging suggests that somatic mutations in
mtDNA, induced by oxygen free radicals, are a primary cause of energy decline. A large body of evi-
dence has shown that oxidative damage affects nucleic acids, and in particular mtDNA, by the induc-
tion of single- and double-strand breaks, base damage, and modification (including 8-oxoguanosine
formation) resulting in the generation of point mutations and deletions [84, 85]. Data collected
from a number of animal studies demonstrated that with aging there is progressive accumulation of
mtDNA damage, including large-scale mtDNA deletions in the heart. These findings are consistent
with numerous studies with human subjects that have found specific large-scale mtDNA deletions
(e.g., 4977 bp) to be significantly increased in individuals over 40 years of age and at highest levels
in cardiac tissues.

While several types of myocardial mtDNA deletions increase with aging, their relative incidence
in cardiac tissue is significantly lower in rats as compared to humans, with variable prevalence in
different tissues [86, 87]. Significant accumulation of a 4.2 kb mtDNA deletion has been found in
the myocardium of senescent mice compared to young or middle-aged animals [88]. Similarly, in
Fischer 344 x Brown Norway F1 hybrid rats (5, 18 and 36 months of age), specific mtDNA deletions
of 8–9 kb have been detected in the right and left ventricle and their abundance increased with age
in parallel with reduced complex IV enzyme activity in individual cardiomyocytes (assessed by in
situ histochemistry), marked tissue fibrosis and diminished myocyte contractility [89]. Furthermore,
Pak et al. reported that over 40 % of cardiac mtDNA deletions in the aging rat heart contain unique
point mutations located near the deletion breakpoints [90].

Increased levels of mtDNA point mutations have also been reported in aging humans. Several
investigators have found increased levels of mutations at specific sites within the mtDNA D-loop
control region in skin fibroblasts and skeletal muscle of aging individuals [91, 92], albeit not in
cardiac tissues of elderly subjects [93]. No evidence for increased point mutations in the D-loop
region were found in brain, skeletal muscle or heart of aged mice (25–26 month-old) [94].

The role of point mutations and deletions in mtDNA in aging has been tested experimentally by
several independent groups using different transgenic mouse strains and constructs of the previously
described proofreading-deficient version of Pol�, the nuclear-encoded catalytic subunit of mtDNA
polymerase [62, 95]. These mutant mice developed between a three- and eight-fold increase in the
levels of mtDNA point mutations, as well as increased amounts of deleted mtDNA associated with
a reduced life span and premature onset of aging-related phenotypes, including cardiomegaly, pro-
viding a causative link between mtDNA mutations and aging. However, no significant accumulation
of ROS or of ROS damage, changes of antioxidant enzymes nor markers of oxidative stress were
found in tissues of the mice [96]. The finding of respiratory deficiency and increased evidence of
apoptosis in these transgenic strains rather than ROS suggest their potential involvement as primary
inducers of this aging phenotype. As a result, the overall relevance of these transgenic models to
normal aging processes including human has been recently questioned [97].



44 Overview of Cardiovascular Aging

Given the abundant evidence that ROS and ROS-mediated effects are increased in aging, ROS
neutralization by mitochondrial antioxidants such as superoxide dismutase (SOD), glutathione per-
oxidase (GPx) and glutathione (GSH) becomes of increased significance in the aging heart. Stud-
ies in the aging rat heart suggest that interfibrillar (but not subsarcolemmal) mitochondria display
a significantly higher rate of oxidant production, and marked reductions in selected antioxidants
including mitochondrial ascorbate and reduced glutathione (GSH) levels [98]. Moreover, significant
age-related increases in both cardiac MnSOD and GPx activities were also found in both subpop-
ulations of mitochondria, possibly as an adaptive mechanism to cope with increased mitochondrial
production of superoxide and H2O2 [99].

Currently, the use of a wide range of antioxidants are being considered as a method of reversing
the accumulation of ROS, and therefore aging, a subject which we examine in greater detail in
Chapter 15. A partial list of agents being used includes L-carnitine and �-lipoic acid (often used in
combination), coenzyme Q10, melatonin and mimetics of the antioxidant enzyme SOD. However,
caution is required in their use since this therapeutic approach may also override the beneficial
effects provided by ROS within the cytosol as signaling molecules. A more highly targeted approach
employing synthetic peptide antioxidants containing dimethyltyrosine, which are cell-permeable and
concentrate 1,000-fold in the mitochondria, has demonstrated the capacity to significantly reduce
mitochondrial ROS and cell death in cultured cells, and when applied in an ex vivo heart model
of ischemia effectively improved contractile force [100]. Similarly, other bioactive molecules with
antioxidant activity have been selectively delivered to the mitochondria to decrease lipid perox-
idation and oxidative protein damage. For instance, generation of a synthetic ubiquinone analog
(termed mitoQ), incorporating a lipophilic triphenylphosphate cation results in positively charged
lipophilic molecules which target negatively charged energized mitochondria, rapidly permeate the
lipid bilayers and accumulate at high levels within mitochondria from heart and brain [101]. Another
modified antioxidant, a synthetic analog of vitamin E (MitoVitE), can be incorporated into the heart
mitochondrial matrix attenuating oxidative damage.

As we have previously noted, the most compelling support for the free radical theory of aging
recently came from the work of Schriner et al. [102] with a transgenic mouse strain (MCAT) har-
boring a 50-fold increase in its expression of the antioxidant catalase in cardiac and skeletal muscle
mitochondria. Although there have been occasional reports of mitochondrial-localized catalase, the
great majority of this H2O2-degrading enzyme is normally found in the peroxisome in most cell-
types. The MCAT strain with elevated catalase activity displayed reduced severity in age-dependent
atherosclerosis, reduced OS (e.g., H2O2 levels and oxidative damage) and reduced levels of mtDNA
deletions in heart and skeletal muscle resulting in both median and maximum life span increases of
about 20 % compared to wild-type controls. Unfortunately, other laboratories have been unable to
replicate this remarkable finding suggesting the possibility that the genetic background of the mouse
strain employed may be a primary determinant in the anti-aging phenotype observed, rather than
arising solely from the presence of the catalase transgene.

Recently, Ren et al. have provided further support for a role of catalase in interfering with cardiac
aging. They evaluated contractility and intracellular Ca2+ indices in cardiomyocytes from young and
old transgenic mice with and without cardiac overexpression of catalase [103]. Contractile indices
analyzed included peak shortening (PS), time-to-90 % PS (TPS-90), time-to-90 % relengthening
(TR-90), half-width duration (HWD), maximal velocity of shortening/relengthening (+/−dL/dt)
and intracellular Ca2+ levels or decay rate. While aging depressed +/−dL/dt, prolonged HWD,
TR-90 and intracellular Ca2+ decay, these aging-induced mechanical defects were nullified or sig-
nificantly attenuated by catalase overexpression. Moreover, levels of advanced glycation endproduct
(AGE), elevated by 5-fold in aged controls compared with young mice, were significantly reduced
by catalase. The age-mediated decline of expression levels of myocardial Na+/Ca2+ exchanger
(NCX) and Kv(1.2) K+ channels was also significantly attenuated in the transgenic aged strains
although age-mediated decline of SERCA2a was not affected. These findings suggest that catalase
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protects cardiomyocytes from aging-induced contractile defect possibly via improved intracellular
Ca2+ handling.

Inflammation and CV Aging

Current evidence indicates that major chronic aging-related diseases such as atherosclerosis, arthri-
tis, dementia, osteoporosis, and CVDs, are inflammation-related, and inflammation is likely the
underlying basis for the molecular alterations that link aging and age-related diseases (as further
discussed in Chapter 6).

OS and redox dysfunction, which appear to be inextricably linked with aging, are critical risk fac-
tors for age-related inflammation [104]. Much of this is mediated by the activation of redox-sensitive
transcription factors and dysregulated gene expression in the nucleus by age-related OS. Besides
ROS and NO other molecules and signal transduction pathways such as inflammatory signaling are
actively involved in aging. Key players involved in the inflammatory process are the age-related
upregulation of NF-�B, IL-1�, IL-6, TNF-�, cyclooxygenase-2, adhesion molecules, and inducible
NO synthase. Through this increased expression of inflammatory components, aging unleashes a
series of profound subcellular changes outside the nucleus of the cardiovascular cells and in the
membranes and membrane-bound organelles (e.g., mitochondria), which dictate the electrophysio-
logical and metabolic functioning of cardiovascular cells, as well as relating to the further control
and generation of OS.

Inflammatory markers have increasingly been identified as significant independent risk indica-
tors for cardiovascular events. While adults over the age of 65 have experienced a high propor-
tion of such events, the available epidemiological data comes mainly from middle-aged subjects.
Kritchevsky et al. [105] have examined the role that inflammatory markers play in predicting the
incidence of CVD specifically in older adults. Interestingly, IL-6, TNF-� and IL-10 levels appear to
predict cardiovascular outcomes in adults <65 years. Data on C-reactive protein (CRP) was rather
inconsistent and appeared to be less reliable in old age than in middle age. In addition, fibrinogen
levels have some value in predicting mortality but in a non-specific manner. They concluded that
in the elderly, inflammatory markers are non-specific measures of health and may predict both dis-
ability and mortality, even in the absence of clinical CVD. Interventions designed to prevent CVD
through the modulation of inflammation may be helpful in reducing disability and mortality. The
role of increased inflammatory markers such as IL-6 and IL-1� as risk factors in aging, and in the
development of MI has also been reported [106]. Analysis of polymorphisms in IL-6 gene promoter
(−174 G>C) has indicated that elderly patients with acute coronary syndrome (ACS) carrying IL-6
−174 GG genotypes exhibited a marked increase in one year follow-up mortality rate, suggesting
that IL-6 −174 G→C polymorphisms can be added to the other clinical markers such as CRP serum
levels and a history of CAD, useful in identifying elderly male patients at higher risk of death after
ACS [107].

Neuroendocrine Mechanisms in CV Aging

The neuroendocrine theory of aging elaborates mainly on the wear and tear occurring in the aging
neuroendocrine system. This system is a complicated network governed by the release of hormones
largely regulated by the hypothalamus, which controls a large assortment of chain-reactions in
numerous target organs and which in turn regulates other glands to release their hormones. It also
responds to the body hormone levels as a guide to modulate overall hormonal activity. For exam-
ple, if cortisol damages the hypothalamus, then over time it becomes a vicious cycle of continued
hypothalamic damage, leading to an ever-increasing degree of cortisol production and thus more
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hypothalamic damage. This damage could then lead to hormonal imbalance as the hypothalamus
loses its ability to control the system. A more comprehensive appraisal of the hypothalamus/cortisol
and the aging heart is presented in Chapter 6. In this sub-section, our discussion will be limited
to the cause-effect relationship of specific elements of neuroendocrine regulation including cardiac
adrenergic and G protein-coupled receptors, thyroid hormone, GH and IGF-1, and their role in the
dysfunction of the aging heart.

Adrenergic (and Muscarinic) Receptors in the Aging Heart

Cardiac �-adrenergic receptor (�-AR) responsiveness in model systems and in humans in vivo
decreases with aging, and the mechanisms by which this may occur include the down-regulation and
decreased agonist binding of �1-receptors, uncoupling of �2-receptors, and abnormal G protein-
mediated signal transduction [108]. While age-dependent changes in human adrenergic receptors
are well established, little is known about possible age-dependent alterations in human cholinergic
receptors [109]. In the human heart, there are muscarinic receptors that are predominantly of the
M2 subtype that couple to the inhibitory G protein Gi [110, 111]. Stimulation of these receptors
also causes inhibition of adenylyl cyclase activity and a decrease in heart rate as well as in �-
adrenoceptor-mediated increases in ventricular contractility [112–114].

In healthy humans, ganglionic blockade unmasks a clear age-related decrease in cardiac
responses to isoproterenol but not to epinephrine. It has been hypothesized by Leenen et al. that an
age-related decrease in neuronal uptake (which affects epinephrine but not isoproterenol) may offset
a parallel decrease in �-receptor-mediated responses [115] These investigators found that healthy
aging in human is associated with decreased cardiac responsiveness to the �-agonist epinephrine,
and this decrease can be balanced by concomitant decreases in buffering of these responses by
neuronal uptake and the arterial baroreflex. Wth aging, a decline in cardiac function, in part due to
decreased �- and �-AR-mediated contractility occurs. While defects in �-AR signaling are known
to occur in the aging heart, which components of the �1-AR signaling cascade are responsible for
the aging-associated deficit in �1-AR contractile function, have just begun to be identified. These
include protein kinase C (PKC) and associated anchoring proteins including receptors for activated
C kinase (RACKs).

Age can significantly influence the cardiovascular responses to �-adrenergic stimulation, and
phenylephrine, by acutely increasing afterload, has been shown to be effective in revealing the
left ventricular systolic dysfunction occurring with aging. Moreover, it appears that the increase
in systolic blood pressure in response to an �-adrenergic challenge is significantly influenced not
only by age but also by gender [115]. Recently, Hees et al. have analyzed the effects of �-adrenergic
stimulation on LV filling, and its major determinant, relaxation, in an aging population. They found
that aging was accompanied by a blunted inotropic but preserved chronotropic response to steady-
state dobutamine infusion and although LV filling reserve declines with age, relaxation reserve does
not [116].

Using a Langendorff-perfused hearts isolated from 5-month adult and 24-month old aging Wistar
rats, Korzick et al. [117] have measured cardiac contractility (dP/dt) following maximal �1-AR stim-
ulation with phenylephrine. Evaluation of the subcellular distribution of PKC� and PKC�, and their
respective anchoring proteins RACK1 and RACK2 by Western immunoblot analysis revealed that
the subcellular translocation of PKC� and PKC�, in response to �1-AR stimulation, was disrupted
in the aging myocardium. Moreover, age-related reductions in RACK1 and RACK2 levels were also
observed, suggesting that alterations in PKC-anchoring proteins may contribute to impaired PKC
translocation and defective �1-AR contraction in the aged rat heart. Interestingly, this group of inves-
tigators subsequently sought to determine whether age-related defects in �1-AR contraction could
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be reversed by chronic exercise training (treadmill) in 4-month adult and 24-month aged rats [118].
They found that the age-related decrease in �1-AR contractility in the rat heart can be partially
reversed by exercise, suggesting that alterations in PKC levels underlie, at least in part, exercise
training-induced improvements in �1-AR contraction. In addition, in the Fischer 344 rat both aging
and gender mediate substantial alterations in various PKC isoforms interactions with other signaling
factors such as ERK1/2 to form signaling modules (SMS) [119]. Senescence was associated with
increased cytosolic and mitochondrial PKC� levels in both males and female, whereas increases
in cytosolic PKC�-ERK1/2 SMS were only observed in aged females. Mitochondrial PKC� and
PKC�-ERK1/2 SMS increased in both male and female with age however increases in cytosolic
PKC� were only observed in aged males. Nuclear and mitochondrial PKC�-ERK1/2 SMS were 3.5-
and 4.8-fold greater in males compared to females, respectively, and increases in mitochondrial-
PKC�-ERK1/2 SMS were also specific to aged males. It is thought that these substantial age and
gender-associated differences in the magnitude and distribution of cardiac PKC-ERK1/2 signaling
modules may in part underlie the age-related reductions in ischemic stress reserves, particularly
apparent in aged women as well as differences in cardioprotection with aging.

The cardiac effects of �1-adrenergic stimulation, both in cardiomyocyte Ca2+ -transient and car-
diac PKC activity have been assessed by Montagne et al. in 3-month and 24-month old Wistar
rats [120]. Their findings suggested that the negative effect of �1-adrenergic stimulation on car-
diomyocyte Ca2+ transient observed in old rats could be related to the absence of �1-adrenergic-
induced PKC translocation.

Notwithstanding these findings, the effect of aging on the human sympathetic nervous system
remains a controversial issue. However, the interest in this subject is currently increasing, mainly
because diverse cardiac pathologies, including essential hypertension, CAD, HF and dysrhythmias
increase with age, and the sympathetic nervous system may be an important pathophysiological
component [121]. Interestingly, in a study on the role of the sympathetic nervous system in aging
and HF, Kaye and Esler [122] found no additive effect of aging in the activation of the sympathetic
nervous system that occurs in HF, suggesting that other factors such as CAD and MI may impact the
increased incidence of HF with aging.

Cardiac G Protein-Coupled Receptors

Cardiac G protein-coupled receptors (GPCRs) that function through stimulatory G protein G�s,
such as �1- and �2-ARs, play a key role in cardiac contractility. G�i2 levels increases with age
in both human atria resulting in diminished levels of both basal and receptor-mediated adenylyl
cyclase activity [123] Similarly, significant increases were found in G�i2 levels by immunoblot
analysis in left ventricles of 24-month old Fischer 344 rats with reduced levels of both basal and
receptor-mediated adenylyl cyclase activity [124]. These elevated levels of Gi may subsequently
increase the receptor-mediated activation of Gi through multiple GPCRs. Increased Gi activity is
likely to have an adverse effect on heart function since Gi-coupled signaling pathways in the heart
reduce both the rate and force of contraction, which is in part mediated through cAMP-mediated
phosphorylation of phospholamban [125]. Investigation of the effects of age on G protein-coupled
receptor signaling in human atrial tissue also showed that the density of atrial muscarinic acetyl-
choline receptor (mAChR) increases with age but reaches statistical significance only in patients with
diabetes [126]. Interestingly, in elderly subjects of similar ages, those with diabetes have 1.7-fold
higher levels of G�i2 and twofold higher levels of G�1. Other studies have reported that right atrial
mAChR density significantly decreased in advanced age [127]. The disparity between these studies
could be explained by differences in age between patients groups; one study examined only adults
with an age range from 41–85 years [126], while the other study group’s age ranged from 5 days to
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76 years [127]. In this regard it is interesting to note that Oberhauser et al. found that acetylcholine
release in human atria which is controlled by muscarinic M(2)-receptors is significantly reduced
in atria of patients >70 years of age and patients with late diabetic complications suggesting that
locally impaired parasympathetic activity may be a contributory risk factor in sudden cardiac death
in the elderly and in diabetic patients [128].

Although structurally closely related to insulin, the relaxin family peptides act on a group of
four G protein-coupled receptors now known as relaxin family peptide (RXFP) receptors [129].
Interestingly, relaxin and its receptor are often involved in pathologies that are considered to be
age-related such as fibrosis, wound healing and in response to myocardial infarction. First identified
as a substance influencing the reproductive tract [130], relaxin subsequently has been characterized
as a peptide hormone with a two-chain structure similar to insulin with a wide array of cardiovascular
and neuropeptide functions [131]. Relaxin affects collagen metabolism, inhibiting collagen synthesis
and enhancing its breakdown by increasing matrix metalloproteinases. It also enhances angiogenesis
and is a potent renal vasodilator. Activation of two of the leucine-rich receptors RXFP1 or RXFP2
causes increased cAMP accumulation and the initial response for both receptors is the result of
Gs-mediated activation and GoB-mediated inhibition of adenylate cyclase; RXFP1 has a higher
affinity for relaxin, while RXFP2 primarily binds to insulin-like peptide 3. Since drugs acting at
RXFP1 may have clinical potential in treating diseases involving tissue fibrosis such as cardiac
and renal failure, the relaxin systems may represent an important pharmacological target in clinical
management of aging, and in particular age-related cardiac pathologies [132].

Thyroid Hormone/SERCA in the Aging Heart

The sarcoplasmic reticulum Ca2+ ATPase (SERCA) is a transmembrane protein that pumps cyto-
plasmic Ca2+ into the sarcoplasmic reticulum and in this context plays an important role in reg-
ulating the concentration of calcium around the contractile elements in cardiomyocytes. In the
aging/senescent heart the expression of the SERCA gene is downregulated contributing to abnormal
calcium homeostasis and impairment of cardiac function. However, the molecular mechanisms that
regulate the SERCA gene expression in the heart during aging are still unclear. In our laboratory we
have found new evidence that implicates a decrease in thyroid hormone (TH) responsiveness in the
aging heart (unpublished data). This decrease in large part involves the binding of the TH receptor
(TR) and retinoid X receptors (RXR) heterodimer to TH-responsive elements (TREs) located in the
SERCA and cardiac myosin heavy chain (MHC) gene promoters.

Age-associated changes in the TR and RXRs could explain the age-associated changes in SERCA
and MHC expression. Long et al. have reported that although no significant changes in RXR� or
RXR� mRNA levels occur in the aging rat heart, both �1 and �2 TR mRNA levels decreased
significantly between 2 and 6 months of age [133]. During this time period, the mRNA levels for
�-MHC declined by more than half, whereas �-MHC mRNA levels remained low and unchanged.
On the other hand, between 6 and 24 months, when mRNA levels for �-MHC increased and �-MHC
continued to decrease, there was a significant decline in TR�1 and RXR� mRNA levels accompa-
nied by a reduction in the TR�1 and RXR� protein levels. These findings suggest that the decline
in �-MHC gene expression may be biphasic and in part due to a decline in �1 (and possibly �2) TR
levels between 2 and 6 months of age, and a decline in TR�1 and RXR� levels at later age.

The aging-mediated downregulation of MHC and SERCA mediated by myocardial TH/TR
signaling-mediated transcriptional control can be reversed with exercise [134]. While the expression
of myocardial TR�1 and TR�1 proteins are significantly lower in sedentary aged rats than in seden-
tary young rats, their expression is significantly higher in exercise-trained aged rats than in sedentary
aged rats. Furthermore, the activity of TR binding to the TRE transcriptional regulatory elements in
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the �-MHC and SERCA promoters and the myocardial expression of �-MHC and SERCA (both
mRNA and protein) were upregulated with exercise training in the aging heart, in association with
changes in the myocardial TR protein levels. In addition, plasma 3,3′-triiodothyronine (T3) and
thyroid hormone levels which decrease in aging [135, 136], are increased with exercise training.
The reversal of aging-induced downregulation of myocardial TR signaling-mediated transcription
of MHC and SERCA genes by exercise training, appears to be related to the cardiac functional
improvement observed in trained aged hearts

The identification of the specific mechanisms contributing to decreased TH signaling in the aging
heart may provide significant insights into possible therapeutic keeping in mind that in the aging
heart decreased TH activity may be a physiological adaptation. It is possible that therapies which
increase SERCA activity might improve cardiac function in the senescent heart. On the other hand,
it has been shown that a decrease in SERCA activity contributes to the functional abnormalities
observed in senescent hearts, and that Ca2+ cycling proteins can be targeted to improve cardiac
function in senescence [137]. The well-established decline in myocardial SERCA content with age
may also contribute to the increased development of impaired function after I/R in aging subjects.
Furthermore, the ratio of SERCA to either phospholamban or calsequestrin decreased in the senes-
cent human myocardium [138]. Decreased rates of Ca2+ transport mediated by the SERCA isoform
are responsible for the slower sequestration of cytosolic Ca2+ and consequent prolonged muscle
relaxation times in the aging heart.

SERCA is a prominent target of oxidative/nitrative damage in aging as we have noted in the
previous section. Knyushko et al. [80] have found that senescent Fischer 344 rat heart showed a
60 % decrease in SERCA activity relative to that of young adult hearts, and this functional reduction
in activity could be attributed, in part, to both a lower abundance of SERCA protein, and increased 3-
nitrotyrosine modifications of multiple tyrosines within the cardiac SERCA protein. Nitration in the
senescent heart was found to increase by more than two nitrotyrosines per Ca2+-ATPase molecule,
coinciding with the appearance of partial nitrated Tyr(294), Tyr(295) and Tyr(753) residues. In con-
trast, skeletal muscle SERCA exhibited a homogeneous pattern of nitration, with full site nitration of
Tyr(753) in the young, with additional nitration of Tyr(294) and Tyr(295) in the senescent muscle.
The nitration of these latter sites correlates with diminished transport function in both types of
muscle, suggesting that these sites have a potential role in the downregulation of ATP utilization by
the Ca2+-ATPase under conditions of nitrative stress.

Growth hormone (GH) and IGF-1

Reduced signaling of insulin and highly conserved insulin-like peptides can profoundly affect organ-
ismal life span as we have discussed in Chapter 1. Mutations in genes involved in the insulin/insulin-
like growth factor 1 IGF-1 signal response pathway have been reported to significantly extend
life span in diverse species, including yeast, nematodes, fruit flies, and rodents. Intriguingly, the
long-lived mutants, share important phenotypic characteristics, including reduced insulin signal-
ing, enhanced sensitivity to insulin, and reduced IGF-1 plasma levels. In the nematode and the fly,
secondary hormones downstream of insulin-like signaling also appear to regulate aging. However,
the relative order and significance in which the hormones act in mammals has been difficult to
resolve since there is a complex network of interacting and interdependent signaling molecules
including insulin, IGF-1, growth hormone (GH), and TH, affecting multiple inter-acting cellular
pathways [139]. For instance, while endocrine manipulations in animal models can slow aging with-
out concurrent costs in reproduction, these bring inevitable increases in stress resistance [140].

Several mutant mouse strains have been instrumental in providing models of life span and
aging modulation. These include GH-deficient/resistant animals which have a prolonged life span
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compared with their normal siblings. Studies have indicated that the Ames and Snell dwarf mouse
strain and GH receptor/GH binding protein knockout (GHR-KO) do not experience aging at the
same rate as their normal siblings but are subject to delayed aging. The Snell and Ames Dwarf mice
are homozygous for recessive mutations at the pituitary-1 (pit1) Pit-1, or Prop-1 locus, respectively,
which encode transcription factors controlling pituitary development [141]. Both Snell and Ames
Dwarf mice demonstrate increased longevity (50 % in males and 64 % in females) compared to
their wild-type controls, which has been generally attributed to GH/IGF-1 deficiency [142]. Mice
homozygous for such a mutation are deficient in serum GH, thyroid-stimulating hormone (TSH),
and prolactin as well as IGF-1.

While the mechanism of increased life span has not been fully delineated, there is increased sup-
port for the centrality of insulin signaling in the control of mammalian aging and for the involvement
of this pathway in extending the life span of IGF-1-deficient mice. In the Snell dwarf mouse, GH
deficiency leads to reduced insulin release and alterations in insulin signaling, including a decreased
IRS-2 pool level, a reduction in PI3K activity and its association with IRS-2, decreased docking
of p85 to IRS-2, and preferential docking of IRS-2 to p85–p110 leading to reduced insulin levels,
enhanced insulin sensitivity, alterations in carbohydrate and lipid metabolism, reduced generation
of ROS, enhanced resistance to stress, reduced oxidative damage, and delayed onset of age-related
disease [141, 143, 144]. These alterations would establish a physiological homeostasis that favors
longevity. Mouse longevity is also increased by fat-specific disruption of the insulin receptor gene
FIRKO [145].

While a lower level of circulating growth hormone and an enhanced life span was found in trans-
genic mice expressing bovine growth hormone (bGH) [146], mouse mutant models containing high
plasma GH but a 90 % lower IGF-1 also live longer than wild-type mice. This suggests that reduction
in plasma IGF-1 levels may be primarily responsible for a major portion of the life span increase in
dwarf, GH-deficient, and GHRBP-null mice [144, 147]. Further evidence for the direct role of IGF-1
signaling in the control of mammalian aging has also been provided by mouse strains in which the
loss of a single copy of the igf1r gene (encoding the IGF receptor) results in a 26 % increase in
mouse life span [148].

Moreover, GH/IGF-1 receptor system not only plays an important role in determining organism
development and life span and but is in itself affected by age. IGF-1 decreased linearly with age in
both sexes, with significantly higher levels in men than women [149]. The decrease in GH-induced
IGF-1 secretion in the elderly suggests that resistance to the action of GH may be a secondary
contributing factor in the low plasma IGF-1 concentrations [150].

It has also been argued that decreased IGF-1 level with age may contribute to the increase in
cardiac disease found in the elderly, including HF [151]. Findings from the Framingham Heart Study
in a prospective, community-based investigation indicated that serum IGF-1 level was inversely
related to the risk for HF in elderly people without a previous MI, suggesting that the maintenance
of an optimal IGF-1 levels in the elderly may reduce the risk for HF [152]. In addition, this study
revealed that greater levels or production of the catabolic cytokines TNF-� and interleukin 6 were
associated with increased mortality in community-dwelling elderly adults, whereas IGF-1 levels had
the opposite effect [153].

In aged animals and humans the secretion of GH, and the response of GH to the administration
of GH-releasing hormone (GHRH) are lower than in young adults [154]. In rodents, a two-fold
increase in GH receptors has been observed with age but this increase fails to compensate for the
reduction in GH secretion [155, 156] Further investigation revealed that the apparent size of the GH
receptor was not altered with age, whereas the capacity of GH to induce IGF-1 gene expression and
secretion was 40–50 % less in old than in young animal [157]. GH administration to old animals and
humans raises plasma IGF-1 levels and results in increases in skeletal muscle and lean body mass,
a decrease in adiposity, increased immune function, improvements in learning and memory, and
increases in cardiovascular function. Furthermore, administration of GH can induce improvement in
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hemodynamic and clinical status in some patients with chronic HF, largely resulting from the ability
of GH to increase cardiac mass [158]. On the other hand, disappointing results have been reported
in patients with DCM undergoing infusion of GH [159]. This may be related to the choice of the
incorrect agent (GH instead of IGF-1) and/or the failure to selectively target patients with low IGF-1
levels [160].

Interestingly, the Klotho protein which functions as a circulating hormone binds to a cell-surface
receptor and represses intracellular signals of insulin and IGF-1. Amelioration of the aging-like
phenotypes in Klotho-deficient mice was observed by perturbing insulin and IGF-1 signaling, sug-
gesting that Klotho-mediated inhibition of insulin and IGF-1 signaling contributes to its anti-aging
properties [161]. On the other hand, because Klotho induces IGF-1 and insulin resistance, it has
been suggested that the above findings seem to contradict previous evidence for increased life span
of dwarf mice with reduced IGF-1 and insulin levels and enhanced insulin sensitivity. Nevertheless,
since activation of signaling molecules downstream from IGF-1 and insulin receptors is reduced
in both Klotho and dwarf mice, a common mechanisms of delayed aging is suggested [162]. Fur-
thermore, it has been reported that the Klotho protein increases resistance to OS at the cellular and
organismal level in mammals thru activation of the FoxO forkhead transcription factors that are
negatively regulated by insulin/IGF-1 signaling, thereby inducing expression of MnSOD. This facil-
itates the removal of ROS and confers OS resistance, likely contributing to the anti-aging properties
of Klotho [163].

Autophagy and CV Aging

Cells faced with a short supply of nutrients in their extracellular fluid begin to engulf specific, often
defective organelles (e.g., mitochondria) and to re-use their components. Autophagy comes from the
Greek “self-digestion”, which is a process for the turnover and recycling of “old” macromolecules
and organelles thru the lysosomal degradative pathway that is involved in maintaining cellular
homeostasis, cell differentiation, and tissue remodeling. This process involves formation of a double
membrane within the cell, confinement of the material to be degraded into an autophagosome, fusion
of the autophagosome with a lysosome, and the subsequent enzymatic degradation of the materials.

During development, autophagy occurs in many types of cells, including cardiomyocytes. More-
over, in cardiac diseases associated with aging such as ischemic heart disease and cardiomyopathy,
intralysosomal degradation of cells plays an essential role in the renewal of cardiac myocytes. The
interaction of mitochondria and lysosomes in cellular homeostasis is of great significance, since both
organelles suffer significant age-related alterations in post-mitotic cells [164]. Many mitochondria
undergo enlargement and structural disorganization, and since lysosomes responsible for mitochon-
drial turnover experience a loss of function the rate of total mitochondrial protein turnover declines
with age [165]. Coupled mitochondrial and lysosomal defects contribute to irreversible functional
impairment and cell death.

Under pathophysiological conditions, autophagy may have a protective role or may contribute to
cell damage [166]. Nutrient depletion classically induces autophagy in order to provide amino acids
for the synthesis of essential proteins, thus prolonging cell survival [167], and may up to a point
neutralize the apoptotic or programmed cell death stimuli (PCD type I) [168, 169]. However, other
observations suggest that autophagy can act as an alternative form of programmed cell death, termed
PCD type II [170]. Apoptosis and autophagy are closely regulated biological processes that play a
central role in tissue homeostasis, development, and disease [171, 172]. Pattingre et al. have shown
that the antiapoptotic protein, Bcl-2, interacts with the evolutionarily conserved autophagy protein,
Beclin 1, and that the wild-type Bcl-2 antiapoptotic proteins, but not Beclin 1 binding defective
mutants of Bcl-2, inhibit Beclin 1-dependent autophagy in yeast and mammalian cells. Moreover,
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cardiac Bcl-2 transgenic expression inhibited autophagy in mouse heart muscle. In addition, Beclin
1 mutants that cannot bind to Bcl-2 induce more autophagy than wild-type Beclin 1, and differently
from the wild-type Beclin 1, promote cell death [171] Besides its function as an antiapoptotic protein
Bcl2 also operates as an antiautophagy protein thru its inhibitory interaction with Beclin 1. This latter
function of Bcl-2 may be helpful to keep autophagy in check, at levels that are compatible with cell
survival, rather than cell death.

Furthermore, mitochondrial interaction with other functional compartments of the cardiac cell
(e.g., the ER for Ca2+ metabolism, peroxisomes for the interchange of antioxidant enzymes essential
in the production and decomposition of H2O2) must be kept in check since defects in communication
between these organelles may accelerate autophagy and the aging process.

Cardiac Function in Aging

The association of age and declining heart function has been amply documented. For example, the
Baltimore Longitudinal Study on Aging found that even in the absence of disease, there is still
a significant loss of cardiac reserve manifested by a reduction in maximum achievable heart rate
during stress. At rest in the sitting position, age-associated decline in heart rate (HR) and increased
systolic blood pressure occurred in both sexes. When hemodynamics were expressed as the change
from rest to peak effort (upright cycle exercise) as an index of cardiovascular reserve function,
both sexes demonstrated age-associated increases in end-diastolic volume index and end-systolic
volume index (ESVI), and reductions in ejection fraction, HR, and cardiac index (CI). However, the
exercise-induced reduction in ESVI and the increases in ejection fraction, CI, and stroke work index
at rest were greater in men than in women [173]. Thus, age and gender each have a significant impact
on the cardiac response to exhaustive upright cycle exercise. That age and gender are important
factors in cardiovascular remodeling were also confirmed by Redfield et al. Using a cross-sectional
sample of Olmsted County, Minnesota (Rochester Epidemiology) they found that advancing age and
female gender are associated with increases in vascular and ventricular systolic and diastolic stiffness
even in the absence of CVD [174]. This combined ventricular-vascular stiffening may contribute to
the increased prevalence of HF with normal ejection fraction in elderly persons and particularly in
elderly women. On the other hand, in the Honolulu Heart Program, it was noted that in the absence
of hypertension the risk of developing CAD is significantly higher in elderly men, with the incidence
of CAD increasing from 1.8 % in younger adults (45–54 years) to 8.1 % in the elderly (75–93 years).
In the later group, alcohol intake was unrelated to CAD, while the effects of sedentary life-styles on
promoting CAD seemed to be stronger than in those who were younger [175].

Genetic Make-up in Cardiac Aging

As we have noted, heritable genetic components exist that are important determinants in the duration
of life span in human, analogous to the inherited factors operative in the incidence of certain CVDs
such as congenital heart defects (CHD), cardiomyopathies and CAD. Genes, that otherwise may
remain in a quiescent state, are stimulated with aging under adequate environmental conditions,
to express transcription factors/proteins that may facilitate the development of cardiac pathologies,
e.g., upon physiological stress families of stress-response genes are activated as natural defense
mechanisms. Induction of specific inflammatory genes is significantly deregulated and altered in the
heart of aged versus young mice when challenged with the bacterial endotoxin lipopolysaccharide
(LPS), suggesting that endotoxin-mediated induction of specific inflammatory genes in cardiovas-
cular tissues is abnormal with aging, and this may be causally related to the increased susceptibility
of aged animals to endotoxic stress [176].
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The aforementioned Klotho-deficient mice (discussed with reference to IGF-1 and GH signal-
ing) develop a syndrome resembling accelerated human aging, with significant and accelerated
atherosclerosis [177]. Moreover, it has been demonstrated that a number of advanced aging-like
KL(-/-) phenotypes could be restored to normal whenever Klotho expression was induced. On the
other hand, decreasing Klotho expression in these rescued KL(-/-) mice induced several aging-like
KL(-/-) phenotypes. Therefore, Klotho may be effective in the prevention and treatment of age-
related disorders [178]. The Klotho gene encodes a single-pass transmembrane protein that function
in signaling pathways that suppress aging and which has �-glucuronidase activity. In humans, a
functional variant of Klotho termed KL-VS has been found, common in the general population (fre-
quency 0.157) and individuals homozygous for KL-VS manifest reduced human longevity [179]. The
KL-VS variant harbors three mutations in the coding region, of which one is silent, and two code for
missense mutations F352V and C370S, which substantially alter Klotho metabolism. The KL-VS
allele influences the trafficking and catalytic activity of Klotho, and the variations in Klotho func-
tion contributed to heterogeneity in the onset and severity of human age-related phenotypes [179],
and early-onset of occult CAD [180]. Furthermore, recent cross-sectional and prospective studies
have confirmed a genetic model in which the KL-VS allele confers a heterozygous advantage in
conjunction with a marked homozygous disadvantage for HDL-C levels, systolic blood pressure,
stroke, and longevity [181].

As previously discussed in Chapter 1 Drosophila melanogaster has served as a valuable
model/organism for the study of aging, and increasingly it appears a particularly promising genetic
model to assess age-depending decline in cardiac function. Similar to human, maximal heart rate
in aging Drosophila is reduced, and the incidence of cardiac dysrhythmias increases [182]. These
findings suggest that cardiac performance declines with age in this organism, and it may serve
as a good model to undergo genome-wide mutational screening for potential genes that cause or
protect against cardiac aging. Wessells et al. have reported that characteristic age-related changes
in Drosophila decreased or are absent in long-lived flies when systemic levels of insulin-like
peptides are reduced by mutations of the receptor, InR, or its substrate, chico [183]. Furthermore,
the age-related decline in cardiac performance was prevented by interfering with InR signaling
exclusively in the heart, by overexpressing the phosphatase dPTEN or the forkhead transcription
factor dFOXO. Taken together, this suggests that in addition to its systemic effect on life span,
insulin-IGF signaling influences age-dependent organ physiology and senescence directly and
autonomously.

Recently, Ocorr et al. evaluated heart function in Drosophila and found that the fly’s cardiac
performance, as in human, deteriorates with age. The aging fruit flies exhibit a progressive increase
in electrical pacing-induced HF as well as in dysrhythmias [184]. In Drosophila, while it is clear
that the insulin receptor and associated pathways have a dramatic and heart-autonomous influence
on age-related cardiac performance, altered KCNQ and KATP ion channel functions, (besides their
conserved role in protecting against dysrhythmias and hypoxia/ischemia respectively), also seem to
contribute to the decline in heart performance in the aging flies. It is possible that both mechanisms
may be operative in the regulation of cardiac aging in vertebrates.

Epigenetic and Environmental Factors in Cardiac Aging

A number of epigenetic factors may contribute to the development of diverse cardiac pathologies
(e.g., CAD, hypertension, etc.) in aging, including increased caloric intake, inadequate diet, alcohol
intake, smoking, obesity, and lack of adequate aerobic exercise. While an extensive discussion on the
effect of caloric intake/diet on the aging heart will be presented in Chapter 15, at this time it may suf-
fice to comment on some of the effects that aerobic exercise may have on cardiac aging. Intrinsically,
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in the normal human aging heart there is a significant decrease in the chronotropic and inotropic
responses to catecholamine stimulation, compromising cardiac function. An age-associated reduc-
tion in cardiovascular �-adrenergic (�-AR) responsiveness has been noted in Fischer 344 rats,
corresponding with alterations in post-receptor adrenergic signaling rather than with a decrease
in LV �-AR receptor number [185]. Interestingly, chronic dynamic exercise partially attenuated
these reductions through alterations in post-receptor elements of cardiac signal transduction. More-
over, exercise training improves the aging-induced downregulation of myocardial PPAR�-mediated
metabolic pathways, and contributes to an amelioration in fatty acid metabolic enzyme activity in
rats [186].

Moreover, endothelial function deteriorates with aging in human, and exercise training appears
to improve the function of vascular endothelial cells. Regular aerobic-endurance exercise has been
found to reduce plasma ET-1 concentration and to increase NO production in previously sedentary
older women, with probable beneficial effects on the cardiovascular system, i.e., prevention of pro-
gression of hypertension and/or atherosclerosis by endogenous ET-1 and the potent vasodilatory
effects of NO [187, 188]. Also, regular aerobic exercise may prevent the age-associated loss in
endothelium-dependent vasodilation and restore the levels in previously sedentary middle aged and
older healthy men. This may be an important mechanism by which aerobic exercise lowers CVD
risk in this population [189]. Furthermore, endothelial release of tissue-type plasminogen activator
(t-PA), a primary regulator of fibrinolysis and part of the endogenous defense mechanism against
thrombosis, decreases with age in sedentary men, and regular aerobic exercise may not only prevent
it, but could also reverse the age-related loss in endothelial fibrinolytic function [190]. In obesity,
which is associated with an increased risk of atherothrombosis, significant endothelial fibrinolytic
dysfunction may be present; but regular aerobic exercise can increase the capacity of endothelium
to release t-PA [191]. On the other hand, the endothelium-release of NO was not compromised in
overweight and obese adults under basal conditions [192].

Endurance exercise provides cardioprotection (CP) against I/R-induced necrotic cell death, not
only in young but also in aged Fischer 344 rats, by reducing I/R-induced myocardial apoptosis [193].
The mechanisms for this exercise-induced CP against I/R-induced apoptosis may be mediated
by improved myocardial antioxidant capacity and the prevention of calpain and caspase-3 activa-
tion [193]. Similarly, French et al. found that exercise training prevented the I/R-induced rise in
calpain activity and improved cardiac work in a working heart preparation from adult male rats
compared to sedentary animals [194]. Pharmacological inhibition of calpain activity resulted in
comparable CP against I/R injury. This exercise-induced protection against I/R-induced calpain
activation was not due to abnormal myocardial protein levels of calpain or calpastatin. Interestingly,
exercise training was also associated with increased levels of myocardial MnSOD, catalase and OS
reduction. In addition, exercise training also prevented the I/R-induced degradation of SERCA2a,
apparently by increasing levels of endogenous antioxidants.

Exercise intolerance has long been recognized as an important symptom of HF, but it also may
develop in aged individuals without cardiac pathology. A number of non-specific factors such as
skeletal muscle dysfunction (likely secondary to mitochondrial bioenergetics defects), ventilatory
abnormalities, and endothelial dysfunction, individually or in association, may contribute to limi-
tation in exercise capacity. An important contributing factor for skeletal muscle catabolism (e.g.,
elevated cytokine expression) can be found in both normal, healthy aging, and in patients with
HF [195]. This commonality of aging and HF-associated changes in the skeletal muscle may explain
the more severe clinical presentation of the HF syndrome observed among elderly patients. A decline
in maximal aerobic capacity and the ability to sustain submaximal exercise with advancing age
was demonstrated in young (6–8 months) and old (27–29 months) Fischer 344 x Brown Norway
rats [196]. Besides heart rate and mean arterial pressure, blood flow (BF) to different organs (e.g.,
kidneys, splanchnic organs, and 28 hind limb muscles) was measured at rest and during submaximal
treadmill exercise using radiolabeled microspheres. BF to the total hind limb musculature increased
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during exercise, but was similar for both young and old animals. However, in old compared to
young rats, the BF was reduced in 6 (highly oxidative) and elevated in 8 (highly glycolytic) of the
28 individual hindquarter muscles or muscle parts examined, suggesting that although there were
similar increases in total hind limb BF in young and old rats during submaximal exercise, there was
a profound BF redistribution from highly oxidative to highly glycolytic muscles. Using the same
animal model, the effect of aging on muscle BF with similar degrees of MI-induced LV dysfunction,
was evaluated [197]. A significant age-related redistribution of BF from the highly oxidative to the
highly glycolytic muscles of the hind limb was found during exercise in old compared to young rats.

Epidemiology of CV Aging and Population Differences

With population-based and intervention studies, evidence for interactions between dietary factors,
genetic variants and biochemical markers of CVDs has been reported. Such studies may ultimately
permit the characterization of individuals and ethnic factors, which may respond better to one type
of dietary recommendation than another (nutrigenomics). For instance, a low-fat low-cholesterol
strategy may be particularly efficacious in lowering the plasma cholesterol levels of those subjects
carrying the apoE4 allele at the APOE gene. Similarly, interactions have been increasingly sought
between drug/pharmacological agents, genetic variants and biochemical markers of CVD, which
can predict which treatments might be most efficacious for an individual with a specific background
(pharmacogenomics/ genetics). The role of age adds a further important variable in these equations.

That genetics is of paramount significance in aging has been confirmed by observations on
offspring of centenarians showing markedly reduced prevalence of diseases associated with aging
and in particular for cardiovascular disease and cardiovascular risk factors. Terry et al. [198] have
assessed the prevalence of age-related diseases in the offspring (177) of 192 centenarians and
compared to controls consisting of offspring whose parents were born in the same years as the
centenarians but at least 1 of whom died at an average life expectancy. Prevalence of age-related
diseases including heart disease, hypertension, diabetes were compared between the two groups
with centenarian offspring exhibiting a 55–66 % reduced prevalence of heart disease, hypertension
and diabetes. Subsequent studies found the offspring of centenarians also had median ages of onset
for CAD, hypertension, diabetes and stroke which were significantly delayed by 5.0, 2.0, 8.5, and 8.5
years, respectively, compared with the age-matched controls [198]. A striking finding from this study
was that the marked delay in the age of onset for cardiovascular disease, diabetes, hypertension, and
stroke was not found for other age-related diseases such as cancer, osteoporosis, and thyroid disease
in this centenarian offspring cohort. We concur with these investigators that, together with their par-
ents, the centenarian offspring, with ages between 70s and 80s, may prove to be a valuable resource
to further define both genetic and environmental factors contributing to cardiovascular health and
the ability to live to very old age in good health.

The recent discovery of a genetic locus on chromosome 4 linked to exceptional longevity is
a good indicator of the powerful potential of studying centenarians as well as their siblings and
offspring to identify genetic factors, which significantly modulate aging and susceptibility to age-
related diseases as well aging biomarkers [199]. Siblings of centenarians have a higher propensity
to achieve exceptional old age and also have half the mortality risk of their birth cohort from young
adulthood through extreme old age. In a recent study, which was part of the Longevity Genes Project
at Albert Einstein College of Medicine in New York [200], parents of centenarians (born in approx-
imately 1870) had a dramatically greater (approximately sevenfold) chance for reaching longevity
(ages 90–99), reinforcing the significant role of genetics in aging while the offspring of long-lived
parents had significantly lower prevalence of hypertension, diabetes mellitus, heart attacks, and
strokes compared to several age-matched control groups. A number of the gene variants have been
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reported in these centenarian groups as described both in the previous chapter and further in Chap-
ter 6. Interestingly, marked reduction in the circulating serum concentration of the stress chaperone
HSP70 (nearly 10-fold) were found in a small group of centenarian offspring (n=20) compared
to age-matched controls, perhaps as an indicator of less tissue destruction/damage as a function
of lower cardiovascular/autoimmune disease [201]. Recent studies have confirmed the finding of
lower serum HSP70 levels in a larger group of both centenarians (n=87) and their offspring (n=94)
compared to controls (126), albeit no significant genetic associations were found with two SNPs
within two HSP70 genes [202]. While the significance of lower circulating HSP70 in centenarian
offspring is not clear, these results are suggestive that levels of circulating serum HSP70 may be a
biomarker for longevity.

On the other hand, populations in developing countries not only still have a high prevalence of
infectious diseases but also an increasing incidence of CVD reaching epidemic proportions The
later has been linked to lifestyle and demographic changes including an increased aging population.
As pointed out, by Dominguez et al. the current increase in longevity prolongs the time for expo-
sure to risk factors, therefore resulting in a greater probability of CVD [203]. Moreover, increased
longevity due to improved social and economical conditions associated with lifestyle changes such
as a rich diet and sedentary habits, are factors that contributes to the incremental trend in CVD. This
study makes recommendations for promoting specific strategies to control smoking, weight control,
healthy diet and an active lifestyle. Clearly, increased longevity and economic well-being have less
value when accompanied by an increasing burden of CVD and other chronic diseases affecting the
quality of life and we concur with these authors that emphasis placed on increased longevity with
good quality of life is an important and achievable goal.

Aging is Not a Disease, Rather a Risk Factor

Aging (and its deleterious effects) is not a disease, however it can predispose to disease. As the
human population ages and the average life span increases, so does the burden of CVDs. Aging
in general, and cardiac aging in particular is a very complex phenomenon encompassing a series
of progressive degenerative processes affecting molecules, cells and to the whole organism, and
ending with the cessation of life. Genetic or programmed factors and the combination of a variety of
interacting environmental influences are key determinants in the development of the cardiovascular
pathology of aging, with advancing age unequivocally remaining the most significant predictor of
cardiac disease.

From a cardiovascular standpoint, some of these mechanisms appear to be more operative than
others; for example changes in macromolecules caused by oxygen free radicals, non-enzymatic
glycosylation and programmed cell death (apoptosis) play critical roles in the pathophysiology of
aging which impacts specific cell function, as well as survival, in particular the molecular stresses
that defective mitochondrial bioenergetics and biogenesis may bring to cardiomyocytes, hormonal
and inflammatory signals, and telomere shortening as will be discussed later. A combination of
genetic/programmed events modulated by environmental factors, such as irradiation, toxic chemi-
cals, metal ions, and free radicals can result in a stochastic pattern of damage with aging affecting
the integrity and functioning of membrane phospholipids, enzymatic proteins, DNA and pheno-
typic damage encompassing a number of fundamental cellular processes such as metabolism, cell
responses to stimuli, and even survival. All of this is particularly evident in the aging-mediated
changes on the cardiovascular system. Identification of the totality of the mechanisms/pathways
contributing to cardiac aging is a rather difficult problem to solve, and may be an unattainable goal,
although important work in this regard is going on.

Cardiovascular disease of old age should be distinguished from the changes to the cardiovascular
system/heart per se occurring with aging. Although changes in old age increase the frequency of
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diseases, there is an overlap in the aging and diseased phenotypes. Those changes of aging associ-
ated with an increase in mortality (but not with specific disease), qualify as biomarkers of aging and
may allow one to distinguish the biological from the chronological age (passage of time). Emerging
pathological evidence indicates that major chronic aging-related diseases such as atherosclerosis,
arthritis, dementia, osteoporosis, and cardiovascular diseases, are inflammation-related. Inflamma-
tion is a possible underlying basis for the molecular alterations that link aging and age-related
pathological processes. The development of OS and redox derangement that appears to be inex-
tricably linked with aging is a critical risk factor for age-related inflammation [104]. Much of this is
mediated by the activation of redox-sensitive transcription factors and dysregulated gene expression
in the nucleus by age-related OS as well as age-related upregulation of NF-�B, IL-1�, IL-6, TNF-�,
cyclooxygenase-2, adhesion molecules, and inducible NO synthase.

As we shall further discuss in later chapters, aging unleashes a series of profound subcellular
changes in cardiovascular cells both in the transcriptional agenda and chromatin organization in the
nucleus as well as outside the nucleus, in the membranes, and membrane-bound organelles (e.g.,
mitochondria, lysosomes) which dictate the electrophysiological and metabolic functioning of the
cardiovascular cells, as well as to the control (and generation) of OS. In contrast to the effects of
traditional and recently established cardiovascular risk factors, further research will be necessary to
unequivocally establish what the effect of aging is in the human heart.

Modifying/Delaying CV Aging

The scientific evidence regarding the efficacy, cost effectiveness, strengths, and limitations of a range
of pharmacologic and lifestyle approaches to CVD prevention – both primary and secondary were
recently reviewed by Daviglus et al [204]. Clinical trials aimed at primary and secondary prevention
of CVD have documented the efficacy and cost effectiveness of various drugs in lowering individual
risk factor levels and in reducing clinical CVD events. The idea of a “polypill” containing low
doses of multiple drugs has generated great interest, with proponents arguing that, given the high
prevalence of CVD risk factors and the effectiveness of pharmacologic interventions, such a drug
combination would reduce CAD mortality by 88 % if taken by all individuals aged > or = 55
years. However, current treatments to control high BP and serum cholesterol, while effective, do not
typically reduce morbidity and mortality to levels observed in low-risk individuals, i.e. those with
favorable levels of all readily measured major risk factors. Rather, primary prevention of all major
risk factors starting early in life is critical. Prospective population-based research has delineated
multiple long-term benefits associated with low-risk status in young adulthood and middle age,
i.e., markedly lower age-specific CVD and total mortality rates, increased life expectancy, lower
healthcare costs, lower medication use and prevalence of chronic diseases, and higher self-reported
quality of life at older ages. Data have also showed that adverse levels of one or more major risk
factors precede clinical CAD in 90 % or more of all cases, undermining the assertion that major
CVD risk factors account for “no more than 50 %” of CAD cases. Hence, while numerous treatment
options exist for secondary prevention of CVD, strategies that focus on progressively increasing the
proportion of low-risk individuals could greatly reduce the need for secondary prevention in the first
place. Public health policies must focus on prevention of all major risk factors simultaneously, using
lifestyle approaches from early ages onwards to reduce population CVD risk to endemic levels,
rather than current epidemic levels.

For women, the impact of cardiovascular risk factors measured in young adulthood, particularly
favorable (low-risk) profile, on mortality has been difficult to assess due to low short-term death
rates. In a large prospective study of a cohort of 7302 young women aged 18–39 years, Daviglus
et al. [205] found that for women with favorable levels for all five major risk factors (risk groups
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were defined using national guidelines for values of systolic and diastolic blood pressure, serum
cholesterol level, body mass index, presence of diabetes, and smoking status) at younger ages, the
incidence of CAD and CVD (ascertained over a 30 year follow-up) was rare, and the long-term and
all-cause mortality were much lower compared with others.

Stem Cells and CV Aging

In the aging heart there is not only a decrease in the functional reserve and capacity to adapt to
sudden increases in pressure and volume loads but also myocyte loss, and when this loss reaches a
threshold (variable with the presence or absence of other pathologies), HF will follow. Cell-based
therapy in the aging failing heart is becoming a definitive alternative to other modalities, i.e., drugs
and diet, and will likely become more prevalent since currently heart transplant is mostly off-limits
beyond 60 years of age. The attraction of stem cell-aging research lies in the ability of the body to
use its own stem cells to repair damaged organs. In a recent study, mice with induced heart damage
upon injection with cytokines and granulocyte-colony stimulating factor (G-CSF) stimulated the
mice’s own primitive bone marrow cells to migrated to the heart, differentiate several different types
of cardiac cells, and contributed to repair of the damaged tissue, improving both heart function and
survival of the treated mice [206]. While similar findings have been achieved by direct transfer of a
variety of stem cells in numerous studies, many questions remain concerning the details, mechanism
and efficiency of differentiation, the stability of the new cardiomyocytes and most importantly the
relevance and clinical applicability of this approach with human subjects with both cardiovascu-
lar disease and aging dysfunction. Several small clinical trials of cell therapy in patients with MI
and ischemic cardiomyopathy have recapitulated a modest level of beneficial effects in humans
with infarct size reduction and improvement in ejection fraction, myocardial perfusion, and wall
motion. In a study of human heart transplant patients, scientists found that primitive cells from
heart transplant recipients can migrate to and become a functioning part of the donated heart [207].
Nevertheless, these results are extremely preliminary, and further research is needed. However, the
findings from these studies challenge the conventional wisdom that damaged heart tissue cannot be
regenerated, and suggest that the body’s own naturally occurring stem cells may be able to repair
tissue damage and fight disease. For further discussion on this topic, as well as on gene therapies
and pharmacogenomics the reader is addressed to Chapters 13 and 14.

Dietary and Lifestyle Change

Diet could significantly modify aging heart substrate at the level of mitochondrial and other car-
diac cell membranes. While the aging process results in defective membrane lipid composition in
qualitative terms, lipid-protein interactions and pathological outcomes are altered due to modified
production of lipid metabolites and their interactions with ROS, which modify proteins (adducts) to
diminish energy metabolism, and to trigger pathological signaling and outcomes. A major effect of
aging at the mitochondrial membrane level is deficiency in omega-3 PUFA and this can be modified
by increased dietary intake of omega-3 PUFA [67]. This could potentially prevent atrial fibrillation
when the follow-up data of this population will be available. This is one of the first solid reports
showing that some effects of aging can be, to a certain extent, limited.

Conclusion

The etiology of CV aging is under intense scrutiny. Its mechanisms involve cumulative cellular and
molecular damage mediated through a variety of insults. OS, non-enzymatic glycation, inflamma-
tion and changes in cardiovascular gene expression all seem to influence CV aging. The critical
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involvement of mitochondrial pathways in myocardial bioenergetic regulation, the balance of oxi-
dant and antioxidants and the progression of apoptosis, are being increasingly reported as contribu-
tory to the cardiac dysfunction and remodeling found both in the aging and in the failing heart. These
pathways involve considerable cross-talk between both nuclear and mitochondrial components that
represent potential targets for the treatment of HF and for reversing the cardiac dysfunction occur-
ring with aging. Furthermore, the development of novel strategies, by either targeting these factors
directly (e.g., apoptotic factors), promoting or redirecting bioenergetic resources, or activating mito-
chondrial responses against apoptosis and/or OS, holds great promise for providing cardioprotection
in HF and in the aging heart.

Current progress in pharmacogenomics and new discoveries in pharmacology may bring new
ways to influence the CV aging process. Therapies that can reduce age-associated arterial stiffness,
cardiac fibrosis and ventricular hypertrophy should prove useful. Antioxidants modalities will con-
tinue to be a topic of great interest and need further research. Conditioning through endurance may
be an effective way to improve cardiovascular function in the elderly. Furthermore, early recogni-
tion and treatment of diseases that are distinguishable from normal aging, including hypertension
and atherosclerosis, together with preventive efforts, should reduce cardiovascular morbidity and
mortality in aging.

Summary

• The aging human heart displays alterations in the histology of the vasculature and hemodynamics,
include the development of large resistance vessels with intima-media-thickening and increasing
deposition of matrix substance, which ultimately will lead to reduced compliance and increased
vessel stiffness and endothelial dysfunction.

• With aging, there is increased left ventricular mass relative to chamber volume, decreased dias-
tolic function and decreased �-adrenergic sympathetic responsiveness.

• Cellular mechanisms including prolonged action potential (AP) duration, altered myosin heavy
chain (MHC) isoform expression and sarcoplasmic reticulum (SR) function, all of which may lead
to changes in cardiac excitation–contraction (E-C) coupling which is prolonged with increased
age, likely as a result of cytosolic Ca2+ overload-induced dysregulation.

• Accumulation of nuclear and mtDNA damage will result in senescent cardiomyocytes in the
aging heart since DNA is easily oxidized and damaged by insults from diet, toxins, pollution,
environment, as well as other epigenetic influences.

• Despite extensive DNA repair systems, DNA damage including base modification, large-scale
rearrangements single-strand and double-strand breaks and mutations produced over a lifetime
accumulate in aging. This aging-associated DNA damage is most evident in mtDNA probably
because of its proximity to ROS, and decreased protection of the mitochondrial-based DNA repair
systems.

• Significant changes in telomere structure, overall length, DNA and function have been found
in cardiovascular cells including endothelial cells, vascular SMCs, EPCs and cardiomyocytes,
associated with replicative senescence both in vivo and in vitro. Changes in telomeric length and
function have also been reported in association with cardiovascular diseases associated with aging
including atherosclerosis and CAD.

• Oxidative stress (OS) and ROS can mediate both telomeric dysfunction and length (in part by
regulating telomerase presence in the nucleus) leading to replicative senescence as well as can
trigger senescence by telomere-independent pathways.

• Cell loss and remodeling in the heart occurs in aging in part due to increased apoptosis. Data from
both animal models and human clinical studies indicate that apoptosis also plays a contributory
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role in aging-associated CVDs including cardiomyopathy and heart failure (HF), increased sus-
ceptibility to ischemia and MI, and atherosclerosis.

• Apoptosis involves an extrinsic signaling pathway triggered by multiple stimuli targeting death
receptors and stimulating a cascade of caspase activation.

• An intrinsic signaling pathway mediated largely by mitochondrial permeabilization via MAC
formation, PT pore activation, release of mitochondrial peptide factors (e.g., AIF, endoG,
smac/Diablo and cytochrome c) to the cytosol lead to caspase activation and nuclear DNA
degradation as well as mitochondrial bioenergetic dysfunction. The intrinsic pathway is regulated
by proxidants and ROS, intracellular and mitochondrial calcium, proapoptotic factors of the
BH3-family, and antiapoptotic factors of the Bcl-2 family.

• Both apoptotic pathways exhibit extensive cross-talk, involve multiple organelles (nucleus, mito-
chondria, ER) and are highly regulated by both proapoptotic factors such as BH3-proteins and
specific endogenous apoptotic inhibitors (e.g., XIAP, ARC). Factors such as p53 and p66Shc also
can impact on apoptotic progression, and survival-promoting pathways promoted by stimuli such
as IGF-1 can attenuate apoptotic progression.

• Increased level of mtDNA mutations (such as generated in transgenic mice containing proof-
reading deficient DNA polymerase �) result in both accelerated aging and increased apoptosis.

• Accumulation of ROS, ROS-mediated damage to protein, DNA, and membrane lipids are signifi-
cantly increased in aging. Age-mediated oxidative damage including nitration has been described
in specific residues of cardiac proteins (SERCA, ANT) as well as more globally affecting proteins
(e.g., protein carbonyl modification). Both point mutations and deletions in mtDNA have been
reported to increase with age and may impact on further mitochondrial energetic dysfunction.

• Antioxidants to stem ROS accumulation and neutralize their effects may modulate cardiovascular
dysfunction associated with aging and aging-associated diseases as well as overall longevity.
Transgenic mice containing increased mitochondrial catalase live longer with lower levels of
oxidative damage and cardiovascular dysfunction.

• Inflammatory mediators and neuroendocrine regulators including adrenergic, cholinergic and thy-
roid hormone receptors, G-proteins and signaling modulators (kinases and associated anchoring
proteins) are altered in aging underlying significant changes in cardiac responsiveness to multiple
hormonal and physiological stimuli and downstream changes in components of calcium signaling
pathways (e.g., SERCA).

• Aging-mediated changes in IGF/GH signaling not only affects longevity but also are associated
with marked changes in cardiovascular function.

• The removal of the increased load of oxidative damaged macromolecules and organelles by
autophagy, lysosomal and proteosomal degradation becomes less efficient in aging. Moreover,
autophagy in aging can lead to elevated cell death.

• Studies with centenarians, their siblings and children clearly demonstrate genetic components to
altered cardiovascular health and susceptibility to CVD in aging. Moreover, several polymorphic
gene variants have been identified which result in altered longevity and cardiovascular aging.

• Epigenetic and environmental influences including diet and exercise not only play a critical role
in determining cardiovascular aging and longevity phenotypes but also can reverse age-mediated
damage and dysfunction.
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Chapter 3
Molecular and Cellular Methodologies: A Primer

Overview

During the last decade we have experienced a revolution in molecular and cellular technology. The
number of techniques available to the cardiovascular scientist continues unabatedly to proliferate
today. In this chapter, we will present a number of methodological approaches in molecular and
cellular biology that have been used as well as currently available and developing techniques that
could be deployed in future studies of the cardiovascular system and the aging heart. When possi-
ble, salient findings achieved with these techniques with representative citations are also discussed.
Intentionally, the topics covered have been limited to: cell culture (with isolated cardiomyocytes
and vascular cell models of senescence such as endothelial and smooth muscle cells), gene trans-
fection, transgenic knock-out models, transcriptional and proteomic gene profiling, assessment of
aging-mediated DNA damage, including mutation as well as DNA repair, telomeric analysis, cell
and tissue engineering.

Introduction

Examination and manipulation of the cells comprising the cardiovascular system has greatly fur-
thered our understanding of the molecular and cellular basis of both their normal function dur-
ing growth and development and dysfunction in disease, and has proved extremely informative in
defining changes and mechanisms of cardiovascular aging. In particular, analysis of cultured cells
derived from both animal and human tissues provides an opportunity to assess both the diverse
effects of aging-accumulated cellular damage in the heart and the vasculature, assessment of the
numerous molecular and cellular signaling pathways that are involved in replicative senescence,
aging-associated metabolic dysfunction, their capacity to respond to insults such as hypoxia, as well
as to evaluate overall changes in cellular programming occurring in the aging phenotype. Cellular
models may also provide an opportunity for molecular re-engineering (by gene transfection and
gene silencing methodologies) to modulate specific gene expression, and to reverse aspects of the
aging phenotype responsible for cardiac and cardiomyocyte dysfunction. As we shall see, transgenic
animal models also offer the opportunity to assess the effects of specific gene knockouts or overex-
pression on the aging cardiovascular phenotype, as well as the added ability to assess the effects of
specific genes on the overall longevity of the organism and on organ interaction. Moreover, these
types of studies have significantly contributed to the identification of potential therapeutic targets
for the treatment of aging-associated cardiovascular disease (CVD) and aging dysfunction, and the
developmemt of novel treatment modalities involving gene-based, cell-based and tissue engineering.
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Cell Culture: Studying Isolated Cardiomyocytes and Vascular Cells in Aging

A large proportion (estimated at over 70%) of the cells comprising the ventricular myocardium are
not cardiac myocytes. This heterogeneous group of cells consists primarily of fibroblasts but also
includes endothelial cells (ECs), smooth muscle cells (SMCs), and macrophages. This cardiac cell
heterogeneity complicates the biochemical and molecular assessment of the intact heart. This has
made extremely difficult to assess the many phenomena happening in the heart driven by receptors,
kinases and signaling cascade pathways such as myocardial hypertrophy and responses to growth
factors. The development of well-defined cardiac myocyte culture systems can markedly reduce the
heterogeneity and complexity involved with in vivo myocardial studies. With a defined approach in
cell culture with growth media supplemented with the DNA synthesis inhibitor, bromodeoxyuridine
(BrdU), over 90% of the cells obtained represent cardiomyocytes while contaminating fibroblasts
can be reduced to <10% of the cell population.

In general, growth serum is not used after the period of cell attachment so as to eliminate non-
defined growth factors. With serum-free media, non-myocyte proliferation is also reduced elimi-
nating the need for BrdU, and changes in myocyte size and contractility in response to defined
signals can be carefully monitored. Increased cellular size is defined as hypertrophy. Cardiomyocyte
cultures can be prepared from either neonatal or adult hearts, and their morphological integrity can be
mantained for 2–3 days (adult cardiomyocytes, longer for neonatal cells). Moreover, the major func-
tional aspects of both adult and neonatal cardiomyocytes, including excitation-contraction coupling
and receptor-mediated signaling remain intact, while contraction kinetics are somewhat diminished
in the adult cells. Furthermore, gene delivery via recombinant adenoviral infection has proved to be
highly efficient and reproducible in both neonatal and adult cardiomyocytes [1].

With myocytes derived from neonatal rat heart, insulin stimulated DNA and protein synthesis in
cells cultured on a fibronectin-coated surface in serum-free medium [2]. Moreover, IGF-1 stimulated
both DNA synthesis and cell proliferation in neonatal myocytes cultured in serum-free medium,
without inducing cellular hypertrophy [3]. These findings were somewhat unexpected since it is
well established that cardiac myocytes terminate their mitotic activity in the neonatal period, and
regeneration of cardiac muscle does not occur after myocardial injury in adult hearts. Even embry-
onic myocytes, which actively proliferate in vivo, quickly lose mitotic activity when placed in cell
culture.

Growth factors, including platelet derived growth factor (PDGF), both acidic and basic fibroblast
growth factor (FGF), and transforming growth factor (TGF) have been documented in embryonic
hearts as well as in neonatal cardiomyocytes and they alter myocyte terminal differentiation in cul-
ture [4, 5]. While early studies found no demonstrable growth factor-mediated increases in cell
division in postmitotic myocytes [6], a variety of factors have been shown to stimulate proliferative
growth of cardiomyocytes derived from either neonatal or embryonic hearts, and other factors can
inhibit this growth program. Moreover, there is evidence to support that proliferative pathways in the
neonatal cardiomyocyte can be reactivated. Several studies have shown an increased proliferation of
cardiomyocytes containing overexpressed genes (to be further discussed in the following section)
such as FGF-2, FGF-receptor, cyclin D2, and cyclin D1 [7–10].

Interestingly, cultured neonatal cardiomyocyte has been employed as a model of aging by Terman
and Brunk [11–13]. Essentially their experiments attempted to phenocopy aspects of aging cells,
such as the accumulation of the nondegradable pigment lipofuscin (often denoted by the term, age
pigment) and of large senescent mitochondria induced with specific cellular treatments. Long-term
(but not short-term) exposure of cultured neonatal rat cardiac myocytes to the thiol protease-inhibitor
leupeptin, causes an accumulation of numerous electron-dense autophagic lysosomes within the
cells; these inclusions contained lipofuscin-like autofluorescent material [12]. These observations
suggested that lipofuscin accumulation occurs not by protease inhibition itself and that prolonged
time is needed for the autophagocytosed material to become peroxidized, autofluorescent and
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undegradable. Inhibition of autophagocytosis in cultured neonatal rat cardiac myocytes treated with
3-methyladenine (3-MA) resulted in abnormal accumulation of mitochondria within myocytes, loss
of contractility, and reduced survival time in culture [13]. While some of these changes occurring
with pharmacological inhibition of autophagocytosis reflect the aging phenotype, a dramatic accu-
mulation of small mitochondria was noted with a moderate accumulation of large-senescent type
mitochondria, the latter more typical of normal aging. Accumulation of this subset of abnormally
large mitochondria was irreversible and became the major form over time (with 3-MA removal). The
results suggested that under normal conditions, when autophagy is not blocked but is imperfect, large
mitochondria accumulate with age, presumably because they are less effectively autophagocytosed
than smaller mitochondria.

Induction of proliferative growth has also been recently reported in adult cardiomyocytes con-
taining overexpression of the cyclin B1-CDC2 (cell division cycle 2 kinase) genes [14]. Previously,
it has been shown that basic FGF and IGF can modestly stimulate DNA synthesis and cell prolifer-
ation in adult cardiomyocytes [15]. Transgenic mouse models in which IGF-1 is overexpressed in a
cardiac-specific manner lead to increased cardiomyocyte number in adult hearts, consistent with a
role of the IGF/IGFR pathway in adult cardiomyocyte proliferative growth [16].

The demonstration of reactivation of a proliferative phenotype in quiescent adult cardiomyocytes
is especially of interest from the standpoint of aging studies [17]. Moreover, both pulse-labeling
and saturation labeling studies have shown that cardiomyocytes derived from adult hearts maintain
similar rates and overall capacity of protein synthesis in culture over a month, as in the adult heart
in vivo [18]. In addition, cultured cardiomyocytes treated with a variety of stimuli (i.e., hormones,
cytokines, growth factors, vasoactive peptides, and catecholamines) may develop a hypertrophic
phenotype [19–21]. Increased cell size and protein content in both neonatal and adult cardiomy-
ocytes result from treatment with stimuli such as IGF-1, �-FGF, triiodothyronine (T3). The hyper-
trophic signaling pathways triggered by these stimuli contain both common elements and distinct
features, and have provided valuable information delineating the development of myocardial hyper-
trophy, which also can be triggered in aging.

Observations in Endothelial and Smooth Muscle Cells

Aging of cells other than cardiomyocytes can also be reproduced in monolayer cultures, revealing
the phenotype of replicative senescence, a phenotype that has been well-characterised in cell culture,
but whose occurrence in vivo has only recently begun to be appreciated. The importance of aging
and senescence phenotype of vascular cells is also underlined by the recognition that changes in the
proliferative capacities of vascular SMCs and ECs play a contributory role in vascular pathophysi-
ologies frequently associated with aging, including atherosclerosis.

It is well established that diploid human fibroblasts enter a stable growth arrest phenotype at the
end of their life span and, in particular, these cells are resistant to various apoptotic stimuli [22]. In
contrast, human ECs from the umbilical vein (HUVECs) acquire a proapoptotic phenotype when
reaching senescence and this probably results from reactive oxygen species (ROS) induced damage
and associated signaling. Both these cell-types in culture treated with regulators of apoptotic cell
death, such as exogenous ceramides, displayed apoptosis. However, while ceramide can efficiently
induce apoptosis in both young and senescent cells of either histotype, quantitative evaluation of
the data show that senescent fibroblasts are more resistant to apoptosis induction when compared to
their young counterparts, whereas in the case of senescent ECs, there is an increased susceptibility
for apoptosis [23].

Several studies have also assessed the proliferation activity in cultures of vascular SMCs from
human subjects of different ages [24]. Using cells derived from arteries of 12 donors of both sexes
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from 45 to 91 years of age, the “proliferation rate” (i.e., cells grown per day in the different culture
passages), measured in each passage, was inversely related to donor age, with regression analysis
exhibiting a negative slope. Similarly, the mean time of passage duration for reaching the maximum
of proliferation, as well as its “efficiency” (maximum of proliferation rate/mean time of passage
duration), exhibited a statistically significant dependence on the age of the donor with a similar
negative slope obtained on regression. These results suggest that with advancing donor age there is
an increasing number of senescent SMCs in the culture; extrapolation of these data suggests that
vascular SMCs of extremely old individuals would be nearly entirely senescent, and therefore show
extremely low proliferation rates in the culture.

Notwithstanding, there is increasing recognition of the limited relationship of the present cell
models to the aging phenotype in vivo [25], and ample evidence that cell culture does not mimic the
conditions cells encounter in vivo. Cells in vitro are exposed to higher O2 levels and pH variation
than in vivo cells. With each passage in vitro, cells are exposed to proteolytic insult by trypsin
which likely has consequences on cellular function, by degrading receptors and other molecules
with extracellular domains. Furthermore, cells in culture are also deprived of interactions with other
cell types, which are crucial for the regulation of cell proliferation, differentiation, and apoptosis.
For instance, recent electrophysiological, immunohistochemical, and dye-coupling data revealed the
presence of direct electrical coupling between cardiac myocytes and cardiac fibroblasts in normal
cardiac tissue (such as the sinoatrial node), and suggested that similar interactions may occur in
post-infarct scar tissue [26]. This heterogeneous coupling of cells and its effect on in vivo electrical
impulse conduction and the transport of small molecules or ions may become even more critical in
the aging heart with its decreased population of myocytes and increased number of fibroblasts. The
next-generation of cell models that attempt to mimic aging events and the cardiac microenvironment
should reflect this important interaction.

The use of 3-D culture techniques may provide an alternative to study cellular aging in vitro.
Recent experiments have used explanted cultures of embryonic chick heart tissue, which initially
thrive as beating 3-D tissue aggregates and lose their contractility, flatten and progress to dedifferen-
tiation over one week in culture. Upon co-culture with a non-cardiac cell layer obtained from adult
bone marrow, the cardiac aggregates maintained their contractile function, 3-D tissue morphology,
and myocyte phenotype for a full month of incubation [27].

Cell and Tissue Transfection and Gene Transfer in Cardiovascular Studies

Largely because they are post-mitotic in nature, cardiomyocytes have limited growth in culture, and
are difficult to re-implant. In contrast to transfections of most cell lines, which can be successfully
performed using a variety of methods, delivering genes into adult cardiomyocytes and ECs, both
in vivo, as well as in primary cells in culture, is rather difficult. However, these difficulties can be
circumvented by a careful selection of gene transfer vectors (see Table 3.1) and delivery techniques
(e.g., catheters and stents).

Both viral and plasmid DNAs have been employed as vectors in cardiovascular gene transfer
studies with mammalian cells and tissues, and have been used in a variety of investigative studies
involving the transfer of genes of interest to isolated cardiomyocytes, ECs, and to both vascular and
cardiac tissues as potential targets for gene therapy. Some of the relative advantages and disadvan-
tages posed by each approach are enumerated in Table 3.1. These features relate to the efficiency of
vector transduction, the range of cell-type effectively targeted, the levels and duration of the gene
expression provided by the vector, the long-term stability of the vector and of great importance, the
nature of the host response (e.g., immunogenic response to adenoviral proteins) and potential harm
to the host organism provided by the vector (e.g., insertional mutagenesis posed by some viruses).
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Table 3.1 Comparison of vectors for gene transfer and expression

Vector Targeted
tissue/cell-type

Transfer efficiency/level
of expression and its
duration

Advantages Disadvantages

Adenovirus Cardiac
myocytes

+ + + + / + + + +;
Transient

Rapid and high levels
of transgene
expression

Decreased efficiency
of gene transfer in
vivo aging rat
myocardium;

Immunogenic
AAV Quiescent and

dividing
cells

+ + +/ + ++;
Longterm

Non-immunogenic;
longterm transgene
expression; high
levels of
AAV-mediated
transduction of
mature/aged
myofibers

Insertional
mutagenesis

Lentivirus Cardiac
myocytes
(neonatal
and adult-
both in vivo
and in vitro)

+ + +/ + ++;
Longterm

Infect non-dividing
cells, have
long-term transgene
expression +
absence of induced
host immune/
inflammatory
response

Insertional
mutagenesis

Retrovirus Dividing cells + + / + ++; Longterm Rapid and long term
transgene
expression

Oncogenic potential

Plasmid Quiescent and
dividing
cells

+/+; Transient Non-viral Low efficiency of
transduction

These features of course are of particular concern in potential gene transfer/transplantation aimed at
modifying clinical phenotypes in human.

Adenoviral vectors, which can effectively transduce both dividing and non-dividing cells, are par-
ticularly efficient in transducing post-mitotic cells including cardiomyocytes and have been widely
used in experimental transfection studies. However, adenoviral vectors provide transient rather than
long-term transgene expression and often provoke inflammatory and immunogenic responses from
the host, which can further limit transgene expression, promote myocardial necrosis and therefore
pose numerous safety concerns in a clinical setting. Previously, several studies have suggested that
in vivo gene transfer by adenoviral vectors in the aging myocardium may be less efficient. Several
observations have shown that the transgene expression of SERCA and of a reporter gene (EGFP),
on adenoviral constructs, are much higher in primary cultures of myocytes derived from neonates
compared to adult rat hearts [28]. This difference was found to be related to the cardiomyocyte level
of coxsackie adenovirus receptor (CAR) involved in the viral penetration of the cell and expres-
sion level of exogenous genes. Furthermore, Communal et al. have reported a significant decrease
in adenoviral infectivity in aging rat cardiomyocytes, which was correlated with aging-mediated
downregulation of expression of integrins (particularly �3�1) that are involved in viral internal-
ization [29]. Interestingly, this study demonstrated that CAR expression in the aging cardiomy-
ocyte was upregulated, as gauged by western blot and immunoprecipitation analysis, suggesting
that CAR levels are unlikely to be involved in the attenuated infectivity of the adenovirus with
aging.
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Michele et al. have found that the efficiency of adenoviral-mediated gene transfer of parvalbumin,
a cytoplasmic calcium-binding protein, to adult cardiac myocytes in vitro was identical in young and
old rats, suggesting that the basic processes of adenovirus binding and internalization are unaffected
by aging, but that adenoviral-mediated gene transfer to the myocardium in vivo was reduced in
old rats compared to young rats [30]. Nonetheless, parvalbumin gene transfer and expression in
vivo were sufficient to improve tau, a load-independent indicator of diastolic function, in the aged
myocardium. Similarly, adenoviral vectors containing specific genes have been shown to effectively
transduce aging or senescent myocardium and impact significantly on the phenotype. In 26 month
old senescent rat hearts, effective adenoviral-mediated gene transfer of parvalbumin reversed age-
mediated diastolic dysfunction and improved relaxation parameters, dramatically increasing both the
rate of calcium transient decay and the rate of myocyte relengthening, in senescent myocytes [31].
Similar results have been obtained in two different rat models of aging: the Fischer 344 and the
Fischer 344 x Brown Norway F1 hybrid. In vivo overexpression of adenoviral-delivered parvalbumin
in both rat aging models markedly reduced LV diastolic pressure and the time course of pressure
decline, and improved the force frequency relationship in senescent rats [32].

In addition, adenoviral-mediated transfer of diverse genes has been used to effectively transduce
ECs and vascular SMCs both in vivo and in vitro, albeit in regard to aging limited studies have
been carried out. Brown et al. have noted that adenoviral-mediated transfer of human extracellular
superoxide dismutase (ECSOD) results in marked improvement of the aortic relaxation response to
acetylcholine in 30 month senescent Fischer 344 rats, in parallel with reduced superoxide levels in
the aorta [33]. Furthermore, recently, van der Veer et al. demonstrated that the viral-mediated transfer
of the human gene for nicotinamide phosphoribosyltransferase (Nampt/Visfatin), the rate-limiting
enzyme for NAD+ salvage from nicotinamide into aging human SMCs, resulted in delayed senes-
cence and substantially lengthened the cell life span together with enhanced resistance to oxidative
stress (OS); [34] the increase in SMC life span and replicative growth is in part achieved by SIRT1
activation and p53 degradation.

Using the aforementioned vectors, a varied assortment of genes have been used in cardiovascular
gene transfer and myocardial therapy in relation to the aging phenotype, a representative list (the
actual list is over 50 and needs to be continually updated) is presented in Table 3.2. These genes
range from antioxidant enzymes (e.g., catalase, metallotheinein, thioredoxin), growth factors (e.g.,
VEGF, IGF-1), calcium signaling and handling pathway components (e.g., SERCA, parvalbumin,
calsequestrin) to genes encoding adenosine receptor and ADH. The transgene product, usually a
protein, can be produced at normal cellular levels or can be produced in greater amounts than nor-
mal (i.e., overexpressed). Dependent on the function of the protein, in some cases overexpression
can trigger a toxic reaction in the cell. The addition of appropriate regulatory sequences within
the genetic construct to be introduced can be used to modulate transgene expression. These can
include the use of constitutive promoters or regulatable promoter elements and enhancers that are
inducible in response to a variety of endogenous or exogenous molecular signals (e.g., steroid hor-
mones, cytokines, growth factors). The incorporation of regulatable promoters offers the advantage
of allowing gene expression to be switched on and off. Moreover, cardiac-specific or cardiomyocyte
specific promoters, such as myocyte-specific promoter sequences of mlc-v (ventricle-specific myosin
light chain-2), and cTNT (cardiac troponin T), can be used to limit tissue/cell-type gene expression.
Targeting of the gene product to the appropriate sub-cellular compartment (e.g., nucleus, mitochon-
dria) can also be regulated by the addition of specific peptide presequences to the transgene. For
example, recent studies targeting a catalase transgene to the mitochondrial compartment resulted in
enhanced longevity in the transgenic mouse [40].

In addition to transgene overexpression and activation, a number of gene transfer approaches
that are presently available, can be used to negatively modulate gene expression, involving the
use of antisense strategies such as ribozymes, antisense oligonucleotides, or RNA interference
(RNAi). These approaches can downregulate the transcription or translation of targeted endogenous
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Table 3.2 Specific gene overexpression and cardiovascular phenotype in aging

Gene Target Cellular role Phenotype Refs

ADH Cardiac myocytes
in vivo

Alcohol
Dehydrogenase

Rescued aging-associated diastolic
dysfunction

35

Metallotheinein Cardiac myocytes
in vivo

Antioxidant Reduced changes in oxidative stress
(e.g., aconitase activity); myocytes ↑
resistant to induce ROS generation
and apoptosis

36

SERCA Cardiac myocytes
in vivo

Calcium handling/
Contraction

Improved rate-dependent contractility
and diastolic function in senescent
hearts.

37

Parvalbumin Cardiac myocytes
in vivo

Calcium-binding
protein in cytosol

No effect on systolic parameters but ↓
LV diastolic pressure, time course of
pressure decline and improved force
frequency relationship in senescent
rats

30–32

VEGF Blood vessel
in vivo

Growth factor Enhanced blood vessel and fibrovascular
tissue growth, and endothelial cell
proliferation

38

Calsequestrin Cardiac myocytes
in vivo

Calcium signaling ↓ LV performance and fractional
shortening with ventricular geometry
changes, left atrial enlargement and
mineralization; no progressive ↓ in
LV contractility, HF nor LV fibrosis

39

Catalase Mitochondrial
targeted

Antioxidant
enzyme

↑ Life span; delayed cataract
development and cardiac pathology;
↓ ROS damage, H2O2 production and
aconitase inactivation,

40

IGF-1 Cardiac myocyte
targeted

Signaling ↑ Telomerase activity and nuclear Akt
levels; delayed myocyte apoptosis +
DNA damage

41

Thioredoxin Global Redox factor
Antioxidant

↑ Life span, and enhanced resistance to
oxidative stress

42

Adenosine
receptor
(A1AR)

Cardiac myocyte
targeted

Signaling receptor Improved tolerance to ischemic insult
and restored adenosine-mediated CP
(↓ with aging)

43

genes, and selectively inhibit their expression in both cultured cells and in specific animals and
humans tissues. Thus far, these potent gene silencing techniques have been rarely used in studies of
mammalian aging but have been used extensively in C. elegans aging (described in a later chapter).

Knock-out Transgenic Animal Models

Methods used for the creation of transgenic animals include DNA microinjection, embryonic stem
(ES) cell-mediated gene transfer and retrovirus-mediated gene transfer. While animals containing
deliberate modification of their genome (i.e., transgenics) have been generated in many species
(primarily by DNA microinjection), including rats, rabbits, sheep, pigs, birds, and fish, mice have
become the primary species for transgenic analysis mainly because their small size and low cost
of housing in comparison to larger vertebrates, their short generation time, and their well defined
genetics. Moreover, unique to the transgenic mouse is the ability to generate null mutations of spe-
cific genes either in all the cells of the organism (global knock-out) or an organ-specific knock-out
(tissue-specific). Nevertheless, progress is being made to develop transgenic knock-outs in other
species.



78 Molecular and Cellular Methodologies: A Primer

Table 3.3 Transgenic mouse: specific gene knock-outs as models of aging

Gene Function Phenotype Refs

P66SHC A cytoplasmic signal
transducer involved in
transmitting mitogenic
signals from activated
receptors to Ras and in
regulating stress
resistance

↑ Resistance to oxidative stress (i.e., paraquat); 30%
↑ in life span; ↑ Cardiomyocyte number and
myocardial hyperplasia; null strains resistant to
proapoptotic/ hypertrophic action of Ang II and
have a marked ↑ in cardiac progenitor cells,
which expand, form new myocytes preserving
cardiac homeostasis

44–46

eNOS Signaling Premature aging with ↑ cardiac dilatation and
dysfunction in male eNOS-null mice

47

PPAR-� Metabolic regulator of fatty
acid � oxidation
(primarily in
mitochondria)

↓ Longevity; age-dependent cardiac toxicity
featuring ↓ mitochondrial fatty acid utilization
and myocardial fatty acid transport, ↓ ATP levels
after exposure to stress, abnormal mitochondrial
cristae, abnormal caveolae, and extensive fibrosis

48,49

Caveolin- 1 Membrane
subcompartments/
signaling

↓ Life span with ↑ progressive cardiac hypertrophy
and sudden cardiac death

50

Klotho Circulating anti-aging
hormone that inhibits
insulin and IGF-1
signaling

Knockouts with multiple age-related disorders and
premature death; sudden death associated with
sinoatrial node dysfunction

51

Connexin
43 (Cx43)

Predominant ventricular
gap junction protein

Premature and sudden death; ↓ Cx43 levels were
associated with slowing of impulse propagation
and a dramatic ↑ in susceptibility to inducible
ventricular dysrhythmias.

52

Relaxin A naturally occurring
inhibitor of collagen
deposition and fibrosis

Age-related ↑ in interstitial collagen (fibrosis) in
heart (+ numerous other organs); With aging,
progressive ↑ heart size and collagen deposition
with ↑ ventricular chamber stiffness

53

STAT3 Signal transducer and
activator of transcription

Spontaneous heart dysfunction with advancing age;
show a dramatic ↑ in cardiac fibrosis in aged mice

54

The knock-out technology most often uses ES cell-mediated gene transfer, which involves
insertion of the desired DNA sequence by homologous recombination into ES cells in vitro, and
subsequent incorporation of the modified ES cells into an embryo at the blastocyst stage of devel-
opment resulting in a chimeric animal. Using appropriate genetic crosses, these null alleles can
be produced either in heterozygous or homozygous form, and genetic backgrounds can be well-
manipulated (allowing the presence of more than one mutant allele). These animals have been
powerful tools to examine the effects of specific genes on aging phenotypes including, enhanced
or shortened longevity, premature or accelerated aging and increased (or decreased) susceptibility
to aging-associated disorders such as cardiomyopathy, atherosclerosis and heart failure (HF). In
Table 3.3, we show representative examples of transgenic mice with defined gene knock-out and
relevant information to their aging phenotypes. Many of the mouse models featured in Table 3.3
will also be discussed in further depth in later sections of this book.

Gene Profiling: Transcriptome and Proteomic Analysis

Recent methodological advances have made it possible to simultaneously assess the entire profile
of expressed genes in affected tissues e.g., myocardium, using only a very limited amount of tis-
sue (endomyocardial biopsy). Gene expression profiling (also termed transcriptome analysis), to
comprehensively evaluate which genes are increased and which decreased in expression, has been
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achieved by several methods. In this chapter, we will briefly discuss the methodological approaches
being currently used and salient findings emerging from their use, while a more comprehensive
discussion of the results of these gene profiling studies will be presented in Chapter 13.

Although the techniques of differential display, subtractive hybridization and the serial analysis of
gene expression (SAGE), a method that efficiently quantifies large numbers of mRNA transcripts by
sequencing short tags, have been used in a number of studies of gene profiling in aging, increasingly,
most investigators have employed DNA microarray analysis. These methods make use of DNA
chips, in which either cDNA clones or oligonucleotides are spotted at high density on a membrane,
appropriately treated glass slide or other appropriate material to analyze a cellular transcriptome
after hybridization with labelled probes generated from total RNA or mRNA transcripts.

In aging studies, examination of gene expression in specific tissues by microarray profiling has
been performed primarily in rodent models (although some have been performed in monkeys) and
human subjects. In a study focusing on gene expression profiles in mouse heart, Lee et al. have found
a significant modulation of gene expression with aging, with over 10% of myocardial transcripts
significantly changed by aging [55]. Genes exhibiting increased expression with age included, struc-
tural genes involved in extracellular matrix (ECM) components, collagen deposition, cell adhesion,
and cell growth; this is consistent with previous findings that the aging heart undergoes ECM pro-
tein deposition, fibrosis and cardiomyocyte hypertrophy. Downregulated expression was found with
genes of energy metabolism, including genes associated with fatty acid transport and metabolism,
and genes involved in mitochondrial function and turnover. Interestingly, an aging-induced shift in
myocardial energy metabolism was suggested by increased expression of genes involved in carbo-
hydrate metabolism, in particular glycolysis and glucose uptake [55].

The study of Lee et al. also examined the effects of a caloric restriction (CR) dietary regimen
on transcript profiles initiated in middle-age in a second cohort of aging animals, and identified an
altered transcriptional pattern (compared to the untreated aging animals) which was rather broad-
based (over 20% of profiled genes showed significant changes), with over 75% of the changes asso-
ciated with myocardial aging being either completely or partially reversed [55]. The CR-mediated
changes included suppression of the structural genes (e.g., collagen and ECM proteins), downreg-
ulation of DNA damage-inducible transcripts (suggesting less endogenous DNA damage) and of
proapoptotic factors, upregulation of both DNA repair and antiapoptotic factors, and a reversal of
expression programming leading to upregulated glycolysis and downregulated fatty acid metabolism
consistent with a CR-mediated reduction of aging-induced endogenous damage, and induction of a
metabolic shift in the heart [56]. Further microarray studies of long-term CR effects on cardiac
gene expression also revealed a pattern of altered murine gene expression consistent with reduced
myocardial remodeling and fibrosis, and enhanced contractility and energy production via fatty acid
�-oxidation [57]. In contrast to the extensive “reprogramming” of the myocardial transcriptome
revealed by these studies, in a gene profiling analysis of isolated ventricular cardiomyocytes of aging
mice compared to cardiomyocytes from young mice, Bodyak et al. identified only 43 gene transcripts
that accumulated at significantly different levels with age [58]. These included decreased transcript
levels of several stress response proteins including, heat shock proteins (e.g., HSP70 and HSP25)
and heme oxygenase (HO-1), decreased levels of mitochondrial ETC transcripts and mitochondrial
creatine kinase (Mi-CK), decreased transcript levels of proteins involved in contraction (e.g., dys-
trophin, tropomyosin, troponin I, �-MHC, skeletal actin and sarcoplasmic reticulum Ca2+-ATPase
[SERCA2]), and more uniquely, reduced mRNA levels of several transcription factors (e.g., Nkx2.5,
GATA-4, c-jun, JunB) were noted.

These disparate findings suggest that a large subset of age-associated changes in myocardial
transcript abundance, described by Lee et al. [55] may be associated with non-cardiomyocytes,
strain differences or altered transcript abundance associated with isolation procedures and not aging.
Also, altered gene expression in specific cell sub-populations (e.g., myocytes) including, changes
in less-abundant transcription factors might be obscured by transcript levels in neighboring cells
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(e.g., fibroblasts). Moreover, these findings highlight both the necessity of taking into account bio-
logical diversity when performing studies of aging, as well as underlining the point that transcrip-
tome (as well as proteomic) analysis of heart tissue is complicated by diverse factors such as tissue
and cellular heterogeneity, genetic variability, disease state and pharmacological intervention.

Not unexpectedly, microarray gene profiling analysis of murine and monkey skeletal muscle
transcripts revealed a number of striking tissue-specific differences, with regards to aging, as
well as sharing some commonalities with the profiles obtained from myocardial/cardiomyocyte
analysis [56, 59]. A lower proportion of genes appear to be affected overall in murine skeletal
muscle aging compared to heart. A large percentage (nearly 20%) of the aging-associated upreg-
ulated genes in gastrocnemius muscle are involved in induction of genes involved in stress response
including, heat shock response, with the notable exception of HSP70 which is downregulated, and
genes induced by OS and DNA damage (e.g., GADD45). Another class of genes with elevated
transcripts in muscle aging are involved with neuronal growth and remodeling, which may reflects
the loss of motor neurons in skeletal muscle aging followed by reinnervation of muscle fibers by
the remaining intact neuronal units. Genes involved in energy metabolism were downregulated with
aging, including genes associated with mitochondrial function and turnover, as were genes associ-
ated with glycogen metabolism and glycolysis (the latter in marked contrast with their upregulation
in the myocardium).

In a similar profiling analysis conducted with skeletal muscle derived from Rhesus monkeys,
genes involved in OS responses and neuronal death, remodeling, and repair were induced with aging,
while genes involved in energy metabolism, such as mitochondrial electron transport and oxidative
phosphorylation, were downregulated [60]. In contrast to the CR-mediated reversal of the majority
of age-related alterations in skeletal muscle in the aging mouse including, reprogramming energy
metabolism, increased biosynthesis, macromolecular turnover, and reduced oxidative damage, bene-
ficial aspects of CR at the transcriptional level in monkey skeletal muscle were not found suggesting
potential problems with the timing of CR initiation, or differential species-specificity regarding the
CR mechanism.

Thus far, microarray profiling studies with biopsied skeletal muscle from both older human
male and female subjects have also demonstrated decreased expression of genes involved in energy
metabolism and mitochondrial protein synthesis [61]. Interestingly, no consistent pattern on the
activation of OS response genes has been found in human DNA microarray studies.

Studies comparing gene expression patterns across species have begun to prove informative in
identifying shared transcriptional elements that appear to be conserved in the aging process [62].
Studies of the aging skeletal muscle transcriptome in mice, rat, monkey and man have all reported
a large differential expression between young and old (in both male and female) in the expression
of the cell cycle regulator p21 (an inhibitor of cyclin-dependent kinases) [56, 60, 63, 64]. Accord-
ingly, the age-related upregulation of p21 is a evolutionarily conserved component of an age-related
transcriptional program induced in skeletal muscle. It will be interesting to see if similar patterns
emerge from comparative studies of heart muscle or cardiomyocyte-specific gene transcription. Of
significance, the upregulation of p21 is associated with cell cycle arrest at the G1/S boundary in
human fibroblasts, and occurs with downregulation of Klotho [65], concomitant with the transition
in the postnatal heart from hyperplasia to hypertrophy [66].

These studies also suggest that aging transcription profiling can be used to elucidate a panel
of transcriptional biomarkers, which can be evaluated with interventions that delay or reverse aging
phenotypes. Gene profiling by microarray has also proved to be highly informative in specific animal
models of premature aging including the recently described mtDNA mutator strains (to be discussed
in depth in Chapter 4).

Rigorously performed DNA microarray analysis has been highly informative in documenting
gene expression patterns associated with diverse aging-related cardiac pathologies such as car-
diac hypertrophy [67], myocardial ischemia [68], dilated cardiomyopathy [67], coronary artery
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disease [69], atrial fibrillation [70] and HF [71], in both animal models and human. This ana-
lytical approach has also been revealing establishing profiles in vascular cells of genes involved
(or altered) in aging-associated neointimal formation, apoptotic progression and proinflammatory
events [72, 73].

A number of limitations inherent in the transcriptome analysis of aging should be considered.
The correlation between mRNA and protein levels for a particular gene can be highly variable, and
since proteins are the primary effectors of most cellular processes, altered gene transcription are
often not related to phenotype changes, or to altered protein levels. Moreover, most studies rely on
a single timepoint (or endpoint) for their analysis, which may miss significant transcriptional events
in the aging pathways. In addition, in myocardial studies there are numerous examples showing
that the biological activity of proteins are subject to regulation by post-translational modifications,
including their subcellular localization, with subsequent effects on the cardiac phenotype, which
will not be detected by transcriptional analysis. For instance, oxidative and nitrosative damage to
proteins, including the effects of lipid peroxidation, nitrotyrosines, and protein carbonylation are
prevalent in aging cells and tissues, including the heart (this will be discussed more thoroughly in
Chapter 4).

Progressive development and refinement in microarray techniques requires the normalization of
microarray data, to remove thru filtering the “noise from signal”, as well as the availability of com-
putational software, and statistical analysis [74]. Given the numerous studies and models undergoing
evaluation of aging gene expression, tissues diversity, organisms and populations being undertaken,
an increased effort is currently in place to standardize approaches for normalization and statistical
treatment of microarray data that may allow direct and informative comparison between experi-
ments. Moreover, further validation of specific gene expression patterns ascertained by microarray
data, is often necessary by either quantitative RT-PCR, RNAse protection or Northern blot anal-
ysis. Awareness of these limitations underscores the need for complementary approaches (e.g.,
proteomic analysis) to advance our understanding of complex cardiac disorders and cardiovascular
aging.

Proteomic Analysis

Proteomic analysis also provides the opportunity to evaluate gene expression in aging tissues in
a global fashion. Increased interest has emerged in the application of proteomic analysis in the
identification of cardiovascular and cardiac-specific biomarkers of aging [75]. The traditional pro-
teomic approach involves two-dimensional polyacrylamide gel electrophoresis (2-DE) to resolve
and identify thousands of proteins in a single gel. This technique can resolve >5000 proteins simul-
taneously (2000 proteins routinely) and can detect <1 ng of protein per spot [76]. Developments
over the last few years, particularly those involving the use of narrow-range immobilized pH gradi-
ents (IPGs) for the first-dimension isoelectric focusing (IEF) separation, have resulted in increased
resolving power and high reproducibility with relative simplicity of use [77]. On the other hand, an
important limitation of this technique is that specific classes of proteins, such as transmembrane-
spanning proteins, high-molecular-weight proteins, and very acidic or basic proteins, which may be
difficult to solubilize, are frequently excluded or underrepresented by these analyses. Furthermore,
alternative methods are increasingly being employed, including different mass spectrometry based
approaches following both one-dimensional SDS-PAGE and gel-free approaches, and blue native
gel electrophoresis (BN-PAGE).

There have been very few studies of myocardial proteomics in aging at the global level. One
recent study employed a proteomic analysis in the aging heart of both males and females in a primate
(Macaca fascicularis), a model which is phylogenetically close to 60 year old humans and does not
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have the associated diseases of aging. After 2D gel comparison in the different groups of monkeys,
20 proteins, which showed different expression among the groups, were identified by mass spectrom-
etry. A large number of the affected proteins were involved in glycolytic and mitochondrial electron
transport protein expression and function, and were primarily affected in older male monkeys [78].
Another method under development is the use of protein microarrays with immobilized antibodies.
This method offers a suitable alternative for the rapid screening of the expression levels of known
proteins, which could provide high sensitivity and specificity. However, presently, this technique is
limited by the availability (and expense) of suitable antibodies [79].

Proteome simplification by subcellular fractionation and organelle enrichment and affinity chro-
matography has allowed a higher resolution analysis of targeted organelles (e.g., mitochondria).
Recently, a novel technique of continuous-flow ultracentrifugation using a sucrose gradient allowed
effective high-yield separation, accumulation, and enrichment of bovine heart mitochondria in a
single step (bypassing the multiple, time-consuming, and potentially artifact-inducing series of
many small centrifugation steps that traditionally comprise organelle fractionation) facilitating a
subsequent evaluation of the aging heart mitochondrial proteome [80]. This technique has also
recently been applied to the separation and enrichment of other organelles including the Golgi
apparatus and endoplasmic reticulum followed by 2D gel electrophoresis, digitized imaging of 2D
gel electrophoresis and mass spectrometry enabling analysis of these organelle proteomes in aging
tissues [81].

Evaluation of proteomes for evidence of specific protein modifications (e.g., phosphorylation
or oxidative changes) has been facilitated by the use of specific antibodies to phosphorylated
residues (e.g., phosphoserine or phosphotyrosine), protein carbonyls or nitrotyrosine. For instance,
proteomic analysis of cardiac proteins in aging rat utilized separation of proteins by one- and
two-dimensional gel electrophoresis, subsequent immunoblot analysis using an anti-nitrotyrosine
antibody to detect specific proteins (which show an age-related increase in immunoresponse)
followed by their identification using nanoelectrospray ionization-tandem mass spectrometry
(NSI-MS/MS) [82]. 48 proteins were identified in this study, including enzymes responsible for
energy production and metabolism as well as proteins involved in the structural integrity of the
cells. Similarly, a hydrazide biotin-streptavidin methodology (coupled with liquid chromatography
tandem mass spectrometry) has been employed in sensitively identifying protein carbonylation
in aged mice tissues, including several low-abundance receptor proteins, mitochondrial proteins
involved in glucose and energy metabolism, and a series of receptors and tyrosine phosphatases
known to be associated with insulin and insulin-like growth factor metabolism and cell-signaling
pathways [83].

In contrast to the complexity of heart tissues and their cellular heterogeneity, cell culture systems
are attractive models for proteomic analysis because they can provide highly defined systems with
much lower inherent variability between samples. There have been relatively few published pro-
teomic investigations of isolated adult cardiac myocytes, and none that we are aware of with aging
studies.

Proteomic investigations have been carried out with ECs undergoing replicative senescence [84].
As we shall discuss in later chapters, the aging of ECs and vascular SMCs is thought to play a
significant role in the pathophysiology of age-related vascular diseases, including atherosclero-
sis; however, the precise mechanisms responsible for senescence have not been elucidated. Pro-
teomic analysis has also been applied to analyze aging–associated protein profiles in the vascular
SMC [85].

Interestingly, another promising methodological approach, which should be applied to aging or
senescent cardiovascular cells (e.g., cardiomyocyte or ECs) combines proteomic and metabolomic
techniques to reveal protein and metabolite alterations [86]. This combined approach has been
applied to both specific gene-knockout mice and in cultured vascular SMCs derived from these
animals [87].
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DNA Damage and Mutations in Aging

The involvement of genetic instability, DNA damage and repair, and DNA mutation are important
aspects of the aging process as both suggested by studies in model organisms (including premature-
aging models), human progeroid phenotypes and senescent cells (to be discussed in Chapter 4). In
this section we will describe a number of techniques used for the evaluation of DNA damage and
mutations. In those cases where these techniques have yet to be applied in cardiovascular aging
studies, mention will be made.

Types of DNA Damage

Microsatellite Instability

Microsatellites are repetitive genetic sequences, in which the repeating unit is from one to six bases.
The number of tracts containing repetitive sequences in the human genome is rather abundant,
comprising over 100,000 CA/GT repeats, each with a chain length >24 [88]. Microsatellites are
particularly prone to slippage during DNA replication, resulting in a number of base repeats in the
newly replicated strand differing from the original resulting in a small loop in either the template
or the new DNA strand. Despite the tendency to mistakes (microsatellite instability) occurring in all
dividing cells, microsatellites remain stable in length, due to the efficiency of the mismatch repair
system [89].

Small pool PCR (SP-PCR) is a sensitive method for the detection and quantification of
microsatellite instability (MSI) in somatic cells [90]. In normal human somatic cells (periph-
eral blood lymphocytes) there is evidence that mutant microsatellite fragments accumulate at 6
microsatellite loci with age and that this increase in MSI can be quantified by SP-PCR. However,
to the best of our knowledge, this technique has not yet been applied for the analysis of aging in
cardiovascular cells.

Single-Strand versus Double-Strand Damage

A variety of molecular methods including gel electrophoresis, pulsed-field gel electrophoresis, filter
elution method, sedimentation analysis, electron microscopy and most recently, atomic force micro-
scropy [91] have been applied to the analysis of single-strand (SSBs) and double-strand breaks
(DSBs) in DNA.

Early studies of SSBs, which are often generated by oxidative damage, utilized single-strand spe-
cific nucleases, alkaline electrophoresis and Southern blotting or alkaline sucrose gradient sedimen-
tation. These techniques are rather time-consuming with relatively low sensitivity. The assessment
of SSBs and their repair has been recently updated with the development of a fast micromethod
using a quick fluorometric microplate assay [92]. This method measures the rate of unwinding of
cellular DNA on exposure to alkaline conditions, using a fluorescent dye which preferentially binds
to double-strand DNA, but not to single-strand DNA or protein. The method requires only minute
amounts of material (30 ng of DNA or about 3000 cells per single well), allows simultaneous
measurements of multiple samples (e.g., 96 well format), and can be performed within 3 hours
or less.

The neutral (or nondenaturing) filter elution assay at pH 7.2 or 9.6 has long been a stan-
dard method for the measurement of double-strand breakage and rejoining in eukaryotic cells,
with a threshold dose for detection of DSBs ranging from 5–10 Gy. In addition, pulsed-field
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electrophoresis (PFGE) has become one of the most widely used methods for the evaluation of
radiation-induced DSBs since it can detect DSBs induced by as little as 1 Gy of ionizing radia-
tion. In most studies a simple quantification of DNA migration from the well in the gel has been
used as a correlate of DSB formation. A modified PFGE-based system represents an extremely
sensitive tool for measuring DSB induction and repair after low doses of X rays, using as few
as 125 cells with no DNA labeling necessary [93]. To quantify the DSBs after electrophore-
sis, the DNA was transferred to nylon membranes and hybridized with 32P-labeled chromoso-
mal DNA.

Comet Assay

The comet assay or single-cell gel test is a microgel electrophoresis technique that measures DNA
damage at the level of single cells. This assay involves suspension of a small number of cells in
a thin agarose gel on a microscope slide, lysis in situ, electrophoresis, and staining with a fluores-
cent DNA binding dye (usually ethidium bromide) [94]. Cells harboring elevated levels of DNA
damage display increased migration of chromosomal DNA from the nucleus toward the anode,
which resembles the shape of a comet. Under alkaline conditions, DNA DSBs, alkali-labile sites, and
SSBs associated with incomplete excision repair sites cause increased DNA migration. On the other
hand, intermolecular crosslinks (either DNA-DNA or DNA-protein) can lead to decreased DNA
migration. Variations of the comet assay have been established for the detection of specific DNA
base modifications. The neutral comet assay can be applied to detect double-strand DNA fragments
resulting from apoptosis and has been used to effectively distinguish necrotic from apoptotic cell
death in both single cell models and in parenchymal tissues, such as skeletal and cardiac muscle
after ischemia-reperfusion [95].

The presence of DSBs can also be indirectly inferred by analysis of the levels of specific mark-
ers or DNA damage sensors including ATM, p53 and phosphorylated histone 2AX, which can
be quantitatively determined by immunoblotting with specific antibodies. Phosphorylation of his-
tone H2AX occurs in megabase chromatin domains around DSBs and this modification (termed
gamma-H2AX) has proven to be a useful marker of genome damage as well as DNA repair in
terminally differentiated cells. Using immunohistochemistry, analysis of the kinetics of gamma-
H2AX formation and elimination in the X-irradiated mouse heart revealed that levels of gamma-
H2AX-positive cells increased from 3 to 5% in unradiated heart to between 20 and 30% after 3
Gy irradiation. Time-course analysis indicated that after 3 Gy of irradiation, maximal induction of
gamma-H2AX in heart is observed 20 min after irradiation and then is decreased slowly with about
half remaining 23 h later, suggesting repair of 50% of the lesions [96]. The utility of this approach, to
quantitate levels of DNA damage (or more precisely DNA damage signaling) in human cardiomy-
ocytes under controlled conditions of ischemia-reperfusion, has been recently demonstrated [97].
In this model, LV samples taken from 20 patients undergoing elective valve surgery before aortic
cross-clamping, 20 min after brief ischemia, 58 min after the cross-clamping period (prolonged
ischemia), and 20 min after reconstitution of coronary blood flow (reperfusion) were evaluated
for specific DNA damage sensor protein levels. This study found that prolonged ischemia induced
extensive DNA damage (increased p53 and phosphorylation of histone H2AX) and the activation
of ATM checkpoint, whereas reperfusion triggered the repair of the DNA lesions and salvage of
ischemic cells. Analysis of this signaling pathway in aging cardiomyocytes may prove useful when
applied to analysis of cardiomyocyte-specific levels of DNA damage and responses to DNA damage
during aging.
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DNA Repair Enzymes in Aging

Similar to the inference of double-strand DNA damage by increased levels of DNA sensor proteins
as discussed above, DNA SSBs induce the catalytic activation of two isoforms of poly ADP-
ribose polymerases (PARP-1 and PARP-2) which catalyze the post-translational modification of
proteins containing poly ADP-ribose and is pivotally involved in DNA repair pathways, including
base-excision repair. Poly ADP-ribosylation is an immediate cellular response to genotoxic insults
induced by ionizing radiation, alkylating agents, and OS. PARP-1 mediates the repair of DNA single-
strand breaks in mammalian cells in concert with DNA ligase III�, and XRCC1 and plays a critical
role in maintaining genome stability [98].

Recently, a novel real-time assay has been reported to assess an imbalance of DNA SSB repair by
indirectly measuring PARP-1 activation through the depletion of intracellular NAD(P)H [99]. This
assay employs a water-soluble tetrazolium salt to monitor the amount of NAD(P)H in living cells
through its reduction to a yellow colored water-soluble formazan dye, and while not a direct method
of SSB determination, it requires neither DNA extraction nor alkaline treatment, both of which can
cause artifactual induction of SSBs.

In vitro studies with human cell extracts have demonstrated that PARP-1 is involved in repair of
a uracil-containing oligonucleotide and that it binds to the damaged DNA during the early stages of
repair. Furthermore, excessive poly ADP-ribosylation was found when repair intermediates contain-
ing SSBs were in excess of the repair capacity of the cell extract, indicating that repeated binding of
PARP-1 to the nicked DNA occurs [100]. In addition, increased sensitivity of repair intermediates
to nuclease cleavage has been reported in PARP-deficient mouse fibroblasts and after depletion of
PARP-1 from HeLa whole cell extracts. This further highlights PARP’s protective effects stemming
nucleolytic deterioration from DNA breaks.

Correlative data suggest a critical link between DNA-damage induced poly ADP-ribosylation
and mammalian longevity. Significant positive correlation has been reported between poly ADP-
ribosylation capacity of mononuclear blood cells and longevity of 13 mammalian species, includ-
ing human [101]. This has been further reinforced by recent evidence demonstrating physical and
functional interactions between PARP-1 and the Werner syndrome protein (WRN), as well as with
the Cockayne syndrome protein (CSB) [102, 103]. Deficiencies in these proteins cause segmen-
tal premature aging phenotypes in humans (as discussed in the following chapter). Furthermore,
PARP-2 as well as PARP-1 have been found in association with telomeric DNA and are able to poly
ADP-ribosylate the telomere-binding proteins TRF-1 and TRF-2, thus blocking their DNA-binding
activity and controlling telomere extension by telomerase [104]. Another important signaling factor
interacting with PARP is the tumor suppressor protein p53, which serves as a substrate for direct
modification by poly ADP-ribose, with attendant changes in its DNA-binding properties, and can
also bind to the PARP polymer in a noncovalent fashion.

The beneficial functions of poly ADP-ribosylation, under conditions of genotoxic stress, have
been illustrated by inhibiting PARP activity through treatment of cells or organisms with low-
molecular-weight compounds (mainly NAD+ analogs), by expression of PARP-1 antisense RNA,
or of dominant negative derivatives of PARP-1, supporting its role in genomic instability reduction
and cytoprotection. This has been assessed by measurement of several biological markers such as
chromosomal aberrations, gene amplification, sister chromatid exchange, or mutagenesis.

While impaired PARP activity can lead to less effective repair of DNA damage, and induc-
tion of mutations, gene amplification, or apoptosis, PARP overactivity has been implicated in
cell destruction. Severe DNA damage can trigger either acute overactivation or sustained activ-
ity of the energy-consuming PARP coupled with inadequate regeneration capacity for NAD+.
This has been shown to lead to excessive NAD+ and ATP consumption, and subsequent cell
death secondary to energy depletion (as documented in several nonproliferative cell types in
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vivo as well as in cell culture) [105]. The susceptible cells include neurons and cardiomy-
ocytes exposed to ischemia-reperfusion damage, and ECs leading to vascular dysfunction. A
protective effect of pharmacological inhibition of PARP or lack of the PARP gene in abro-
gating cardiovascular dysfunction has been demonstrated in experimental models of endotoxic
shock [106], reperfusion injury [107, 108], diabetes [109], myocardial infarction [110], and
HF [111]. Moreover, the use of a new PARP inhibitor (INO-1001) in Fischer rats, attenuated
the cardiac and endothelial dysfunction associated with advanced aging, resulting in marked
improvement of both systolic and diastolic cardiac function and in acetylcholine-induced, nitric
oxide-mediated vascular relaxation of the endothelium [112]. Cardiac and endothelial function
were assessed using a pressure-volume conductance catheter system and isolated aortic rings
respectively.

Analysis of the in vivo interaction of damaged regions of DNA (e.g., DSBs) or telomeric
regions with proteins involved in specific DNA repair, replication and transcription has been greatly
enhanced by using chromatin immunoprecipitation (ChIP) as shown in Fig. 3.1. In this methodology,
a gentle formaldehyde treatment of living intact cells results in DNA-bound proteins being cross-
linked to the chromatin on which they are situated. After fixation, the cells are lysed, the chromatin
is fragmented, and the DNA broken into pieces 0.2–1 kb in length by sonication. This is followed
by protein-DNA complex immunoprecipitation using an antibody specific for the protein in ques-
tion. Once the complex is isolated, cross-linking can be reversed releasing the protein (for further
identification and characterization) and the DNA from the isolated protein/DNA fraction. Then the

Fig. 3.1 Chromatin immunoprecipitation (ChIP)
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DNA can be purified and identified by PCR using primers specific for the DNA regions where the
protein in question may bind. Furthermore, for identification of regions across the whole genome,
to which a specific protein binds, a DNA microarray can be used (ChIP on chip or ChIP-chip). ChIP
can also be used to screen specific chromatin regions for epigenetic changes, including methylation
and acetylation.

This technique has also been useful for identification of chromatin changes in premature-aging
syndromes with genomic instability, including Bloom syndrome, which is caused by loss of function
of a 3′–5′ RecQ DNA helicase, BLM. Chromatin immunoprecipitation of BLM complexes recovered
telomere and ribosomal DNA repeats and identified these elements as chromosomal targets for the
BLM DNA helicase during the S/G2 phase of the cell cycle [113].

Mutation Analysis

There is evidence that with age DNA damage and mutations accumulate in somatic cells. In a cross
sectional ex-vivo study, mutation frequency in the HPRT locus was increased in human lymphocytes
from middle age individuals compared to young [114]. Furthermore, Southern blotting and loss of
heterozygosity at the HLA-A locus have been used to detect increased mutation frequency in human
lymphocytes with aging [115].

Since the detection and quantitation of somatic mutations in different organs and tissues have
often proved difficult, particularly postmitotic tissues in vivo, probing the role that DNA mutation
accumulation plays during mammalian aging has also been problematic. An alternative approach
is the use of transgenic mouse strains that possess chromosomally integrated plasmids harbor-
ing reporter genes that can be easily recovered from genomic DNA and transferred into a suit-
able Escherichia coli host for subsequent mutant detection and analysis. Vijg et al. have used
plasmids containing the lacZ reporter gene in which a wide range of aging-mediated somatic
mutations, including large rearrangements, have been reported to be generated in a tissue-specific
manner; these observations show that the heart displayed extensive mutations, and in particular
large-scale rearrangements [116–119]. Vijg et al. noted that point mutations do not accumulate
at the level needed to affect function, whereas large-scale rearrangements could seriously affect
normal gene regulation (by positional effects), changes in gene dosage (leading to random alter-
ations of gene expression profiles in individual cells), and a pattern of gradual molecular change
consistent with both heterogeneous gene expression profile (found in a cell to cell analysis in the
aging heart) [120], as well as with the relatively subtle phenotypic changes that are typical for aging
individuals [116].

A number of observations have implicated mtDNA as a particular “hotspot” for mutagenesis in
aging. This might be expected given its proximity to a primary site of mitochondrial ROS generation
and oxidative damage (i.e., ETC), the limited protection by proteins (i.e., no chromatin) and DNA
repair systems (for further discussion see Chapter 4) Several methods of mtDNA mutation detection
are currently in use, including single strand conformation polymorphism (SSCP) analysis, allelic
specific oligonucleotides (ASO), restriction fragment length polymorphism (RFLP) analysis, mis-
match detection/cleavage and denaturing gradient gel electrophoresis (DGGE). SSCP is based on the
differences in secondary structure of single-strand DNA molecules, differing in a single nucleotide
and gauged by an alteration of their electrophoretic mobility in nondenaturing gels. Hybridization
with radioactively labeled allelic specific oligonucleotides (ASO) utilizes differences in the melting
temperature of short DNA fragments differing by a single nucleotide.

High-density Oligonucleotide Arrays (HDOA) is a high-throughput technique, which has been
used in combination with sequencing to construct a MITOCHIP. Maitra et al [121]. reported
that in matched fluid samples (urine and pancreatic juice) obtained from seven patients with
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head/neck cancer, the MitoChip detected at least one cancer-associated mitochondrial mutation in
four samples [122].

Techniques for examining mtDNA deletions include PCR, which can detect very low levels of
specific deletions (utilizing specific primers), as in cases in which the mutant allele represents <1%
of the total mtDNA; long-range PCR in which the entire 16 kB mtDNA genome can be effectively
screened for rearrangement events, and Southern blot analysis which are used for more abundant
deletions (>15% of the total mtDNA).

Amplification, plasmid cloning and sequence revealed increased levels of mtDNA point muta-
tions in aging mice [123], in human lymphocytes, and in skeletal muscle from aging individu-
als [124–126]. These studies have focused on mutations in the D-loop region, which contains the
regulatory sites for mtDNA transcription and replication. Levels of mutant allele heteroplasmy,
mtDNA deletions and copy-number can also be rapidly and efficiently determined using real-time
quantitative PCR [127–130].

Telomere Analysis

The length of telomeres is believed to be critical in cellular aging as noted in Chapter 2, and as more
extensively discussed in later chapters. The repetitive sequences of these DNA-protein complexes
progressively shorten with each mitosis and when the critical length is bridged, telomeres trigger
DNA repair and cell cycle checkpoint mechanisms that result in chromosomal fusions, cell cycle
arrest, senescence and/or apoptosis. While telomere lengths of human chromosomes within the same
cell are generally heterogenous [131, 132], lengths of specific chromosome arms in different tissues
within the same individual tend to be similar compared to those of other individuals. For example,
the mean telomeric length of human hematopoietic progenitor cells from fetal blood cord, peripheral
blood and bone marrow are 11, 7.6 and 7.4 kb respectively [133]. In the absence of telomerase activ-
ity, the telomere loses 30 to 150 bp per successive division; with aging, human senescent cells (at
phase M1) can exhibit telomeres with as low as 5 kb in length. With successive telomere shortenings,
cells enter the crisis stage (M2) in which telomere length has been reported to range from 1.5 to 2
kb [134]. In order to reliably monitor telomere length, a number of techniques have been used and
they are shown in Table 3.4.

The most common technique of telomere analysis, Southern blotting/hybridization [135, 136] can
resolve up to 300 bp and requires minimally 1ug of purified high molecular weight DNA; however,
this method is time consuming and the smeared pattern of the bands generated (a function of the het-
erogeneity) can lead to inaccuracy. Utilization of the hybridization protection assay (HPA) is more
rapid and requires only small amounts of DNA, which does not have to be intact (sheared DNA can
be utilized) [137], and does not involve radioactivity; however, HPA does not provide information
concerning the direct telomere size or its chromosomal location that can be provided by Southern

Table 3.4 Methods of telomere analysis

Technique Refs

Southern blot 135, 136
Hybridization protection assay (HPA) 137
Fluorescence in situ hybridization (FISH) 138
Primed in situ 143, 144
Quantitative PCR 139
Single telomere length analysis (STELA) 140
Primer extension/nick translation 141
Oligononucleotide ligation assay 142
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blot. More direct measures of telomeric lengths can be obtained from quantitative-fluorescence in
situ hybridization (Q-FISH) using a fluorescein-labeled peptide nucleic acid (PNA) (CCCTAA)3
probe and DNA staining with propidium iodide [138]. Q-FISH can be performed separately (pri-
marily in proliferating cells) or combined with flow cytometry (in either cycling or non-cycling)
cells. A significant breakthrough in telomere analysis has been the development of quantitative
PCR approaches; [139, 140] these methods are extremely fast, and require less DNA. The ratio
of telomere repeat copy number to a single gene copy number is determined and the relative telom-
eric length can be detected quantitatively. In a PCR-modified technique known as STELA (single
telomere length analysis), telomere length at the individual chromosome level is assessed [140].
In addition to these techniques, which either directly or indirectly measure telomere length, sev-
eral techniques have been developed to quantitatively measure the G-rich telomere 3′ overhang;
these include primer extension/nick translation, telomeric-oligonucleotide ligation and electron
microscopy [141, 142].

Cell-Engineering and Transplantation

Early studies have found that fetal cardiomyocytes could be grown in culture and reintroduced into
an injured heart where they could form stable grafts, electrically couple with the resident cardiomy-
ocytes and assist in the generation of action potential [145, 146]. However, the yield of cardiomy-
ocytes at the sites of ischemic injury were low, and they decreased over time primarily as a result
of their vulnerability to apoptosis [147]. Initial studies from embryonic stem cells (ESCs) cultured
in vitro have shown that these cells can differentiate to cardiomyocytes in situ, and electrically cou-
ple [148–152]. Also, recent studies have shown that cultured mouse embryonic stem cells marked
with transfected green fluorescent protein (GFP), injected into the myocardium of aging Fischer 344
rats resulted in both increased myocyte numbers (i.e., myogenesis) and enhanced perfusion of the
left ventricle (i.e., angiogenesis) 6 weeks after transplant, and improved heart function in response to
isoproteronol [153]. Moreover, the characteristic phenotype of engrafted ESCs was identified in the
transplanted heart by GFP-markers and their differentiation into cardiac tissue gauged by cardiac
�-MHC expression. However, the present legal/ethical maelstrom surrounding the generation and
use of human ESCs has severely affected research to develop useful sources of ESCs, to overcome
the difficulties associated with their use (e.g., development of potential teratomas) and also the devel-
opment of long-term studies of their functional effects and stability to repair the damaged or aged
human heart.

Several other types of stem cells have shown promise in restoring contractility to the ischemic-
damaged heart. Skeletal myoblasts derived from adults can be robustly grown in culture, can be
delivered (by catheter or direct injection) to the heart, and can ameliorate contractile dysfunction.
This has been shown both in animal models and in clinical trials [154, 155]. However, while the
transplanted myoblasts do show evidence of acclimation to the cardiac milieu and appear to be more
resistant to the damaging effects of apoptosis, the introduced cells do not become cardiomyocytes
and do not electrically couple with the resident myocardial cells, and may be also potential sources
of cardiac dysrhythmias [156, 157].

Bone marrow cells (BMCs) primarily mesenchymal cells, also derived from adult human, can
be introduced into the infarcted myocardium. Such BMCs can be easily generated from the same
individual on which the cell therapy will be directed; this may avoid eliciting an immune response
that can negate the effects of cell transplant (another problem with the ESCs). Several animal
studies (primarily in mouse) have shown clear evidence of BMC-mediated cardiovascular bene-
fits, [158–160]. albeit large-scale clinical studies performed thus far have shown less compelling
effects [161–163]. The mechanism by which these benefits occur is hotly debated. One camp has
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presented considerable evidence showing BMCs transdifferentiating to cardiomyocytes, [164–167]
while the other camp has found little evidence of transdifferentiation, rather that cell fusion with
existing cardiomyocytes is the primary mechanism [168–171]. Data obtained by Fazel et al. sug-
gest that the primary cardioprotective effect of recruited BMCs appears to be largely of paracrine
nature, due to the secretion of growth factors and cytokines, which stimulate cardiomyocytes as
well as endothelial proliferation/angiogenic process [172]. The recruited c-kit+ cells established a
proangiogenic milieu in the infarct border zone by increasing VEGF and by reversing the cardiac
ratio of angiopoietin-1 to angiopoietin-2. This had led to increase the focus on the use of growth
factor/cytokine cocktails to mediate cardioprotection and myocardial repair. On the other hand, it
remains largely undetermined whether such a paracrine effect, elicited by stem cells, has a beneficial
value in treating injured myocardium in aging. Recent observations indicated that the therapeutic
efficacy of granulocyte colony-stimulating factor (G-CSF) and stem cell factor (SCF) in ameliorat-
ing post-myocardial infarction (post-MI) remodeling is impaired in old rats (20 month) compared to
young adult rats (6 month) [173]. Furthermore, adult stem cells have proved to be a useful platform
for the delivery of therapeutic genes and proteins. For instance, transplanted MSCs appear to be
effective delivery platforms for introducing channel proteins involved in pacemaking activity (e.g.,
channel protein HCN2), resulting in modifying the heart rhythm in vivo [174].

Another recent development in the search for stem cells with potential for cardiac repair has
been the identification of a small group of resident cardiac stem cells. At least 4 different groups
of investigators have identified small sub-populations of multipotent cells in the myocardium. One
group has reported the existence of a self-renewing cardiac stem cell subpopulation consisting of
Lin−c-kit+ cells in adult rat myocardium [175]. When injected into the ischemic heart, these cells
contribute to the formation of endothelium and vascular smooth muscle and to the regeneration of
myocardium in the region of necrosis, improving its pump function and the geometry of the ventric-
ular chamber [175, 176]. Oh et al. have reported the isolation and characterization of a small pop-
ulation of adult heart-derived progenitor cells (from post-natal mouse myocardium), which express
the surface marker stem cell antigen-1 (Sca-1+) and telomerase activity associated with self-renewal
potential [177, 178]. This sub-population of Sca-1+ cardiac stem cells can differentiate in vitro in
response to treatment with either oxytocin or the DNA demethylating agent 5′-azacytidine, form-
ing beating cardiomyocytes, as well as expressing genes of cardiac transcription factors (GATA-4,
MEF-2C, TEF-1) and contractile proteins [179]. Laugwitz et al. have described a population of
cardioblasts in both embryonic and postnatal heart (in mouse, rats and human) numbering just a few
hundred per heart, which were identified on the basis of their expression of a LIM-homeodomain
transcription factor, Isl1 [180]. These myocardial-derived stem cells were primarily localized in the
atria, right ventricle, and ventricular outflow tract regions (where Isl1 is most prevalently expressed
during cardiac organogenesis) and they could be isolated, transplanted, survive and replicate in the
damaged heart showing evidence of functional improvement [180, 181].

At present, these non-abundant putative cardiac stem cells populations often appear to be hetero-
geneous, and there is little consensus on the phenotypic markers that would allow their unambiguous
identification. Gude et al. have recently shown that nuclear targeting of Akt (by cardiac-specific
overexpression) promotes the proliferative expansion of the presumptive cardiac progenitor cell
population, as assessed by immunolabeling for c-kit+ cells in combination with myocyte-specific
markers Nkx 2.5 or MEF 2C [182]. Furthermore, recent data indicate that the c-kit+ population
of cardiac stem cells are primary targets of aging/senescence with attendant telomeric dysfunction
leading to replicative senescence and increased apoptosis [183]. Building on these data, Anversa et
al. proposed that the loss of these stem cells in the aging myocardium is central to the inability of
the aging heart to replace lost parenchymal cells, and likely underlies reduced cardiac function in
aging [184].

Clearly, more research is needed to define these stem cells, their origin, the stability of their
differentiated phenotype and their role in the aging heart. Interestingly, the study of Fazel et al.
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Table 3.5 Myocardial transplant: cell-type specific advantages and limitations

Cell-type Source Features

Embryonic stem
cell (ESCs)

Allogenic blastocyst
(inner mass)

1. Pluripotency, easily propagated. Can differentiate to form car-
diomyocytes, which after transplant can be electrically coupled
in vivo to myocardial cells.

2. Limitations include potential for tumor formation and immune
rejection (allogenic), limited donor availability and numerous legal
and ethical issues.

Skeletal
myoblast

Autologous skeletal
muscle biopsy

1. Proliferate robustly in vitro allowing for autologous transplant),
more ischemia-resistant than cardiomyocytes, upon transplant can
significantly reduce progressive ventricular dilatation and improve
cardiac function

2. No formation of new cardiomyocytes in vivo; limited electrical
coupling to host myocardial cells (may cause dysrhythmias)

Adult bone
marrow stem
cell

Autologous bone
marrow stromal cells
(mesenchymal)

1. Pluripotent, easy to isolate, grow well in culture, and can be
derived from autologous source; they can develop into cardiomy-
ocyte and vascular cells (although transdifferentiation to cardiomy-
ocytes is controversial)

Bone marrow
(endothelial
progenitor cells)

2. Upon transplant, neovascularization can occur at site of myocar-
dial scar reducing ischemia. Improvement in myocardial contrac-
tility; it is unclear whether this derives from paracrine effects.

3. Limitations include uncertainties as to efficiency and long-term
stability of differentiated adult cardiomyocytes

Cardiac
progenitor

Allogenic fetal, neonatal
or adult heart

1. Efficient recognition of myocardial growth factors, myocardial
recruitment and in vivo electrical coupling

cells 2. Limited availability, growth in vitro and demonstrable long-term
survival

3. Benefits of transplantation may derive from paracrine effects.

presented evidence that that the c-kit+ sub-populations of cardiac stem cells are actually of bone
marrow origin and provide a source of paracrine stimulation to the heart [172].

A comparative synopsis of the advantages and limitations of the various stem cell types cur-
rently used in cardiac transplantation is presented in Table 3.5. Although no clear-cut choice has
yet emerged as to the best cell type to transplant for myocardial repair, there are reasons to believe
that a multiplicity of approaches in the application of cell engineering will be required for effective
cardioprotection. While preclinical studies with stem cell and myoblast transplantation have shown
similar levels of efficacy thus far, there is a critical need for a comprehensive evaluation of the
relative benefits, adverse effects and efficiency of the various stem cell transplants in the clinical
setting, in particular in the aging patient. It is possible that the long-term repair to achieve a fully
functioning myocardium, may require the incorporation of more than a single cell type (e.g., the
addition of cardiomyocytes, fibroblasts, and ECs) for the integration and generation of a stable and
responsive cardiac graft.

Tissue Engineering

The identification of features of the cardiac milieu that contribute to the growth and development
of transplanted cells in vivo has been advanced by the use of 3-dimensional matrices designed as a
novel in vitro system to mimic aspects of the electrical and biochemical environment of the native
myocardium. This approach can provide a finer resolution of electrical and biochemical signals that
may be involved in cell proliferation and plasticity. Myoblasts have been grown on 3-D polyglycolic
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acid mesh scaffolds in the presence of cardiac-like electrical current fluxes, and in the presence of
culture medium that had been conditioned by mature cardiomyocytes [185]. The scaffolds gener-
ally employ an immunocompatible biodegradable material such as collagen or gelatin which can
be degraded shortly after grafting. Such scaffolds containing either fetal or neonatal aggregates of
contracting cardiac cells have been used to generate artificial cardiac grafts transplanted into injured
myocardium with rescue of ventricular function, and formation of functional gap junctions between
the grafted cells and the myocardium.

As previously noted, the co-culture of cardiac fibroblasts and non-cardiac tissue (adult bone mar-
row cells) in the generation of this 3-D aggregate appears to increase the functional longevity of the
cardiac explant [27].

Similarly fabricated 3-D scaffolds and cardiac grafts might be used to replace cardiovascular
parts worn-out during the aging process. For instance, the tissue engineering of blood vessels and
formation of a microvascular network can be achieved by promoting vasculogenesis in situ, initi-
ated by seeding vascular ECs within a biopolymeric scaffolding construct; the inclusion of human
SMCs seeded with human endothelial progenitor-derived ECs can form capillary-like microvessel
structures throughout the scaffold [186, 187].

Particular interest has been centered on the reengineering of heart valves [188]. Utilizing collagen
scaffolds produced by a novel process termed rapid prototyping, valve interstitial cells isolated from
three human aortic valves seeded on the scaffolds and cultured for up to 4 weeks remained viable
and proliferated; an important step in the tissue engineering of an aortic valve. Repopulation of
a scaffold of a decellularized valve matrix (usually porcine) in vitro using valve interstitial cells
or mesenchymal stem cells, has also been an area of intensive investigation [189]. Engineering of
autologous semilunar heart valves in vitro with mesenchymal stem cells, and a biodegradable scaf-
fold, has been recently achieved following their implantation, under cardiopulmonary bypass, into
the pulmonary valve position of the sheep. These valves were shown to undergo extensive remod-
eling in vivo, resembling the native heart valves, and functioned satisfactorily for periods of >4
months [190]. These promising advances in valves engineering may have a particular application in
the management of the valvular pathology that may be present in the aging heart.

Conclusion

In addition to the enormous contributions that molecular and cellular approaches have already made
to the study of aging, including modulation of gene function in cells and transgenic animals, the
unraveling of the subcellular pathways leading to aging-mediated macromolecular damage, cellular
reprogramming and phenotypic dysfunction, new discoveries will undoubtedly lead to further identi-
fication of cardiac and cardiovascular biomarkers of aging and aging-related diseases. Furthermore,
advances in the identification of genes and genetic variants, involved directly in the aging process
and underlying susceptibility to disease may have, in the very near future, great implications in
the diagnosis and management of cardiovascular diseases and aging-associated cardiac dysfunction.
Much remains to be found from the interaction of molecular analysis of gene and environmental
factors, and in the delineation of epigenetic changes involved in aging and disease. Another nascent
area of extreme interest in aging studies is the further development of gene-transfer and cell-based
platforms for increasing gene expression, as well as for targeting localized defective functions. The
further molecular and cellular elucidation of stem cells and their transplantation is clearly an area
in which new techniques will be needed to advance their enormous potential in applied therapies
of aging-related dysfunction. Novel techniques remain to be developed to promote these studies
particularly adapted to use in larger mammals and in humans. Of particular important is the devel-
opment of non-invasive techniques to gauge cardiac and cardiovascular macromolecular damage, as
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well as the development and incorporation of new algorithms for integrating the huge database of
molecular, physiological, morphological and clinical findings to elaborate testable models of aging
with a global system biology-type approach.

Summary

• Cultured cells derived from the aging heart (e.g., cardiac myocytes and fibroblasts) and vas-
culature (e.g., endothelial and smooth muscle cells [SMCs] have provided critical information
about the mechanism of replicative senescence, the signaling pathways involved in aging and
aging-associated diseases, and the different responses of aging cells to a variety of physiological
stimuli.

• Introduction and expression of novel genes into a wide range of cardiac and cardiovascular cells
can be effectively mediated by the use of vectors including viral constructs (e.g., adenoviral,
retroviral, lentiviral and AAV) and DNA-containing plasmids.

• Gene transfer leading to either overexpression or silencing of specific genes has been performed
both with target tissues in vivo and with cells in vitro and has been shown to reverse aging-
mediated cardiovascular dysfunction at either the cell or tissue level.

• The creation of transgenic animals containing modulation of specific gene function has provided
important information about aging pathways and has also provided informative models of age-
related cardiovascular disease.

• Transgenic models (primarily available with mice) can furnish information concerning multi-
systemic interactions in aging phenotype not possible with cellular models and can also provide a
substrate for testing diverse therapeutic modalities. Null alleles generated by homologous recom-
bination can be used (with genetic crosses) to generate either heterozygous or homozygous mouse
strains including either global knock-out or tissue-specific knock-out strains.

• Gene transcript profiling by either microarray or SAGE analysis allows the possibility of exam-
ining a large number of age or disease-related transcripts at the same time. As such it can be
informative about the overall nature of gene programming in specific tissues with aging or age-
related diseases.

• Changes in the profile occurring with interventions such as caloric restriction (CR) can be infor-
mative about the pathways critical to aging phenotypes. To circumvent confounding effects on
this analysis promoted by the marked heterogeneity of cell-types in the heart, this analysis can
also be conducted with isolated cardiomyocytes or fibroblasts derived from the aging heart.

• Proteomic analysis can also be informative in the analysis of aging programming in cardiovas-
cular tissues or isolated cell-types. In addition to a global analysis which attempts to gauge
all the proteins in a particular cell/tissue, increasing attention has focused on investigation of
cellular sub-proteomes including organelle-specific proteomes and even proteomes of specific
aging-mediated post-translational modifications such as protein nitration. Proteomic analysis can
also be effectively combined with transcriptome and metabolomic analysis to provide a more
detailed picture of the overall phenotypic context.

• A variety of types of DNA damage and techniques to detect them have been discovered and
utilized in aging studies. These include the detection of single strand breaks (SSBs), double
strand breaks (DSBS) and a variety of oxidative DNA lesions. Analyses of the frequency of
mutation, microsatellite instability, point mutations, and large DNA rearrangements have shown
age-specific patterns in both animal studies and human subjects that often are tissue-specific.

• MtDNA mutations are particularly prevalent in aging and a host of PCR-related techniques have
proved useful in determining age-mediated changes in mtDNA integrity (e.g., deletions) and over-
all copy number.
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• Factors involved in DNA repair are significantly affected in aging, and in some cases are indirect
manifestations of the presence of DNA damage. Mutations in repair proteins can affect accumu-
lation of DNA damage and aging phenotypes, including the development of premature aging in
humans and in animal models.

• Changes in telomere DNA size and in telomere-associated proteins are found in aging and can
be evaluated by a variety of techniques including Southern blot analysis, hybridization protec-
tion assay, in situ hybridization, primer extension, and PCR-based quantitative assay and single
telomeric length assay (e.g., STELA)

• Stem cells from embryos (e.g., ESC) and adults (e.g., skeletal myoblasts, bone marrow cells,
cardiac stem cells) can be transplanted into defective/dysfunctional heart and can enhance con-
tractility, and repair injured myocardium dependent on the particular cell type. These findings
have been replicated primarily in animal models but a more modest phenotypic effect has been
demonstrated in preliminary clinical studies.

• Many of the details concerning long-range stability, the extent of differentiation to cardiomy-
ocytes and the paracrine-associated effects of cells transplantation have not yet been elucidated.
Stem cells can also serve as platforms to introduce genes in the rescue of cardiac function in
aging.
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Chapter 4
Molecular and Cellular Phenotypes of Cardiovascular
Aging

Overview

Whereas in Chapter 2 we have presented a general overview of the cardiovascular changes associ-
ated with aging, in this chapter we will discuss more specifically the structural changes occurring
in the aging heart, and the underlying mechanisms leading to myocardial dysfunction in both aging
and diseased state. The molecular and subcellular changes underlying cardiac fibrosis and remodel-
ing, including cell loss that are characteristic of the aging processes as well as age-mediated alter-
ations in mitochondrial ETC, ROS production and accumulation, mtDNA damage, dysregulation of
autophagy and cellular degradative mechanisms in lysosomes will be presented. In addition, aging-
related nuclear changes, including altered telomere length and structural integrity, accumulated DNA
damage and genomic instability, and changes in DNA maintenance and repair will be laid out.

Introduction: Morphological Changes in the Aging Heart

With advanced age, the heart and the vasculature undergo subtle but progressive changes resulting
in altered structure and function as depicted in Table 4.1. The endocardium becomes thicker and
more opaque (most prominently in the left atria) and increasingly exhibits endocardial plaques. The
myocardium develops increased thickness, mainly in the left ventricular wall, and the left atrium
exhibits hypertrophy and increased interstitial fibrosis. There is a loss of cardiac myocytes as well
as conduction cells, although remaining myocytes often increase in size. Increases in the levels of
fat, collagen and elastic tissue with increased fibrosis are prevalent throughout the heart including
muscle and conduction system, and are considered to be contributory (along with the cell loss) to
cardiac dysfunction, increased incidence of dysrhythmias and conduction defects.

Amyloid deposition and calcification are also frequently found in the heart of elderly individuals.
In subjects over 80 years of age, detectable levels of atrial amyloid were found in over 80% of the
subjects [1]. Moreover, amyloid restrictive cardiomyopathy is primarily found in elderly patients,
and senile systemic amyloidosis contributes to both infiltrative cardiomyopathy and heart failure
(HF) in individuals over 80 years old [2].

Calcification involving the AV conduction system and valves is seen in most elderly individuals
and may predispose to the common dysrhythmias of old age. Mitral annular calcification, aortic
annular calcification, and aortic valve sclerosis are often present in aging human [3]. There is evi-
dence that aortic valve and coronary artery calcification are neither random nor passive degenerative
processes but rather active highly-regulated processes similar to calcification in bone associated
with the acquisition of cells, either osteoblast-like or chrondoblast phenotypes [4–7]. The mecha-
nism of these phenotypic changes, including the multiple physiological stimuli (e.g., inflammation,
shear, oxidative stress [OS], and hyperphosphatemia), morphogens and signaling factors (e.g., bone
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Table 4.1 Structural and functional changes in the aging heart

Structural changes Functional changes

Increased LV wall thickness Decreased early diastolic filling rate
Increased endocardial plaque Increased late diastolic rate
Thicker and more opaque endocardium Decreased maximum achievable heart rate
Increased left atrial hypertrophy Diminished β-adrenergic contractile response
Increased interstitial fibrosis in myocardium and pericardium Prolonged contraction
Decreased number of myocytes Increased action potential
Increased size of myocytes Reduced acute response to stress
Increased amyloid deposition Increased myocardial stiffness
Increased calcification in the AV and semilunar valves (mainly

mitral and aortic valves), and coronary arteries
Decreased cell number in the sinoatrial and AV nodes

morphogenetic protein-2 [BMP] and BMP4 and Wnt) that promote calcification will be further
examined in Chapter 6 when addressing vascular aging phenotypes.

Age-dependent degenerative changes in the myocyte revealed by ultrastructural analysis include
lipid and lipofuscin deposition, and diminished levels of protein synthesis impacting the replacement
of myocyte contractile proteins. Increased OS is associated with declining function of mitochondrial
bioenergetic capacity and damage to a variety of myocyte macromolecules (e.g., DNA, protein and
lipids). Changes in gene expression programming have been reported with age, which alter the
myocyte responses to hemodynamic and neurohormonal stimuli as well as responses to insults and
stresses.

Numerous studies in rodent models have shown that with aging changes in cardiac structure
occur, including increase in LV mass (secondary to ventricular myocyte enlargement) and prolif-
eration of the matrix (where the myocytes reside), which may be linked to alterations in cardiac
fibroblast number or function. Reduction in the number of cardiac myocytes is related to necrosis
or apoptosis [8]. Many of these changes are thought to be adaptive in response to arterial changes
occurring with aging (described in Chapter 5) [9]. Stimuli that promote cardiac cell enlargement in
aging rodents include an age-associated increase in vascular load (due largely to arterial stiffening)
and stretching of cells caused by the death and loss of neighboring myocytes [10]. Stretching of
cardiac myocytes and fibroblasts also initiates growth-factor-dependent signaling (by angiotensin II
or TGF-β), and, in some cases, apoptosis [11].

Aging in humans is associated with structural and functional changes in cardiac muscle
(Table 4.1), including increased myocyte size and decreased sensitivity to β-adrenergic stimula-
tion [12]. In addition, there is a prolongation of cardiac contraction produced, at least in part, by an
increase in the time course of the diastolic relaxation. A decrease in myocardial sarcoplasmic retic-
ulum (SR) content, in particular in the sarcoplasmic reticulum Ca2+ ATPase (SERCA2), assessed
by immunoblot, has been reported in humans [13] that in part contributes to the prolongation of
contraction by slowing the post-contraction removal of Ca2+. Studies in animal models including
the Wistar and Fischer 344 rat indicate that the excitation-contraction coupling cycle is prolonged
with aging [14, 15]. Except for the prolonged time course, the contraction characteristics, when
normalized for cell length and sarcomere number in isolated unloaded ventricular myocytes con-
tracting over a range of sarcomere lengths, do not change appreciably with age [15]. The decreases
in relaxation capacity seen in these studies is likely to be due to prolonged Ca2+ transient produced
by compromised SR function, due to either reduced SERCA content [16] or decreased SERCA
activity [17, 18]. A pronounced age-associated reduction in transcription of the SERCA2 gene,
coding for the SR Ca2+ pump, accounts in part for a decrease in the SR pump site density [19].
These observations also showed a shift in the myosin heavy chain (MHC) isoform in rats from
α-MHC to the slower β-MHC, which is also expected to contribute to a prolongation of contraction.
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Furthermore, coordinated changes in gene expression and in sarcolemmal ion channel function with
aging result in prolonged action potential (AP), Ca2+ (i) transient, and contraction [20–22]. With
advancing age, there are increases in the number and activity of cardiac L-type Ca2+ channels that
inactivate more slowly, and reduction in outwardly-directed K+ currents, likely contributing to the
AP-prolongation. This is further discussed in Chapter 11.

In this chapter, the cellular and molecular basis of the changes in cardiac structure occurring in
aging will be presented, and in particular the events leading to apoptosis and remodeling, increases
in aging-associated fibrosis and alteration of the extracellular matrix, defects in cardiac bioenergetic
reserves and the generation of OS and its potent effect on molecules (e.g., DNA, proteins and lipids)
of the aging cardiac cell.

Fibrosis

Aging-associated remodeling of the myocardium and pericardium are characterized by the devel-
opment of fibrosis. In addition to the characteristic loss of the cardiomyocytes, which impact both
heart geometry and pump function, aging affects fibroblasts, the heart’s most prevalent cell-type
whose major role is deposition of the extracellular matrix (ECM), of which collagen is the principal
component. Histopathologic analysis of the aging human heart revealed a maladaptive remodeling
of the interstitium, resulting in an increase in interstitial collagen content. Given the critical role of
the ECM in maintaining the heart structural and functional integrity, and contributing to coordinated
mechanical action, excessive collagen deposition or pathological fibrosis is an important factor in
LV dysfunction and an important problem in the aging heart, in hypertension and HF. Significantly,
interstitial fibrosis occurs in the aging heart independently of the clinical pathology and appears to
be a primary correlate to the aging process [23].

The interstitium also plays a critical role in the generation of early diastolic dysfunction. Exces-
sive increases in the volume of collagen and fibrinogen in the myocardium will increase the vis-
coelastic burden to the functioning heart, which can lead to increased diastolic pressure with ensuing
LV diastolic dysfunction. Neurohumoral abnormalities associated with diastolic dysfunction include
activation of the renin-angiotensin-aldosterone system with increased production of myocardial
aldosterone, which plays a major role in the development of myocardial fibrosis [24].

Excessive accumulation of fibrillar collagen type I occurs in the aging heart where collagen fibers
increase in both number and in thickness (as a result of increased intermolecular cross-linking of
collagen which also increases with age) [25]. The mechanism responsible for elevated myocardial
fibrosis and collagen deposition in the senescent myocardium is presently unknown, although it
appear to involve a combination of responses to cardiomyocyte loss (replacement fibrosis) and an
interstitial response to a variety of stimuli (reactive fibrosis), including some elicited by chronic
cardiovascular diseases.

Activation of cardiac fibroblasts can be regulated by diverse autocrine and paracrine factors,
such as angiotensin II, aldosterone, endothelins, cytokines, and growth factors [26]. The regulation
of collagen biosynthesis can occur at pre-translational levels with regulatory elements involved in
this process, including growth factors such as TGF-β, hormones and neurotransmitters [25]. Aging-
dependent modulation of gene expression in cardiac fibroblasts is also likely to be modified by the
activity of the cAMP-dependent signaling pathway, including the cAMP response element binding
protein (CREB) [27].

In addition to collagen synthesis, other constituents of the ECM have recently been evalu-
ated in aging mice [28]. Levels of specific matrix metalloproteinases (MMPs), including MMP-3,
MMP-8, MMP-9, MMP-12, and MMP-14 were increased in aging, while specific tissue inhibitor of
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metalloproteinase (TIMPs) including TIMP-3 and TIMP-4 decreased in the insoluble fraction of old
mice, suggesting increased ECM degradative capacity with age.

A deficiency in murine TIMP-3 may be sufficient to cause progressive maladaptive cardiac
remodeling and dysfunction, similar to human HF. In a study examining TIMP-3 deficiency in
aging, mice containing TIMP-3 deficiency developed a phenotype of spontaneous LV dilatation,
cardiomyocyte hypertrophy, and contractile dysfunction at 21 months of age, similar to human
dilated cardiomyopathy (DCM) not present in age-matched wild-type controls [29]. TIMP-3 absence
also resulted in interstitial matrix disruption with elevated MMP-9 activity, and activation of tumor
necrosis factor-α (TNF-α), a hallmark of human myocardial remodeling. The authors concluded
that TIMP-3 deficiency appears to disrupt matrix homeostasis and the balance of inflammatory
mediators, eliciting the transition to cardiac dilation and dysfunction. It is possible that therapeu-
tic restoration of myocardial TIMP-3 may limit or reverse the cardiac remodeling and progressive
failure that often develop in aging patients with DCM.

Another regulatory aspect of ECM that may be targeted in aging is the ECM binding to
membrane-bound receptors, or integrins, which normally links ECM directly to cardiac muscle
and fibroblast cells, allowing modulation of heart function. Advancing age was associated with not
only greater levels of collagen and fibronectin protein in the left ventricle but also with marked
increases of α1 and α5 integrin protein content coincident with lower levels of β1 integrin content
in senescent mice (compared to young or middle-aged animals) suggesting that these matrix proteins
are coordinately regulated in the aging heart [30]. The differential modulation of integrin expression
and ECM protein content also suggests a role for regulatory signaling to fibroblasts in maintaining
cardiac ECM.

In addition to its effects on both myocardial stiffness and diastolic function, interstitial fibrosis
reduces cardiomyocyte electrical coupling. Fibroblasts produce collagenous septa, which electrically
insulate cardiac cells or muscle bundles thereby disrupting the normal myocardial substrate with
multiple insulating barriers impeding the uniform spread of the depolarization wave [31]. Poor elec-
trical coupling between cardiac myocytes and fibroblasts associated with slower impulse conduction
has been demonstrated in vitro with cultured cells [32], and there has been considerable debate about
its occurrence in vivo [33].

Furthermore, several studies using a variety of models have demonstrated that myocardial fibrosis
can play an important role in the development of a substrate for reentrant dysrhythmias. Li et al.
have found that atrial fibrosis was associated with an increase in heterogeneity of conduction and
stability of atrial fibrillation (AF) in the canine model of pacing-induced congestive HF [34]. In
addition, in atria of older dogs, progressive fibrosis with aging was correlated with an increased
vulnerability to AF [35]. Similarly, heterogeneous atrial interstitial fibrosis (as well as increased
atrial cell hypertrophy) were coincident with the aging-related increase in atrial conduction slowing,
conduction block, and inducible AF in the 24 month old Fischer 344 rat [36].

Apoptosis (Programmed Cell Death), Necrosis and Myocardial Remodeling

The cardiac remodeling described in aging has been increasingly associated with extensive cell
loss primarily attributed to the activity of two cell death processes, necrosis and apoptosis. Olivetti
et al. [37] have estimated that nearly one-third of the cardiomyocytes are lost from the human
heart between the ages of 17 and 90, a phenomenon that is strikingly more evident in males than
females [38, 39].

Apoptosis can be initiated by several diverse pathways that possess overlapping or convergent
elements. In one pathway, apoptosis represents the execution of an ATP-dependent death program
primarily initiated by extracellular death ligand/death receptor interactions, such as Fas ligand with
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Fas, which leads to a cysteine protease (caspase) activation cascade. Alternatively, in response to
several proapoptotic signals, mitochondria release caspase-activating factors, that initiate an esca-
lating caspase cascade and commit the cell to die. These proteases selectively cleave vital cellular
substrates, which results in the onset of a characteristic apoptotic morphology including shrinkage of
the cell, its fragmentation into membrane-bound apoptotic bodies and relatively rapid phagocytosis
by neighboring cells as well as internucleosomal fragmentation of nuclear DNA by selectively acti-
vated DNAses [40]. The DNA fragmentation of apoptotic cells constitutes the basis of the apoptotic
detection assay termed TUNEL (transferase-mediated dUTP nick end labeling). This assay while
employed in a large number of studies has been more recently viewed as a limited apoptotic indi-
cator since without rigorous handling procedures false-positives can arise from a variety of tissue
fixation artifacts. In addition, both DNA repair and RNA synthesis/splicing events in living cells
can contribute to a positive-TUNEL reaction in myocytes leading to the potential over-estimation
of the incidence of apoptosis [41, 42]. The development of more specific assays of apoptosis based
on analysis of DNA fragmentation (i.e., the DNA laddering technique) and the demonstration of
caspase activation (e.g., the immunohistochemical detection of the activated form of caspase 3 using
selective antibodies) have proved to be useful and reliable independent apoptotic markers, or at least
complementary to TUNEL findings [43, 44]. In addition, gathered observations have exploited the
finding that phosphatidylserine, normally found only on the inner leaflet of the cell membrane double
layer, is actively transported to the outer layer as an early event in apoptosis and becomes available
for annexin binding; hence, the externalization of phosphatidylserine (gauged using labeled annexin
V) has been used to identify apoptotic cells [45]. It is noteworthy that appraisal of the extent of
myocardial apoptosis is also limited by its relative short duration and the removal of most apoptotic
cells by phagocytosis, rendering a single-point determination of apoptosis less informative. Cell
death by autophagy (which often involves apoptotic pathways) will be discussed in a later section of
this chapter.

Cell death by necrosis is typically the consequence of acute metabolic perturbations resulting in
extensive ATP depletion, such as occurs in myocardial ischemia/reperfusion and acute drug-induced
toxicity. Necrosis is a rapid and irreversible process that occurs when cells are severely damaged.
Characteristic features include swelling of the cell and its organelles, extensive disruption of mito-
chondria, plasma membrane blebbing and rupture, and cell lysis [46]. Unlike apoptosis which as
we shall shortly see is a highly-regulated and energy-dependent process, necrosis is passive and
unregulated [47]. Also, in contrast to apoptosis, disruption of the plasma membrane in necrosis leads
to the release of cellular content into the extracellular space (e.g., release of creatine kinase from
necrotic myocardial cells) which further promotes inflammatory reactions and subsequent damage
or death to neighboring cells. Plasma-membrane disruption underlies the basis of various necrosis
detection assays involving the use of exclusion dyes or the deployment of large myosin-antibody
both to detect and quantify necrosis. Many of the morphological differences between apoptotic and
necrotic processes may result from the action of the caspases. Nevertheless, there is a rather fine
line between apoptosis and necrosis which also complicates their discrimination. Honda et al have
demonstrated that in the absence of phagocytic cells (to remove damaged apoptotic cells), disruption
of the plasma membrane of the apoptotic cell can occur leading to secondary necrosis [45]. Recent
observations have also demonstrated that the early phase of apoptosis and of some types of necrosis
may involve common signaling events. For instance, a common event leading to both apoptosis
and necrosis is mitochondrial permeabilization and dysfunction (i.e., both involve opening of the
mitochondrial permeability transition [PT] pore), although the mechanistic basis of mitochondrial
injury appears to vary in different settings [48]. Evidence has been presented that ATP levels are
key factors determining which type of cell death will proceed [49–51]. If ATP levels fall profoundly,
plasma membrane permeabilization and cell rupture ensue leading to necrosis. If ATP levels are par-
tially maintained, apoptosis (which requires ATP for its progression) follows the opening of the PT
pore. In neonatal rat cardiomyocytes subjected to hypoxia in conditions of glucose deprivation, ATP
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levels dropped precipitously and cell death occurred exclusively by necrosis [52]. However, when
hypoxic cardiomyocytes were supplemented with increasing glucose concentrations, cellular ATP
levels increased correspondingly, and apoptosis progressively replaced necrosis until it became the
sole form of cell death, as determined by nuclear morphology, and caspase-3 activation. Hence ATP
supplied by glycolysis is a critical determinant of the form of cell death in hypoxic cardiomyocytes.

Given the rather large number of caveats concerning the appraisal of apoptosis and its discrim-
ination from other types of cell death, it is not entirely surprising that the actual burden of chronic
cell loss attributable to apoptosis in aging (or in HF) remains unclear at this time despite the critical
importance and potential relevance of myocardial cell death to cardiac function in aging. Measures
of actual rates of myocardial apoptosis have been highly variable and dependent on species inves-
tigated, type of injury, timing, location, and method of assessment. Moreover, few studies have
actually simultaneously gauged both forms of cell death in the aging and failing heart. In 24 month
old Fischer 344 rats, cell loss due to cardiomyocyte necrosis occurred in both the LV free wall and
the right ventricle and was over 10-fold greater than the cell loss due to myocyte apoptosis which
was restricted to the LV [53]. Studies with catecholamine-induced cardiomyocyte death and HF have
demonstrated a 4–10 fold increase in necrosis compared to myocyte apoptosis [54]. Understanding
the mechanism of cell death may reveal important information about how the cell attrition rate might
be attenuated or reversed in aging by attacking specific targets within these pathways.

When viewed in absolute terms, the rate of myocyte apoptosis at any given time is rather low,
rarely exceeding 1% of examined cells, however, when viewed in the context of time, it is entirely
plausible that the accumulative apoptotic burden could in fact be significant. Unfortunately, the
timing of the apoptotic process is not well defined and the assessment of the true rates and their
cumulative consequences remain speculative.

In general, apoptosis is mediated by two highly-regulated, evolutionarily conserved death path-
ways: The extrinsic pathway, which utilizes a number of cell surface death receptors; and the intrin-
sic pathway, which involve the mitochondria and the ER, both of which are depicted in Fig. 4.1. In
the extrinsic pathway, death ligands (e.g., FasL, TNF-α) initiate apoptosis by binding to their cognate
receptors (Fas and TNF receptor [TNFR] respectively) [55]. This binding stimulates the recruitment
of the adaptor protein Fas-associated via death domain (FADD), which then recruits procaspase-8
into the death-inducing signaling complex (DISC) [56]. Procaspase-8 is activated by dimerization
within this complex and subsequently cleaves and activates procaspase-3 and other downstream
procaspases [57]. While both Fas ligand and its receptor have been reported to increase in experi-
mental models of myocardial infarction (MI), ischemia and hypoxia [58, 59] and in patients with
congestive HF [60], appraisal of their levels has not been reported in conjunction with myocardial
aging. Observations showing increased levels of TNF-α and its receptor in patients in HF [61], and
also that TNF-α treatment can induce apoptosis in cardiomyocytes in vitro [62], have been tempered
by reports showing that TNF-α under some conditions can promote antiapoptotic pathways [63], and
can even provide cardioprotection against myocardial ischemia [64]. As with Fas, levels of TNF-α
and its receptor have not been ascertained in the aging heart.

The intrinsic pathway has been demonstrated to transduce a wide variety of extracellular and
intracellular stimuli, including loss of survival/trophic factors, toxins, radiation, hypoxia, OS,
myocardial ischemia/reperfusion (I/R) injury and DNA damage. A dynamic and complex interaction
of numerous prosurvival and prodeath signals regulating apoptosis is largely mediated by the Bcl-2
family of proteins, which may be antiapoptotic (Bcl-2, Bcl-xL) or proapoptotic (Bax, Bid), and
which exert their effects primarily at the level of mitochondria and the ER [65]. The proapoptotic
proteins, including the Bcl-2 related proteins that possess only Bcl-2 homology domain 3 (BH3-only
proteins) and the proapoptotic multidomain Bcl-2 proteins Bax and Bak undergo activation through
diverse mechanisms to trigger the release of mitochondrial apoptogenic proteins, such as cytochrome
c, Smac, EndoG and AIF into the cytoplasm [66–69]. Once in the cytoplasm, cytochrome c binds
Apaf-1 along with dATP. This stimulates Apaf-1 to homo-oligomerize and recruit procaspase-9 into
the multiprotein complex called the apoptosome [70–73]. Within the apoptosome, procaspase-9 is
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Fig. 4.1 The intrinsic and extrinsic pathways of apoptosis
An array of extracellular and intracellular signals trigger the intrinsic apoptotic pathway regulated by proapoptotic
proteins (e.g., Bax, Bid and Bak) binding to outer mitochondrial membrane leading to mitochondrial outer-membrane
permeabilization and PT pore opening. Elevated levels of mitochondrial Ca2+ as well as ETC-generated ROS also
promote PT pore opening. This is followed by the release of cytochrome c (Cytc), Smac, endonuclease G (Endo G),
and apoptosis-inducing factor (AIF) from the mitochondrial intermembrane space to the cytosol, and apoptosome for-
mation (with Cytc) leading to caspase 9 activation, DNA fragmentation (with nuclear translocation of AIF and EndoG)
and inhibition of IAP (by Smac) further stimulating activation of caspases-9 and Bax and Bid mediate mitochondrial
membrane permeabilization, and antiapoptogenic proteins (e.g., Bcl-2) prevent apoptogen release. Also depicted are
major proteins comprising the PT pore including hexokinase (Hx), adenine nucleotide translocator (ANT), creatine
kinase (CK), cyclophilin-D (CyP-D), and porin (VDAC). The extrinsic pathway is initiated by ligand binding to
death receptors leading to recruitment of FADD and DISC which stimulates the activation of caspase-8 resulting in
caspase-3 activation and Bid cleavage (a C-terminal fragment of Bid targets mitochondria). FLIP and ARC can stem
this pathway’s progression at specific points. Intracellular stimuli trigger ER release of Ca2+ through both Bax and
BH3-protein interactions. Also shown is the survival pathway triggered by survival stimuli, mediated by growth factor
receptors, transcription factor activation (e.g., NF-κB) and enhanced expression of IAPs and Bcl-2.

activated by dimerization, after which it cleaves and activates downstream procaspases. Bid, a BH3-
only protein, unites the extrinsic and intrinsic pathways; following cleavage by caspase-8, the Bid’s
C-terminal portion translocates to the mitochondria and triggers further apoptogen release [74, 75].

Given the high density of mitochondria in the functioning cardiomyocyte, it has been proposed
that to prevent accidental apoptosis resulting from the leakage of proapoptotic factors into the
cytosol, mitochondrial-dependent stimulation of apoptosis may be down-regulated in the cardiomy-
ocyte, possibly by increased levels of endogenous inhibitors or by a lack of an essential component of
the apoptotic pathway [47]. Indeed, both the extrinsic and intrinsic pathways are regulated by a vari-
ety of endogenous inhibitors of apoptosis. For instance, FLICE-like (Fas-associated death domain
protein-like-interleukin-1 – converting enzyme – like) inhibitory protein (FLIP), whose expression
is highly enriched in striated muscle, binds to and inhibits procaspase-8 in the DISC [76]. Imanishi
et al demonstrated that FLIP RNA and protein are abundantly expressed in cardiomyocytes, and
that FLIP protein was downregulated in TUNEL-positive cardiomyocytes [77]. Moreover, the same
study noted that FLIP-positive cardiomyocytes in failing human hearts rarely showed evidence of
apoptosis, indicating that this regulatory mechanism is likely operative in the heart.
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Antiapoptotic proteins, such as Bcl-2 and Bcl-xL, inhibit mitochondrial apoptogen release
through biochemical mechanisms that are still incompletely understood. The X-linked inhibitor of
apoptosis (XIAP) and related proteins that contain baculovirus inhibitor of apoptosis repeats bind to
and inhibit already activated caspases-9, −3, and −7, and interfere with procaspase-9 dimerization
and activation [78, 79]. In explanted terminally human failing hearts, significant accumulation of
cytosolic cytochrome c was associated with activation of caspase-9 and downregulation of FLIP
inhibitory protein and the XIAP caspase inhibitor, implicating modulation of the regulatory inhibi-
tion of both intrinsic and extrinsic apoptotic pathways in the failing heart [80].

Findings with the apoptosis repressor with a caspase recruitment domain (CARD [ARC]), which
is expressed preferentially in striated and cardiac muscle and in some neurons, have shown that
this single inhibitor has the capacity to antagonize both the intrinsic and extrinsic apoptosis path-
ways [81]. The extrinsic pathway is inhibited by ARC’s direct interactions with Fas, FADD, and
procaspase-8, which prevent DISC assembly, while the intrinsic pathway is inhibited by ARC’s
direct binding and inhibition of Bax’s interaction with the mitochondrial membrane [81, 82]. Fur-
thermore, ARC inhibits cytochrome c release from mitochondria and protects against hypoxia-
induced apoptosis, suggesting that ARC may be a key regulator of apoptosis in the heart [83]. The
role of these endogenous inhibitors of apoptosis in cardiac aging remains to be determined.

Recently, the endoplasmic reticulum (ER) has been recognized as an important organelle in the
intrinsic apoptosis pathway. In addition to its role in mediating cellular responses to traditional ER
stresses, such as misfolded proteins, this organelle appears to be critical in mediating cell death
elicited by a subset of stimuli originating outside of the ER, such as OS [84]. Similar to their roles
in transducing upstream signals to the mitochondria, BH3-only proteins appear to relay upstream
death signals to the ER [85]. Gathered observations have suggested a contributory role of the ER
stress response pathway(s) in cardiac myocyte apoptosis [65].

During aging, mitochondrial dysfunction and ROS generation may promote increased apoptosis
leading to myocyte cell loss. There is accumulated evidence that mitochondrial OS and declining
mitochondrial bioenergetic production can lead to apoptotic pathway activation in vitro; whether
this also occurs in the in vivo aging heart is presently unknown. Experimental data have shown that
the activation of the intrinsic pathway of cardiomyocyte apoptosis occurs in the aging heart with the
release of cytochrome c from heart mitochondria of senescent rats, decreased levels of Bcl-2 and
unchanged Bax levels [86, 87]. Furthermore, myocytes derived from the heart of old mice displayed
markedly increased levels of markers of cell death and senescence as compared to myocytes from
younger animals [88].

As suggested by a number of experimental models, mitochondria-related apoptosis is likely
contributory to the mechanisms of aging. In recent transgenic studies in which mice expressing a
proofreading-deficient version of the mitochondrial DNA polymerase γ (POLG) accumulate mtDNA
mutations and display features of accelerated aging, the accumulation of mtDNA mutations was
found to be correlated with the induction of apoptotic markers [89]. In other studies, mice contain-
ing an IGF-1 transgene exhibited attenuated levels of senescence-associated gene products (e.g.,
p27Kip1, p53, p16INK4a, and p19ARF), Akt phosphorylation in myocytes and compared to wild-
type mice exhibited decreased levels of myocyte DNA damage and cell death [88]. These studies
have provided important information which may allow, in the near future, the therapeutic targeting
of cardiomyocyte apoptosis in the aging heart.

Mitochondria, ETC and ROS

Under normal physiological conditions, the primary source of ROS is the mitochondrial electron
transport chain (ETC), where O2 can be activated to form superoxide radicals by a nonenzymatic
process. The production of ROS is primarily a by-product of normal metabolism and occurs from



Mitochondria, ETC and ROS 111

electrons produced (or leaked) from the ETC primarily at complexes I and III. There is evidence
that semiquinones generated within complexes I and III are the most likely donors of electrons
to molecular oxygen, providing a constant source of superoxide; however, a supportive role for
complex II in ROS production has also been suggested [90–92]. Mitochondrial ROS generation can
be amplified in cells with abnormal respiratory chain function as well as under both physiological
and pathological conditions, where oxygen consumption is increased. In addition to mitochondria,
other cellular sources for the generation of superoxide radicals include the reactions of O2 with
microsomal cytochrome p450 and with reduced flavins (e.g., NADPH), usually in the presence of
metal ions.

The production of ROS and OS is a function of both the inefficiency of electron transfer through
the mitochondria respiratory chain and the overall level of antioxidant defenses in the cell [93].
Because ROS are the result of normal metabolic processes, the more active tissues, such as the
heart, suffer the most damage. In addition, the mitochondrial bioenergetic dysfunction occurring
with aging will further increase ROS accumulation. Among its many targets, ROS can reduce the
inner-membrane fluidity by attacking polyunsaturated fatty acids (forming reactive lipid peroxides)
and the anionic phospholipid cardiolipin, an important inner membrane constituent which can sub-
stantially affect protein transport and ETC function, in particular respiratory complex IV activity.
Cardiolipin (which is only found in mitochondrial membranes) is particularly vulnerable to attack
by oxidative damage due to the high degree of unsaturation in its fatty acids.

There is evidence of ROS-mediated oxidative damage to lipids and proteins in the aging heart,
and both myocardial mtDNA and nuclear DNA damage will result in further accumulation of oxida-
tive species. In addition, the highly reactive peroxynitrite, formed from the reaction of superoxide
with nitric oxide (NO), irreversibly impairs mitochondrial respiration [94] since it inhibits complex
I activity, largely by tyrosine nitration of several targeted subunits [95, 96], modifies cytochrome
c structure and function [97], affects cytochrome c oxidase activity, inhibits mitochondrial aconi-
tase [98], and causes induction of the PT pore [99]. Cardiomyocytes from aged hearts are highly
susceptible to PT pore opening [100]. Some of the effects of peroxynitrite on its mitochondrial
targets (e.g., the PT pore) are potentiated by increased Ca2+ levels [101]. The effects of peroxynitrite
on mitochondria can be clearly distinguished from the effects of NO, which often are reversible [94].

In the aging heart, neutralization of ROS by mitochondrial antioxidants such as superoxide
dismutase (SOD2 or MnSOD), glutathione peroxidase (GPx) and glutathione as well as cytosolic
ROS-scavenging enzymes (e.g., catalase and CuSOD) becomes of critical significance (Fig. 4.2).
Moreover, in the aging heart, a marked decline in mitochondrial ascorbate levels and reduced
glutathione (GSH) is found in interfibrillar (but not sarcolemmal) mitochondria, and the levels of
myocardial GPx and glutathione reductase [102], as well as MnSOD are increased [103]. The basis
of the selective increases of antioxidant activities in specific mitochondrial subpopulations in aging
has not yet been determined but may reflect an adaptive mechanism to cope with the increased ROS
generation.

The uncoupling of mitochondrial respiration from oxidative phosphorylation (OXPHOS) ATP
production—mediated by treatment with either artificial uncouplers such as 2,4-dinitrophenol
(e.g., DNP) or natural uncouplers (e.g., laurate), fatty acids, and mitochondrial uncoupling (UCP)
proteins—strongly inhibits superoxide and H2O2 formation in mitochondria [104, 105]. ROS pro-
duction is favored when the mitochondrial membrane potential is above a specific threshold. Under
conditions where the mitochondrial membrane potential is at its peak (e.g., state 4 respiration), ROS
production is augmented. Significantly, increased mitochondrial membrane potential slows electron
transport through the respiratory chain, resulting in increased half-life of the ubiquinone free radical
and increasing the likelihood that electrons will interact with O2 to form ROS [106]. Uncouplers
prevent the transmembrane electrochemical H+ potential difference (Δψμ) from being above a
threshold critical for ROS formation by respiratory complexes I and III. The status of UCP proteins
which may promote protection against the accumulation of ROS in the aging heart has been recently
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Fig. 4.2 ROS generation, antioxidant response and signaling
Mitochondrial bioenergetic activity generates reactive oxygen species (ROS) including superoxide, hydroxyl rad-
icals and hydrogen peroxide (H2O2). Sites of mitochondrial superoxide O−.

2 radical (via respiratory complexes I,
II, and III) and cytosolic O−.

2 generation (by NADPH oxidase or xanthine oxidase) are depicted. Also shown are
reactions of the O•−

2 radical with NO to form the highly reactive peroxynitrite, which can target PT pore opening
and the inactivation of mitochondrial aconitase by O−.

2 . MnSOD (in mitochondria) and CuSOD (in cytosol) to form
H2O2 are also displayed. The H2O2 is then either further neutralized in the mitochondria by glutathione peroxidase
(GPx) and glutathione, in the peroxisome by catalase, or in the presence of Fe++ via the Fenton reaction, which
forms the highly reactive OH− radical, which can cause severe lipid peroxidation and extensive oxidative damage
to proteins and mtDNA. Superoxide radicals produced in mitochondria can be delivered to the cytosol through
anion channels and may impact sites far from their generation, including activation of nuclear transcription factor
NF-κB.

addressed [107]. Intriguingly, levels of UCP3 transcript were upregulated in the hearts of mice with
increased longevity due to caloric restriction [108].

Studies from several laboratories have suggested that cardiac aging (not unlike HF) is accompa-
nied by changes in bioenergetic substrate utilization and overall capacity. Data from several animal
models of aging as well as human subjects have demonstrated significant alterations in the myocar-
dial TCA cycle, ETC and OXPHOS [109–111]. However, these observations have generated
increasing controversy among investigators with some finding that the aging heart has either a mod-
est, nonsignificant reduction or no overt effect on either ETC or OXPHOS function [112–116]
while others found significant alterations in ETC, in which single respiratory complexes were more
affected than others, i.e., complex I [117, 118], complex IV [119, 120] or complex V [121, 122]
Recently, in our laboratory we have found a modest decrease in complex I and IV activities, and a
more severe decline in complex V activity in the hearts of 30-month Fischer 344 rats. A potential
reason underlying these discordant findings is that heart muscle mitochondria are composed of two
distinct subpopulations: one beneath the sarcolemma (subsarcolemmal mitochondria [SSM]), and
another along the myofilaments (interfibrillar mitochondria [IFM]). A preferential loss of IFM
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function with age has been reported, including a significant reduction of complex III [123, 124]
and complex IV [125] activities; hence the variability may arise from the existence of disparate
mitochondrial subpopulations with different susceptibilities to damage.

Autophagy and Cardiac Aging

The continuous renewal of cellular components requires the removal of worn-out and damaged
macromolecules and defective organelles (e.g., mitochondria) for recycling and replacement
with newly synthesized ones. Several complementary degradation systems are employed in
the turnover of cellular components. Proteins are digested by a variety of proteases including
calcium-dependent neutral proteases (calpains), multicatalytic proteinase complexes (proteasomes)
with some organelles such as mitochondria possessing their own proteolytic systems including
matrix-associated Lon protease and the membrane-bound AAA proteases. More long-lived pro-
teins, other macromolecules, cell membranes and entire organelles are turned over by a highly
conserved process involving intralysosomal degradation termed autophagy [126]. Interestingly,
in the senescent heart while autophagy targets defective mitochondria, the myofibril proteins are
targeted by non-lysosomal proteases such as calpain [127].

A number of steps are involved in autophagy including: (1) formation of a double -membrane
enclosed vacuole (autophagosome) within the cell; (2) sequestering of the material to be degraded
into an autophagosome; (3) fusion of the autophagosome with a lysosome or a late endosome
and (4) the enzymatic degradation of the sequestered materials by a large spectrum of lysosomal
enzymes (acid hydrolases) [126]. Variations on this theme include the lysosomal incorporation of
cytoplasmic components without a preliminary sequestration through invaginations of the mem-
brane (microautophagy as compared to macroautophagy), and a process termed chaperone-mediated
autophagy in which particular cytosolic proteins are selectively transported to lysosomes by molec-
ular chaperones, including several HSP proteins [128, 129]. Many signaling pathway components,
including target of rapamycin (TOR) or mammalian target of rapamycin (mTOR), phosphatidyli-
nositol 3-kinase PI3K, PKB/Akt, GTPases, calcium and protein synthesis have contributory roles in
regulating autophagy. A number of proteins involved in autophagosome formation and function orig-
inally described in yeast have been identified (Atg proteins) and orthologs and their corresponding
genes (ATG genes) in worms, fruit-flies and mammals have been subsequently reported [130]. Two
Atg proteins (Atg 12 and Atg8) involved in autophagosome formation have also been found to be
ubiquitin-like proteins indicating that ubiquitin tagging may be involved in autophagic degradation
in addition to its well-documented role targeting proteins for degradation by the proteasome [131]. In
yeast, a mitochondrial outer membrane protein Uth1p has been found to be essential for autophagy
of these organelles [132]. This finding has prompted the suggestion that autophagy of mitochondria,
peroxisomes, and possibly other organelles may be selective rather than random. It will be of great
interest to find out if this selective mechanism increases with aging and whether it may play a role
in retarding the accumulation of somatic mutations in mtDNA with aging by selective degradation
of mitochondria containing high levels of these mutant alleles [133].

Autophagy occurs in many types of cells during development, including in cardiomyocytes, as an
adaptive response to cell stresses including OS, radiation, toxins, starvation, and for survival when
either extracellular or intracellular nutrients are limited. Moreover, intralysosomal degradation of
cells plays an essential role in the renewal of cardiac myocytes in cardiac diseases associated with
aging such as ischemic heart disease [134]. In a porcine model of chronically instrumented pigs
subjected to repetitive myocardial ischemia, levels of autophagic proteins including cathepsin B,
heat shock cognate protein HSP 73 (a key protein marker for chaperone-mediated autophagy), beclin
1 (a mammalian autophagy gene), and the processed form of microtubule-associated protein 1 light
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chain 3 (a marker for autophagosomes), were increased, as was the accumulation of autophagic vac-
uoles in myocytes as detected by electron microscopy [135]. In a hamster model of cardiomyopathy,
myocardial autophagy-related proteins i.e., ubiquitin, cathepsin D and Rab7-were upregulated and
autophagy-dependent degeneration was found to be an important contributor to the loss of cardiomy-
ocyte function in the cardiomyopathic hamster [136]. These studies also suggested a link between
autophagic degeneration and elevated levels of cardiomyocyte death. Treatment with granulocyte
colony-stimulating factor (G-CSF) significantly improved survival, cardiac function and remodeling
in these animals, and such beneficial effects were accompanied by a reduction in autophagy, an
increase in cardiomyocyte size, and a reduction in myocardial fibrosis.

An interaction between deficient mitochondria and lysosomes has recently received attention
as a potentially critical element of aging, since both organelles appear to suffer significant age-
related alterations in post-mitotic cells. In a number of aging cell-types, an increasing number of
senescent mitochondria undergo both enlargement and gradual structural alterations including loss
of cristae and swelling associated with decreased capacity to produce energy. In addition, aging
markedly increases the amount of oxidatively damaged cytosolic proteins and resulted in a surfeit
of increasingly undigestable (due to cross-linking) macromolecules which comprise the lysoso-
mal substrate including the aging-related deposition of the undegradable pigment lipofuscin, most
of which is refractory to removal by exocytosis [137]. Moreover, lysosomal degradative function
including the activities of both the proteasomal system and the lysosomal proteases has been shown
to markedly decrease in post-mitotic human fibroblasts cultured under hyperoxic conditions to facil-
itate age-related oxidative senescence [138]. Lysosomes from 22-month-old rats show lower rates
of chaperone-mediated autophagy, and both substrate binding (due to lower levels of specific recep-
tors) to the lysosomal membrane and transport into lysosomes decline with age [129]. Therefore
given that lysosomes responsible for mitochondrial turnover experience a loss of function, it is not
surprising that the rate of total mitochondrial protein turnover declines with age [139].

Several mechanisms may potentially contribute to the age-related accumulation of damaged mito-
chondria following initial oxidative injury, including the clonal expansion of defective mitochondria,
a reduction in the number of mitochondria targeted for autophagocytosis, suppressed autophagy
because of the increased load of undegradable and irreversibly oxidized substrate, and decreased effi-
ciency of specific proteases [140]. Abnormal autophagic degradation of damaged macromolecules
and organelles, termed biological “garbage”, is also considered an important contributor to aging and
the death of post-mitotic cells, including cardiomyocytes. Evidence that enlarged mitochondria can
interfere with autophagocytosis was demonstrated in studies in which cultured neonatal rat cardiac
myocytes were treated with 3-methyladenine (3-MA) to inhibit autophagocytosis. A dramatic accu-
mulation of small mitochondria was found in these 3-MA treated myocytes whereas the number of
large organelles increased only slightly suggesting that the majority of normally autophagocytosed
mitochondria are small, while larger mitochondria are less efficiently autophagocytosed. However,
the mechanism of how mitochondria are selected for autophagocytosis remains to be determined. In
a recent study of cultured neonatal rat cardiac myocytes, Terman et al found that the content of the
intralysosomal undegradable pigment lipofuscin, which varied drastically between cells, positively
correlated with mitochondrial damage (evaluated by decreased membrane potential), as well as with
ROS production [141, 142]. These data suggest that both lipofuscin accumulation and mitochondrial
damage have common underlying mechanisms, including imperfect autophagy with limited lyso-
somal degradation of oxidatively damaged mitochondria and other organelles. Lipofuscin-loaded
lysosomes in aging cells have been proposed to act as sinks for newly synthesized enzymes which
diminishes the ability to degrade and clear out oxidatively damaged materials, organelles and cellular
debris leaving them to accumulate increasing damage as well as limiting the needed recycling of
mitochondrial components [140]. This view has been borne out by experiments showing that lipo-
fuscin loading of human fibroblasts does decrease their autophagocytotic capacity [143]. However,
further confirmation of the hypothesis concerning the mitochondrial-lysosomal axis of diminished
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autophagy and mitochondrial recycling in aging will require these experiments to be conducted in
aging post-mitotic tissues and cells.

A further consequence of aging-induced accumulation of oxidized substrates is lysosomal rup-
ture. Due to autophagy and degradation of iron containing proteins (such as iron-containing metallo-
proteins, including cytochromes and ferritin), lysosomes contain a pool of redox-active iron, which
makes these organelles particularly susceptible to oxidative damage; chelation of the intralysosomal
pool of redox-active iron prevents these effects. In addition, lipofuscin-loaded cells appear highly
sensitive to oxidant-induced damage as a result of their enlarged lysosomal compartment and the
presence of iron bound to lipofuscin [144]. OS above a certain limit causes lysosomal rupture
due to intralysosomal iron-catalyzed peroxidative reactions [145]. Moderate release of hydrolytic
lysosomal enzymes to the cytosol can promote apoptosis in a variety of ways; after the initiating
lysosomal rupture, cytochrome c is released from mitochondria and caspases are activated. Subse-
quently, mitochondrial damage follows the release of lysosomal hydrolases, which may act either
directly or indirectly, through activation of phospholipases or proapoptotic proteins such as Bid.
A more pronounced release of lysosomal enzymes results in necrotic cell death [146]. This inter-
related mitochondrial and lysosomal damage eventually results in functional failure and death of
cells, including cardiac myocytes. Hence, while under some conditions (e.g., ischemia), autophagy
may provide cardioprotection and stress resistance to chronic ischemic insult [147], autophagy can
also lead to cell death. In fact, autophagy-associated cell death has increasingly been reported as a
third major type of cell death (although with considerable overlap with the apoptotic and necrotic
pathways). While autophagic cell death has been recently documented in myocardial cells from
hypertrophied, failing, and hibernating myocardium, its role in the aging heart remains to be deter-
mined and quantitated [148].

Post-translational Changes Associated with Aging

The interaction and subsequent modification of specific peptides and proteins with nitric oxide and
its metabolites (including the reactive nitrosative species, peroxynitrite) has been shown to be ele-
vated in aging, consistent with elevations of age-dependent OS and accumulation of free radical-
dependent damage of proteins. One such common aging-mediated modification is the conversion
of tyrosine to 3-nitrotyrosine (3-NT); nitration of tyrosine can compromise the functional and/or
structural integrity of target proteins. The differential accumulation of nitrated proteins at a faster
rate in older tissues may indicate either a higher yield of nitrating species in the old or a reduced rate
of protein turnover (or both).

An age-related increase in 3-nitrotyrosine in targeted cardiac proteins, was recently reported in
the 26 month old Fischer rat [149]. Among the targeted proteins identified by reaction with an
anti-nitrotyrosine antibody were pivotal enzymes responsible for energy production and metabolism
including cytosolic proteins of glycolysis (i.e., α-enolase, α-aldolase, GAPDH), and mitochon-
drial proteins involved in electron transport, TCA cycle, fatty acid β-oxidation and OXPHOS
(i.e., 3-ketoacyl-CoA thiolase, acetyl-CoA acetyltransferase, malate dehydrogenase, creatine kinase,
electron-transfer flavoprotein, F1-ATPase and the voltage-dependent anion channel/porin), as well
as proteins involved in myocyte structural integrity (i.e., desmin). This study also reported nitration
at Y105 of the electron-transfer flavoprotein using MS/MS analysis and revealed that many highly
abundant cardiac proteins exhibit no aging-mediated nitration, suggesting a specificity of targeting.

It is well-established that polyunsaturated fatty acids of membrane lipids are highly susceptible
to peroxidation by oxygen radicals, giving rise to various aldehydes, alkenals, and hydroxyalkenals
such as malonaldehyde and 4-hydroxy-2-nonenal (HNE) [150]. HNE, the most reactive of these
compounds and critical mediator of free radical damage reacts with protein at the sulfhydryl group
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of cysteine, the imidazole nitrogen(s) of histidine, and/or the ε-amine of lysine, often resulting in
enzyme inactivation

Recent studies employing proteomic analysis, found both evidence of increased nitration and
HNE-modified serum proteins in older Fischer 344 rats [151]. Moreover, Lucas and Szweda have
found that HNE modification of specific mitochondrial proteins was present exclusively in hearts iso-
lated from senescent rats subjected to ischemia and reperfusion with concomitant decline in enzyme
function [152]. While there is increasing evidence that HNE adducts comprise a reliable marker
of increasing protein oxidation in the aging heart, their physiological significance is not so clear.
For instance, in vitro studies documented that HNE, a product of omega-6 polyunsaturated fatty
acid peroxidation, reduced mitochondrial respiration by adducting α-ketoglutarate dehydrogenase
complex and inhibiting its activity; in contrast, in vivo studies have later reported increased levels
of HNE-modified subunits of α-ketoglutarate dehydrogenase in the aging myocardium, resulting in
an increased level of enzyme activity in older rats [153]. On the other hand, recent observations
in the spontaneously hypertensive rat suggest that other mitochondrial metabolic enzymes (i.e.,
NADP+-isocitrate dehydrogenase) are modified by HNE with age resulting in decline of enzyme
function [154].

In cardiac muscle, the function of the SERCA2a isoform declines by over 60 % during aging, in
part as a result of reduced SERCA protein levels (estimated at roughly 20 %) and in part as a result
of the nitration of selected tyrosines. Nitration in the senescent heart was found to increase by more
than two nitrotyrosines on average per Ca2+ ATPase molecule, coinciding with the appearance of
partially nitrated Tyr(294), Tyr(295) and Tyr(753) residues [155]. The age-related loss-of-function of
these critical calcium regulatory proteins are consistent with the observed increases in intracellular
calcium levels within senescent cells.

Attacks of ROS on proteins have been shown to increase their carbonyl content because of the
formation of aldehydes and ketones in certain amino acid residues. Because the generation of car-
bonyl derivatives occurs by many different mechanisms, the level of carbonyl groups in proteins is
widely used as a marker of oxidative protein damage. Age-associated increases in protein carbonyls
have been reported in cultured human fibroblasts [156] and in a variety of tissues [157]. More-
over, cells obtained from patients with diseases of accelerated aging have dramatically higher levels
of protein carbonyls [156]. Evidence suggests that age-associated oxidative damage to proteins,
detected as carbonyl modifications, is a selectively targeted rather than a randomly directed process.
In studies gauging whether oxidative damage to proteins in the aging process occurs randomly or
selectively in the flight muscles of the housefly, adenine nucleotide translocase (ANT) was found to
be the only protein in the mitochondrial membranes exhibiting a detectable age-associated increase
in carbonyls [158], while aconitase was found to be the only protein in the mitochondrial matrix
that exhibited an age-associated increase in carbonylation [159]. The accrual of oxidative damage
was accompanied by a significant loss in aconitase and ANT activities. Interestingly, mild protein
oxidation has been shown to be a marking step in the preferential degradation of oxidized proteins,
whereas severe oxidative damage may lead to cross-linking and resistance to proteolysis [160]. Inef-
ficient removal of oxidized proteins by proteolytic cleavage, may also promote the accumulation of
specific protein carbonyls with aging.

While aging-associated oxidation of selective proteins can lead to the nitration of aromatic
amino acid residues and the conversion of some amino acid residues to carbonyl derivatives, other
types of protein modifications have also been reported including hydroxylation of aromatic groups
and aliphatic amino acid side chains, nitrosylation of sulfhydryl groups, sulfoxidation of methio-
nine residues, and chlorination of aromatic groups and primary amino groups. The oxidation of
particularly vulnerable sulfhydryl surface-exposed methionine and cysteine residues of proteins
is frequently reversible, unlike other kinds of oxidation [161], and the variable modification of
S-nitrosylation has been increasingly associated with signal transduction pathways. Nevertheless,
irreversible oxidation of protein sulfhydryls is more extensive in aged tissues, and may be prevented
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by the presence of an adequate pool of glutathione. Furthermore, increased levels of irreversible
protein sulfhydryl damage have been proposed to have a critical impact on the function of signal-
transduction and transcription events that utilize proteins containing these reactive sites [162].

Glycation

Glycation (also called the Maillard reaction, or non-enzymatic glycosylation) is a reaction by which
reducing sugars become attached to proteins without the assistance of an enzyme. This attachment
occurs via the formation of a double-bond between the glucose aldehyde-group and the free amino
group of either lysine or arginine. The resultant formation of the imine group (and its rearranged
version known as the Amadori product) is completely reversible, but Amadori products subjected to
further oxidation form Advanced Glycation End-products (AGEs) that are irreversible.

Collagen, elastin and basement membrane are among the proteins most vulnerable to cross-
linking and AGE formation because they are the most long-lived proteins, with a slow rate of
turnover. Both the accumulation of interstitial collagen (reported in both the diabetic and in the aging
heart) [163, 164] and the development of increasing glucose-crosslinks by AGE have been proposed
as a primary basis for increased left ventricle stiffness and consequently, diastolic dysfunction in the
aging heart. This hypothesis is supported by the fact that hyperglycemia produces a greatly accel-
erated stiffening of the myocardium of young diabetic animals. Further evidence supporting a role
for AGE in myocardial stiffening comes from the observation that regimens that specifically inhibit
AGE formation such as diet restriction [165], and treatment with aminoguanidine [166], effectively
prevent the pathological stiffening process associated with diabetes and aging. Furthermore, a class
of thiazolium derivatives able to break established AGE cross-links was developed, exemplified
by the cross-link breaker phenyl-4,5-dimethylthazolium chloride (ALT-711), which was found to
significantly reduce left ventricle chamber stiffness and to ameliorate cardiac function in both older
dogs [167], and in an aging dog model of diabetes (alloxan-induced) [168].

The interaction of AGEs with a number of specific cellular binding sites or receptors has also
been reported to lead to the production of pro-inflammatory cytokines and free radical formation.
These receptors include the receptor for AGE (termed RAGE), an integral membrane protein of
the immunoglobulin superfamily acting as a multiligand receptor and present in numerous tissues,
including cardiac myocytes, neural tissues and vascular cells (e.g., SMCs, endothelial cells and
macrophages) and in the expanded intima of human atherosclerotic plaques [169]. Myocardial levels
of RAGE have been found to be significantly upregulated with hyperglycemia, with increasing age
and reduced cardiac function [170], and most recently as a result of ischemic insult in rats [171].
Data with overexpressed RAGE targeted to hearts of transgenic mice have suggested a role for
AGE/RAGE in modulating myocardial calcium homeostasis [172]. RAGE overexpression was found
to reduce systolic and diastolic intracellular calcium concentration, which is likely contributory to
diabetes-induced cardiac dysfunction.

DNA Damage

Types of Damage

A large body of evidence supports the view that DNA damage and mutations accumulate with age in
a variety of mammalian tissues. The kinds of DNA damage and their extent show considerable varia-
tion in different tissues which appear to reflect tissue-specific characteristics, including mitotic rate,
transcriptional activity, metabolic activity and the DNA repair pathways available [173]. Defects
in DNA including single-strand and double-strand breaks (DSBs), base damage and modification
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(including 8-oxoguanosine formation), and a number of adducts can be caused by a variety of
exogenous physical and chemical agents such as ionizing radiation and genotoxic drugs. In addition
to external sources of DNA damage, there are also endogenous sources of DNA damage includ-
ing replication errors, spontaneous chemical changes to the DNA, and endogenous DNA damag-
ing agents including ROS, such as superoxide anion, hydroxyl radical, hydrogen peroxide, NO,
and others. Gathered observations have also directly demonstrated that the nonenzymatic Maillard
glycation reaction can lead to oxidative DNA damage and is genotoxic [174, 175]. These diverse
defects in DNA can result in the generation of point mutations, deletions, insertions and a variety
of genomic re-arrangements, including translocations which also accumulate in aging mammalian
cells. Increased levels of somatic mutations occurring at a number of specific genetic loci have
been shown to accumulate with age in both humans and animal models [176–178]. Senescence-
accelerated mice, which have been bred to have a shortened life span, show accelerated accumula-
tion of somatic mutations [179]. Conversely, dietary restriction, which prolongs life span, results in
slowed accumulation of spontaneous HPRT mutations in mice [180].

As previously discussed in Chapters 1 and 2, a central tenet of the free radical theory of aging,
(also termed the OS aging hypothesis) relates to the contributory role of ROS resulting in oxidative
damage to DNA (and in particular mtDNA) and that the progressive accumulation of ROS and its
attendant irreversible oxidative damage, occurring with age, leads to a decline in the function of
organ systems that eventually will result in failure and death [181, 182]. As we shall shortly see,
there is evidence both supporting and challenging this model.

There is considerable evidence, mostly derived from studies with cultured cells, that oxidative
damage affects nucleic acids, and in particular mtDNA, by the induction of single-and double-
strand breaks, base damage, and modification resulting in the generation of point mutations and
deletions [183–185]. In addition, in rat liver it has been found that the normal levels of the oxidized
base, 8-oxo-2′ deoxyguanosine (oxo8dG) are present at 1 per 130,000 bases in nuclear DNA and
1 per 8000 bases in mtDNA and that mtDNA sustained more than ten-fold increase in oxidative
damage as compared to nuclear DNA in this tissue [186]. Since oxidative damage to DNA primarily
arises from ROS produced as by-products of normal metabolism, as well as other sources such
as radiation, the accumulation of damaged DNA in aging tissues might be expected. In support
of this conclusion is the strong direct correlation of specific metabolic rate with oxidative DNA
damage found in the analysis of several mammalian species, as gauged by the presence of altered
deoxynucleosides and bases (e.g., thymidine and thymidine glycols) [187]. Observations by Ames
et al revealed a 2-3 fold increase in oxo8dG levels in nuclear DNA isolated from liver, kidney,
and intestine in older Fischer 344 male rats (24 months of age), compared to younger rats [188].
Levels of oxo8dG in cerebellar and cerebral cortex samples from human brain were reported to
significantly increase with aging in both nuclear DNA and mtDNA, with a greater than 10-fold
increase in mtDNA compared to nuclear DNA; [189] these studies were conducted in tissues from a
limited number of normal individuals (n=10) ranging in age from 42–97 years. Hayakawa et al have
reported the accumulation of 8-OH-dG in mtDNA in the diaphragm muscle and also in the heart of
aging patients [190, 191].

The proximity of mtDNA to the major source of cellular ROS (i.e., the ETC) in part underlies its
primacy as a target for oxidative damage. In addition, mtDNA may be more susceptible to oxidative
damage since unlike nuclear DNA, mtDNA is not enveloped (and protected) by histone proteins,
and as we shall see in a later section of this chapter is associated with a more limited DNA repair
capacity.

However, the high levels of aging-mediated oxidative DNA damage reported by most of the afore-
mentioned investigators is at odds with other observations of much lower estimates in the amount
of oxidatively damaged DNA highlighting the difficulty of accurately measuring ROS and oxidative
damage experimentally [192, 193]. An explanation for these contradictory results may lie with arti-
factual DNA oxidation, which can be produced during the isolation and analysis of DNA samples,
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in particular arising from the common use of phenol during DNA extraction; [194] this indicates
that a reassessment was required for evaluating the in vivo levels of oxo8dG in DNA. Nevertheless,
Hamilton et al. by carefully avoiding nuclear DNA extraction oxidation (using the NaI extraction
technique) have found significant aging-related increases in the levels of oxo8dG (although lower
absolute levels of oxo8dG than previously reported) in a number of tissues including heart, liver,
kidney, brain, skeletal muscle and spleen from both aging Fischer 344 rats and mice [192]. Higher
levels of oxo8dG accumulation were also found in the mtDNA in the liver of 24 month old Fischer
344 rat, but the extent of aging-mediated increase in mtDNA oxidative damage was comparable to
nuclear DNA levels. These findings suggest that while the steady-state levels of oxo8dG are rela-
tively small in the genome of rodent cells, the de novo formation of oxo8dG lesions is considerable
in both nuclear DNA and mtDNA, implying that oxidative damage to DNA arising from normal
cellular metabolism may be highly relevant in aging. Moreover, if ROS are indeed an important
source of aging-associated damage, both nuclear and mtDNA appear to be functional targets, albeit
which of the two is the most relevant functional target in aging is not clear. Increased interest in the
role of OS on nuclear genes in aging has come from recent assessment of gene profiling in human
frontal cortex where it was found that many nuclear genes, involved in critical neural functions,
showed reduced expression after age 40 and concomitantly sustained elevated levels of oxo8dG and
DNA damage in their promoters [195]. Moreover, these gene promoters were selectively damaged
by OS in cultured human neurons, and exhibited reduced base-excision DNA repair.

Data collected from a number of animal studies have shown that with aging there is a pro-
gressive accumulation of other types of mtDNA damage, which tend to be tissue-specific such as
elevated levels of large-scale mtDNA deletions in heart and brain. Studies with brain (cerebellum
and caudate regions), skeletal muscle and heart DNA derived from human subjects have shown
the accumulation of age-dependent, tissue specific mtDNA deletions [196, 197]. The increase (in
number and variety) of a subset of specific large-scale deletions produced over a lifetime was more
pronounced in skeletal muscle or heart [198]. Recent studies employing a cell-by-cell analysis in
human cardiomyocytes and neurons have demonstrated a clonal origin for these mtDNA deletions;
molecules with deletions were found to primarily originate from a single deleted mtDNA molecule
that had expanded clonally [196, 199]. For instance, while most of the cells examined contain no
deletions, in a small subset of cardiomyocytes derived from the hearts of old donors a significant
portion of the mtDNA molecules carried one particular deletion [200]. In addition, studies with
individual skeletal muscle fibres isolated by laser-capture microdissection from aging rats found
the presence of specific mtDNA deletions in strict correlation with a ragged red phenotype (often
associated with certain mitochondrial-based cytopathies) including cytochrome c oxidase deficiency,
indicative of the clonal expansion of deleted mtDNA genomes in ETC- abnormal regions of muscle
fibers [201].

The mechanisms driving these clonal expansions remain largely unknown, as does the precise
mechanism of their somatic generation. However, a number of factors have been implicated in the
mechanism including ROS formation [202], recombination between flanking sequences including
short direct repeats [203–204], and DSBs [205]. Multiple mtDNA deletions have been associated
with mutations in the nuclear genes for the mtDNA polymerase γ, adenine nucleotide translocator
and the helicase Twinkle [206, 207]. The increased level of both point mutations and deletions
in mtDNA from post-mitotic tissues in individuals bearing either mutation in the mitochondrial
helicase Twinkle or in Polγ suggests a critical role for the activity of proteins involved in mtDNA
replication, which may be selectively targeted in aging.

A model of slip-mispairing replication involving direct repeats has been proposed to mediate the
origin of most common clonal mtDNA deletions [208, 209], although recent observations suggest
that DSBs (promoted by ROS or produced during stalled mtDNA replication) may be involved in
the formation of multiple deletions containing either no repeats or small homologies at the deletion
breakpoint region [205, 206].
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The tissue-specific pattern of mtDNA deletion accumulation also appears to be species-specific.
While several types of myocardial mtDNA deletions increase with aging in rats, their relative inci-
dence appears to be significantly lower in rats compared to humans [210, 211]. Nevertheless, signif-
icant accumulation of a 4.2kb mtDNA deletion has been found in the myocardium of senescent mice
in comparison to young or middle-aged animals [212]. Similarly, in Fischer 344 x Brown Norway
F1 hybrid rats of ages 5, 18 and 36 months, specific mtDNA deletions of 8–9 kb have been detected
in the right and left ventricle and their abundance increased with age [213]. Interestingly, recent
observations have shown that over 40 % of cardiac mtDNA deletions in the aging rat heart contain
unique point mutations located near the deletion breakpoints [214].

Over the last decade, a number of investigators have reported the accumulation of a significant
number of mtDNA point mutations in humans above a certain age. Increased levels of age-associated
mutations in the mtDNA non-coding control region (termed the D-loop) have been reported in skin
fibroblasts and skeletal muscle from human subjects at critical sites for mtDNA replication [215].
More recently, mutation screening of the mtDNA control region in leukocytes from subjects of an
Italian population found a homoplasmic C150T mutation in the D-loop near a replication origin for
the mtDNA heavy strand [216]. This mutation was detected in approximately 17 % of 52 subjects
99–106 years old, and was present at strikingly lower levels (3.4 %) in 117 younger individuals.
Subsequent molecular analysis of individuals with the C150T mutation revealed that the 5′ end of
nascent heavy mtDNA strands contained a new replication origin at position 149, substituting for
that at 151, and suggesting a remodeled replication origin of mtDNA that may provide a survival
advantage in the aging process.

As noted with the mtDNA deletions, a tissue-specific pattern of accumulation of mtDNA point
mutations in the control region appears to be operative. Marin-Garcia et al. [217] in their study
using DNA sequence analysis of the incidence and location of D-loop mutations as a function
of age, found no evidence of an age-related correlation in the accumulation of mutations (either
homoplasmic or heteroplasmic) in either a group of patients with cardiomyopathy or in a group
of normal controls. Neither was there an age-related accumulation in mitochondrial structural gene
mutations (e.g., cytochome b gene). Similarly, no significant accumulation of specific mutations in
the mtDNA control region was detected in the aging (26 month old mouse) heart, brain and skeletal
muscle [218]. In contrast, evaluation of the D-loop region in the 22 month old mouse liver shows a
significant increase in the level of base substitutions with a frequency ranging from 11–25 mutations
per 100,000 nucleotides [219].

Recent evidence supports the concept that like mtDNA deletions, somatic mtDNA point muta-
tions also are frequently clonal expansions in normal human tissues. Cell-to-cell analysis of pro-
liferating epithelial cells and post-mitotic cardiomyocytes revealed that a significant proportion of
cells contained high levels of clonal mutant mtDNAs expanded from single initial mutant mtDNA
molecules; these clonal expansions were only present in tissues derived from aging individuals, con-
firming their somatic origin [220]. Qualitative differences between the mutational spectra of clonally
expanded mutations suggest that either the processes generating these mutations or mechanisms
driving them to homoplasmy are likely to be fundamentally different between the two tissues. For
instance, a mutational hotspot in epithelial cells was located in the homopolymeric C-tract located
between base pairs 303 and 309 or 310, which was rarely found in cardiomyocytes. While the
majority of mutations in the cardiomyocyte mtDNA fell within a 30 bp area between base pairs
16,025–16,055 of the control region, no mutations were mapped to this area in the epithelial cells.

The role of point mutations and deletions in mtDNA in aging has been further addressed exper-
imentally by two groups of investigators utilizing transgenic mice that express a proof-reading-
deficient version of Polγ, the nuclear-encoded catalytic subunit of mtDNA polymerase [89, 221]. In
these studies, homozygous mice developed a mtDNA mutator phenotype characterized by the acqui-
sition of between a 3-fold and 8-fold increase in the levels of accumulated mtDNA mutations
compared to wild-type strains; primarily base substitution mutations were reported with evidence of
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mtDNA deletion events. In both mtDNA mutator mouse strains, the increase in somatic mtDNA
mutations was associated with a significantly reduced life span and the premature onset of aging-
related phenotypes, including cardiomegaly, sarcopenia, osteoporosis, hair loss, cardiomyopathy,
anemia, and fertility problems suggesting a causative link between mtDNA mutations and aging.
However, these studies with mtDNA mutator mice were unable to detect a significant accumulation
of ROS, changes of antioxidant enzymes or markers of OS (including neither generalized oxidative
damage to proteins in either heart or liver nor reduced levels of mitochondrial aconitase activity).
While no evidence was found for ROS production in embryonic fibroblasts derived from the mtDNA
mutator mice, severe respiratory deficiency was described in one of these mutant strains, which may
be the primary inducer of aging, rather than ROS [222]. One of these models also exhibited a marked
induction of apoptotic markers as noted earlier, particularly in tissues characterized by rapid cellular
turnover [89]. A potential explanation for the lack of detectable OS in these mice may be that the
accumulation of mtDNA mutations are located downstream of ROS effects in the aging pathway
(i.e., in normal aging, ROS stimuli may be needed or are contributory to the formation of mtDNA
mutations). Alternatively, introduction of an error-prone DNA polymerase may cause extensive
mutations throughout the mitochondrial genome that prevent the generation of ROS [223]. This
is consistent with the 95 % reduction in oxygen consumption reported in transgenic mouse embryo
fibroblasts.

While the transgenic mtDNA mutator mouse model is the first to directly demonstrate a role for
mtDNA mutations in aging, it remains to be seen whether these findings are truly relevant to higher
organisms. The level of mtDNA mutation accumulation in these strains is more than an order of
magnitude higher than that found with aging human tissues [224]. In addition, mtDNA mutations in
the mutator mouse strains are primarily point mutations which start to accumulate rapidly early in
embryogenesis and thus distribute at high levels among most if not all tissues whereas large-scale
mtDNA deletions, which account for a majority of the mitochondrial defects in human heart and
skeletal muscle [225], and brain [196], are clearly tissue-specific and accumulate much later in
life [226]. Another issue that has been raised with these mice is that the premature-aging phenotype
is more similar to the aging phenotype found in humans and is markedly dissimilar to events in nat-
ural mouse aging. Therefore findings with the mtDNA mutator mice, in which the rapid generation
and enormous accumulation of mtDNA mutations in a relatively small number of progenitor cells
beginning at the earliest stages of mouse embryonic development have a disproportionately large
effect on the mutant load in postnatal life, likely do not recapitulate the slow and tissue-specific
accumulation of mutations seen either in normal human or mouse aging and further suggest impor-
tant limitations with the model as defined.

Interestingly, a related transgenic mouse model which also employs a proofreading-deficient
mitochondrial DNA polymerase but which is selectively targeted for expression solely in the heart
may prove to be informative in aging studies [227]. These mutator mice generate increased levels of
cardiac mtDNA mutations and eventually (over several weeks) develop increased fibrosis and severe
DCM, often leading to HF. It is noteworthy that the levels of elevated mtDNA mutations in these
tissue-targeted mutator strains are much lower (2 mutations per mitochondrial genome) compared
to the aforementioned mutator models, and the resultant phenotype may be more relevant to natural
aging events. Notably, in the cardiac-specific mutator strain, mitochondrial respiratory function and
mitochondrial number and ultrastructure remained normal suggesting that the cardiac dysfunction
does not result from impaired mitochondrial bioenergetic function. Significantly, increased levels
of apoptotic markers, including the release of cytochrome c from mitochondria, and histological
evidence of apoptotic cell death occurring in all regions of the heart suggest that the elevated fre-
quency of mtDNA mutations might trigger the initiation of apoptosis. Interestingly, activation of
myocardial programmed cell death pathway precedes (and may itself trigger) a vigorous prosurvival
response including the upregulation of antiapoptotic proteins such as Bcl-2, Bcl-xl, Bfl1, and heat
shock protein 27 [228]. Gene expression profiling using microarray analysis confirmed that the
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cardiomyopathy caused by mtDNA mutations was largely characterized by gene expression changes
indicative of increased fibrosis and cardiac remodeling of the extracellular matrix [229]. Moreover,
minimal changes were found in the expression of genes involved in either mitochondrial energy
production or generation of increased OS.

It remains unclear how increased mitochondrial DNA mutations activate the apoptotic pathway
at levels lower than required to affect respiration or increase OS. Surprisingly, Mott et al. [230] have
recently reported that cardiac mitochondria from mutator transgenic mice that develop mitochondrial
DNA mutations have a marked inhibition of the calcium-induced PT pore opening accompanied by
increased levels of Bcl-2 protein recruitment to the mitochondrial membrane; temporally, inhib-
ited pore opening coincides with the onset of cardiac dysfunction, a rather unexpected finding. The
authors conclude that mitochondrial DNA mutations induce an adaptive-protective response in the
heart that inhibits opening of the mitochondrial permeability pore, while increasing other aspects of
apoptotic signaling [230].

Due to difficulties in detecting, quantifying and characterizing somatic mutations in vivo in dif-
ferent organs and tissues particularly post-mitotic tissues, it has proved difficult to test the premise
that mutations accumulate during the aging of mammals in a sufficiently high number to cause some
of the pathophysiological signs and symptoms of aging. To address this problem, transgenic mouse
models have been developed. These mice contain chromosomally integrated plasmids harboring
reporter genes that can be efficiently recovered from genomic DNA and transferred into a suitable
Escherichia coli host for subsequent mutant selection, quantitation, and characterization [231]. One
of these models, based on plasmids containing the lacZ reporter gene allows the detection of a
wide range of somatic mutations, including large rearrangements and has been extensively used in
Vijg’s laboratory. Animals harboring these constructs have been studied over their lifetime to test
the hypothesis that mutations accumulate with age, as predicted in the original somatic mutation
theories of aging.

Using this lacZ-plasmid transgenic reporter mouse model, early studies of Vijg et al. reported
an age-related increase in mutation frequency in the liver but not in the brain [232]. Interest-
ingly, a substantial fraction of the spontaneous mutations in the liver were large genome rearrange-
ments, whereas in the brain mainly point mutations were detected. These findings suggested that
post-mitotic tissue is more resistant to mutation accumulation in the nuclear genome with aging-
dependent cytogenetic alterations limited to cells that are still mitotically active. However, this con-
clusion was not supported by subsequent studies from the same group in which the aging-associated
mutational spectra were compared in an actively proliferating organ (i.e., small intestine) and a
post-mitotic organ (i.e., heart) from young and old mice [233]. Both organs showed significantly
increased levels of mutation accumulation with age, albeit the small intestine had increased age-
related mutation frequency relative to the heart. The pattern of mutations was strikingly different
in the two organs with the small intestine harboring primarily point mutations, including G-C to
T-A, G-C to C-G, and A-T to C-G transversions and G-C to A-T transitions. In contrast, over half
of the mutations accumulated in the aging heart were comprised of large genome rearrangements,
involving up to as much as 34 centimorgans of chromosomal DNA with nearly all other mutations
being G-C to A-T transitions at CpG sites. It is noteworthy that OS has been found in other studies
to be associated with increased multilocus DNA deletions and gross chromosomal rearrangements
[234–235], and that the G-C to A-T transition is considered as a potential oxygen radical signature,
albeit a large variety of DNA lesions that can be induced by oxygen free radicals were not detected
in aging tissues in these studies.

Another approach to assessing aging-related mutation accumulation in transgenic mouse models
using a different reporter systems (i.e., bacteriophage λ rather than plasmid vector based) docu-
mented a similar propensity for increased G-C to A-T transitions at CpG sites in the aging heart
(which may reflect increased deamination events), while not detecting large-scale rearrangements
and deletions [236]. This difference suggests that the relatively smaller integrating plasmid vector
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might be more useful in detecting aging-associated genome rearrangement events compared to the
larger bacteriophage vectors, whose insertion/removal from the chromosome might be expected to
impact mutagenesis and/or repair. In order to explain how mutations can be formed and accumulate
during aging in a post-mitotic organ in the absence of DNA replication, it is necessary to invoke the
involvement of a process such as error-prone DNA repair (discussed further below). For instance,
the increase in large genome rearrangements in the old heart may arise from misrepair or misanneal-
ing of DSBs or cross-links by nonhomologous end-joining (NHEJ), a recombinational DNA repair
system notorious for being error-prone.

Role of DNA Repair

Modulation of the multiple pathways that provide genomic maintenance including DNA replication
enzymes and associated factors, DNA repair proteins, and transcription factors can markedly impact
the overall accumulation of mutations in both chromosomal and mtDNA and thereby contribute to
genomic instability and aging phenotypes. Mutant mice defective in individual DNA repair pathways
frequently show increased genomic instability as well as hypersensitivity to specific DNA-damaging
agents. Mutations in certain DNA repair genes in mice and humans lead to phenotypes that, in
some respects, mimic aging including premature-aging or segmental progeroids. Defects in NHEJ,
homologous recombination (HR), and nucleotide excision repair (NER) have been shown to cause
aging-like phenotypes in mice (shown in Table 4.2) and humans.

Mammals employ various pathways to repair specific types of DNA damage. There are four broad
classes of DNA repair, direct reversal repair, excision repair, mismatch repair and recombinational
repair (RER), distinguished primarily by their general mechanisms of action.

Table 4.2 Features of selected models of premature aging in the mouse

Mutant Cellular process Accelerated fibroblast
senescence

ATM DSB signaling/repair Yes
Bub1bH/H Spindle assembly checkpoint Yes
BRCA1D11/D11/p53+/− DSB repair Yes
DNA-PKcs NHEJ No
Ercc1, XPF Nucleotide excision repair, cross-link repair Yes
Ku80 NHEJ, other Yes
Dysfunctional p53 (p44 Tg) DNA damage response Yes
PASG/Lsh DNA methylation Yes
Polg Mitochondrial DNA polymerase ND
Rad50S/S DSB repair No
Terc Telomere maintenance Yes
Terc/Atm Telomere maintenance/DSB signaling/repair Yes
Terc/DNA-PKcs Telomere maintenance/NHEJ ND
Terc/Parp-1 Telomere maintenance/ DNA repair ND
Terc/Ku80 Telomere maintenance/NHEJ ND
Terc/Wrn Telomere maintenance/DNA repair Yes
Terc/Wrn/Blm Telomere maintenance/DNA repair Yes
TopIIIbeta Topoisomerase ND
Wrn DNA repair YES
XPA/CSB NER, transcription ND
XPDTTD NER, transcription ND
XPDTTD/XPA NER, transcription ND

ND: Not determined
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The direct reversal pathway consists of repair proteins that act directly on a damaged base and
re-establish the correct structure without removing the damaged nucleotide. For example, direct
repair of photoproducts and UV-induced cyclobutane pyrimidine dimers is carried out by photolyase
described in yeast, Xenopus and Drosophila. In mammalian cells, direct reversal of O6 adducts
caused by chemotherapy agents is accomplished by the alkyltransferase protein O6-methylguanine
DNA methyltransferase (MGMT).

Single-stranded DNA lesions are repaired via nucleotide excision repair (NER) or base excision
repair (BER), depending on the type of lesion. Bulky photodimer single-strand lesions induced by
UV irradiation are primarily repaired by NER, whereas more simple types of single-stranded lesions
usually are repaired by BER. BER is the primary pathway for repairing spontaneously occurring
single-strand DNA lesions, such as those arising from endogenous alkylation (usually methylation),
base oxidation, and deamination events, as well as small, nonhelix-distorting DNA lesions induced
by chemical mutagens such as the alkylating agent methyl-methane sulphonate (MMS) [237]. BER
is also the main pathway for the repair of 8-oxodG. The BER pathway may repair up to one mil-
lion nucleotides per cell per day [238]. BER involves the removal of relatively short stretches of
DNA, between 1 and 13 nucleotides. The general scheme of the BER pathway entails removal of
the damaged base by a glycosylase, cleavage of the phosphodiester backbone by an apyrimidinic/
apurinic (AP) endonuclease or glycosylase/lyase, insertion of the complementary nucleotides by a
polymerase with the removal of the phospho-deoxyribose group, and ligation of the DNA backbone
restoring the native structure and sequence [239].

Consistent with the view that declining DNA repair capacity with age may contribute to the
accumulation of DNA damage, a decline in BER capacity concomitant with decreased levels of DNA
polymerase β (both activity levels and content) were reported in all tissues examined in 24 month
old compared to 4 month old mice [240]. Nuclear 8-oxodG incision activity showed no significant
change with age in contrast to the mitochondrial 8-oxodG incision activity which increased with
age in the mouse liver [241]. Moreover, this study also found that the aging-induced elevation in
mitochondrial BER activity in mice (which has also been reported in rat heart and liver) was not
due to a general upregulation of BER/DNA-metabolizing enzymes since no change with aging was
found in either uracil glycosylase or endonuclease G in either mitochondria or nucleus. Interestingly,
a general upregulation of nuclear BER occurs in mice with caloric restriction, which was not seen
in most tissues examined with mitochondrial BER activities indicating differential aging-mediated
regulation in these organelles [242].

Among the transgenic mouse models with mutations in DNA excision repair, only those that
affect NER display symptoms of accelerated aging. Germline deletion in mice of any gene essential
for BER function is embryonic lethal, consistent with the high frequency of BER lesions and neces-
sity for their rapid removal. On the other hand, germline deletion of one of the many glycosylase
genes, which repair only a subset of BER substrates, generally confer no obvious phenotype [243],
probably as a result of functional redundancy. Similarly, hereditary defects in essential BER compo-
nents have not been found in humans, most likely because they are embryonic lethal.

MMR (mismatch repair) a highly evolutionarily conserved pathway is a post-replicative DNA
repair system which has been estimated to contribute a 1000-fold increase to the fidelity of replica-
tion [244]. MMR corrects errors made during DNA copying, such as the mispairing of an adenosine
base with an guanosine; correction of A-C and T-C mismatches is more efficient than G-A and
T-C mismatches. While DNA methylation is used to distinguish which base should be corrected
in prokaryotic organisms, this appears not to be case in multi-cellular organisms and the means
of mismatch detection is unknown. Mismatch repair differs from BER primarily in the first glyco-
sylase, which recognizes and removes mispaired bases in contrast to BER which recognizes and
removes defective bases. In MMR, removal of the mispaired base leaves an AP site which can
then be repaired by the subsequent BER pathway enzymes. Importantly, failures in MMR directly
results in mutations, whereas failures in BER result in DNA damage which may or may not lead to
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mutations. MMR corrects not only single mispaired base, but also insertion/deletion loops (IDLs)
that result from strand misalignments, and which can produce frameshift mutations. MMR also plays
a significant role in protecting against incorporation of 8-OHdG/8-oxoG into DNA.

NER is activated by a wide range of helix-distorting DNA lesions, including UV-induced photo-
products, bulky chemical adducts, and certain oxidative lesions. The NER pathway repairs DNA
lesions irrespective of genome location and point in the cell cycle [245, 246]. Through a two-
step recognition process, NER recognizes a broad spectrum of base alterations. The initial process
depends on the broad capability of XPC-hR23B to recognize and bind to a large number of DNA
lesions based on the ability of this protein complex to distinguish unusual DNA conformations and to
recruit the multisubunit, basal transcription factor TFIIH allowing assembly of the larger NER com-
plex. In subsequent steps in the NER pathway, the helicase subunits XPB and XPD of TFIIH unwind
DNA allowing the XPA-RPA heterodimer to interact directly with the lesion while simultaneously
XPC-hR23B leaves the repair complex. XPA verifies the presence of a chemically altered base and
the initial damage recognition. If base alterations are identified a repair tract of 25–32 nucleotides
is removed by XPG and XPF-ERCC1 endonucleases. XPG (present in the repair complex prior
to damage verification) is activated only subsequent to XPF-ERCC1 has been positioned 5′ to the
nick. After positive damage verification by XPA, activated XPG cuts 3′ to the lesion. Following
incision, most of the NER complex leaves the repair site and the remaining single-strand DNA tract
is stabilized and protected by RPA. Resynthesis is carried out by the replicative polymerases Polδ
and Polε, assisted by their processivity factor PCNA and RFC, and DNA ligase I (LIGI) seals the
remaining nick.

In an alternate pathway, NER can also be coupled with transcription, hence the term
“transcription-coupled repair” pathway (TCR), in which NER repairs bulky lesions of transcribed
genes. TCR occurs in response to the RNA polymerase II stalling such as occurs when this tran-
scriptional enzyme encounters an altered base incapable of normal hydrogen bonding, which acts as
damage recognition trigger. Two additional proteins CSA and CSB are necessary for the assembly
of the NER complex and contribute to the removal of the stalled RNA polymerase II to create access
for repair proteins [247].

Mammalian NER has been reconstituted in vitro and involves at least 25 different proteins, includ-
ing seven factors involved in the human disease Xeroderma Pigmentosum (XPA to XPG) as well as
two involved in Cockayne’s syndrome (CSA and CSB) [247]. Mutations in some NER pathway
factors can lead to premature aging syndromes in mice and humans [248].

Double-strand breaks (DSBs) are primarily due to ionizing radiation or very high doses of alkylat-
ing carcinogens such as nitrogen mustards. Even with ionizing radiation, DSBs tend to be relatively
rare, produced with lower frequency than single strand breaks. DSBs are difficult to repair and can
be very injurious for dividing somatic cells. It is noteworthy that repair of double-strand damage
in mammals can best occur in the meiotic division of germ cells when complementary pairs of
chromosomes line-up, whereas complementary pairs don’t typically line-up as well in somatic cells.
The potential consequences of unrepaired or improperly repaired DSBs are severe including cell
death, senescence and genomic instability, since such lesions frequently lead to extensive genome
rearrangements, including translocations, inversions, and large deletions.

DSBs are primarily repaired by NHEJ or HR pathways. An initial step in both repair pathways
involves the detection of the lesion, and this step primarily involves the ataxia-telangiectasia mutated
(ATM) kinase, other related phosphatidylinositol 3-kinase-like kinases (PIKKs), as well as proteins
(such as the Ku proteins) described below and illustrated in Fig. 4.3. ATM functions as a master regu-
lator of the response to DSBs induced by exogenous and endogenous factors, by phosphorylating and
activating a large number of downstream proteins that are involved in DNA repair and checkpoint
signaling, and also by activating p53 which in turn can stimulate or repress transcription of many
target genes and coordinate the progression of checkpoint, senescence, and apoptosis pathways in
response to DSBs and other signals.
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Fig. 4.3 DNA and telomere damage in aging and DNA repair pathways leading to senescence, apoptosis and func-
tional decline

The different outcomes set in motion by this signaling pathway are determined by multiple factors
(many not yet completely characterized) that appear to vary with the cell type, as well as the kind,
intensity, and duration of the damage [249].

NHEJ is the simplest and most common means of DSB repair in mammalian cells, but it is the
least accurate and error-prone. In NHEJ the two broken ends are rejoined without regard to the
presence of deletions or rearrangements. Since NHEJ can delete a few nucleotides at sites of DSB
repair, this process often will lead to mutation accumulation and may contribute to a decline of cell
function and aging [250]. NHEJ typically occurs in the G1 phase of the cell-cycle when a second
copy of the relevant chromosome is not available.

NHEJ is initiated by the Ku protein heterodimer (Ku70/Ku86) binding to broken DNA ends
and bringing them together, and recruiting the assembly of a DNA-dependent Protein Kinase com-
plex (DNA-PKcs) and the WRN helicase protein (defective in Werner’s syndrome). WRN unwinds
the DNA strands and then Ku attachment to WRN and DNA-PKcs strongly stimulates subsequent
endonuclease activity (Artemis) to process ends that cannot be rejoined. Finally XRCC4 and the
ligase activity (Ligase IV) are enlisted to the repair complex and function together to catalyze end
ligation. It is also noteworthy, that in addition to their roles in DSB repair, at least three NHEJ
factors, including Ku70, Ku80, and DNA-PKcs, localized to telomeres appear to be operative in
telomere maintenance. Recent observations have suggested that ATM kinase may functions in the
same pathways as DNA-PK for survival at collapsed replication forks and contribute to NHEJ [251].

Cells such as mouse embryonic fibroblasts deficient in either XRCC4, Ligase IV, Ku70, or Ku80
(but not DNA-PKcs or Artemis) senesce prematurely in culture. In addition, mice deficient for each
of these four factors are very small and show widespread neuronal apoptosis during embryogenesis.
The demonstration that both premature senescence and neuronal apoptosis can be relieved in strains
harboring p53 deficiency suggests that these phenotypes occur as a response to unrepaired DSBs,
rather than as a direct consequence of their presence [252].
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Phenotypes resembling accelerated aging have been reported in Ku80- and DNA-PKcs-deficient
mice [253, 254]. One line of Ku80-deficient mice prematurely exhibits age-specific changes includ-
ing osteopenia, atrophic skin, liver lesions, and shortened life span [253]. Similarly, a strain of
DNA-PKcs-deficient mice was noted to exhibit age-related pathologies, with osteopenia, intestinal
atrophy, thymic lymphoma, and reduced longevity [254].

While these findings suggest a potential role for NEHJ in delaying aging, this conclusion is
not supported by findings that Ku70- and Artemis-deficient mice do not exhibit premature aging
phenotypes. Null Ligase IV and XRCC4 mice display embryonic lethality, precluding analyses of
their role in aging. Available data suggest that the aging phenotypes likely do not arise from a
failure of DSB repair alone but may rather be mediated by a loss of other functions or combinations
of functions of these proteins, including their involvement in telomere function or in checkpont
signaling.

NHEJ has been proposed to play a causative role in the aging process. In addition, genetic studies
support the notion that NHEJ plays an important role in the repair of ROS-induced DNA lesions.
Moreover, in the absence of NHEJ, DSBs often are repaired concomitant with large deletions and/or
translocations; thus, absent or even decreased levels of NHEJ also might contribute to accelerated
aging.

In contrast to error-prone repair, the less frequently used HR pathway is characterized by a more
precise reconstitution of the original DNA sequence using the sister chromatid for information, and
is the dominant method used in the S and G2 phases of the cell-cycle, after a sister chromatid has
been created [255, 256]. In HR repair, the ends of the DSB are processed by a exonuclease, such
as the Mre11/RAD50/Nbs1 (MRN) protein complex, which clears additional damage to DNA and
generates free 3′ single-strand DNA overhangs [257]. This process is accompanied by the bind-
ing of number of factors including RAD52 and RPA and followed by strand invasion initiated by
RAD51 [257]. Rad52 protein recognizes the DSB and adheres to the free ends of the break while
Rad51 searches the undamaged sister chromatid for a homologous repair template. Once bound to
DNA, RAD51 directs strand invasion and pairing with undamaged sequences on the homologous
strand, a process that is aided by the RAD54 protein. Once strand invasion is completed, DNA poly-
merases extend the 3′ end using the homologous sequence as a template [258]. Subsequent branch
migration leads to the formation of Holliday junctions, in which two double strand DNA duplexes
are intertwined and this must be resolved before the sister chromatids can be separated. The identity
of the resolvase (mediating the resolution of the strands) in humans is presently unknown, however,
Mus81 has been proposed as a candidate [259].

Several other factors yet to be identified also contribute to the homologous recombination repair
pathway. The multi-functional tumor suppressor protein BRCA1 complexes and co-localizes with
Rad51 during HR repair, and contributes significantly to its activity. BRCA1 deficiency leads to
impaired HR-mediated repair of chromosomal DSBs. Activation of BRCA1 has been also implicated
in controlling the fidelity of DNA end-joining by precise NHEJ, suggesting that these proteins can
be operative in more than one repair pathway [260]. In mammalian cells phosphorylated histone
(γ-H2AX) facilitates post-replicational repair of DSBs by recruiting cohesin, a protein complex that
holds sister chromatids together [261].

Defects in proteins involved in the HR pathway can lead to aberrant aging. Defects in Rad50 or
BRCA1 cause progeroid phenotypes in mice. Mouse strains homozygous for a Rad50 hypomorphic
allele show a shortened life span with cells from this strain exhibiting pronounced genomic instabil-
ity [262]. Mice homozygous for a BRCA1 hypomorphic allele have many features reminiscent of
accelerated aging including wasting, skin atrophy, osteopenia, and malignancy [263]. The signs of
premature aging in both Rad50 and BRCA1-defective transgenic strains have been shown to occur
primarily as a consequence of the p53-mediated responses to unrepaired DNA damage. However,
loss of other functions beyond their DNA repair roles may contribute to these aging-like mutant phe-
notypes since BRCA1 and Rad50 are multi-functional and involved in multiple cellular pathways.
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Targeting histone 2AX in mice results in a growth-retarded phenotype with marked chromosomal
instability and repair defects [264]. Furthermore, perturbations in ATM function can also lead to
symptoms of accelerated aging. Individuals with mutations in the ATM gene suffer from Ataxia-
Telangiectasia (AT), a disorder characterized by a prematurely aged appearance, immunodeficiency,
cerebellar degeneration, and cancer. Similarly, ATM deficiency in mice recapitulates many of these
phenotypes, although the progeroid features in the mouse model are less prominent than in the
human phenotype. Given the many targets of ATM, it is difficult to trace the progeroid appearance
of AT patients to one specific function of this protein although genomic instability and defective
DNA repair may be contributory. The phenotype of premature senescence in mice is reversed in
ATM-deficient strains containing p53 deficiency, indicating that downstream p53 function is likely
contributory to the premature-aging phenotype in mice [265]. Another pivotal role of ATM is in
telomere maintenance with cells from AT patients undergoing premature senescence displaying
abnormal telomere regulation [264]. Moreover, mice doubly null for ATM and the telomerase RNA
component (Terc) displayed increased telomere erosion and genomic instability, proliferative defects
in all cell types and tissues examined and evidence of premature aging [266].

Mitochondrial DNA Repair

In the foregoing discussion, it was noted that alterations of the mitochondrial genome as a result of
its high susceptibility to oxidative damage appear to be prominently involved in aging as well as in
CVDs associated with aging including cardiomyopathy. Some of the burden of accumulated mtDNA
mutations may be directly attributed to limited mtDNA repair capacity compared to nuclear DNA
repair.

A number of studies have documented a rather extensive set of BER pathways in mitochon-
dria [267], not entirely surprising since these pathways are most extensively used in the removal of
simple oxidative lesions which are prevalent in mtDNA. Gathered observations have documented
representative components of mitochondrial BER including glycosylase, AP endonuclease, DNA
polymerase and ligase and confirmed the importance of these pathways in repair of mtDNA. While
proteins with central roles in MMR, NER and RER pathways are present in mitochondria, which
might suggest that some form(s) of these pathways may also exist in the organelle, available evidence
has mainly showed that classic NER lesions such as thymine dimers, cisplatin intrastrand cross-links
and complex alkyl damage are not able to be repaired in mammalian mitochondria [268, 269].
Evidence of a limited MMR pathway in mammalian mitochondria has also been reported; [270]
however, these MMR activities appear unique in that they lack strand discrimination, (i.e., prefer-
ence for the nicked strand). This could contribute to the observed increased mutation frequencies of
mtDNA compared to nuclear DNA.

Support for the presence of recombinational repair pathways in mammalian mitochondria is pro-
vided by the fact that both homologous recombination and NHEJ activity are present in vitro. In
vitro analysis demonstrated that mitochondrial extracts from human fibroblasts catalyze homologous
recombination between closed plasmid substrates [271]. Data have also shown that mammalian
mitochondria were capable of rejoining both cohesive and blunt-ended linearized plasmid DNA
suggesting NHEJ activity in the organelle [272]. Interestingly, the nature of deletions obtained in
this study was similar to deletions found in Kearns-Sayre (KSS) and Pearson syndromes suggesting
that these mitochondrial diseases may originate from defects in the repair of DSBs.

Mitochondrial transcription factor (TFAM) appears to play a role in the protection of mtDNA
by binding damaged mtDNA [273]. In vitro, TFAM binds to oligonucleotides containing cisplatin
adducts and 8-oxoG DNA lesions with a higher affinity than to undamaged DNA. Increased affin-
ity to heavily damaged DNA may allow TFAM to block transcription and replication of damaged
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mtDNA molecules, and also may mark damaged mtDNA for selective degradation [267]. Further-
more, TFAM is present at levels sufficient to cover the entire mtDNA (900 molecules of TFAM have
been estimated for every mtDNA molecule), suggesting that TFAM could act as a physical shield
protecting mtDNA [274, 275].

It has been suggested that TFAM may play a role in the initiation of apoptosis in response to DNA
damage. Mice with a cardiac-specific knockout of TFAM display a higher rate of apoptosis in the
affected tissue, in concert with a progressive mosaic of cardiac-specific mitochondrial ETC defects,
mtDNA depletion and the development of DCM and atrioventricular conduction blocks, resulting in
early HF [276, 277]. Moreover, during p53-dependent apoptosis, direct interaction between TFAM
and p53 has been reported [278]. The mitochondrial localization of p53 leads to a significant increase
in the affinity of TFAM for cisplatin damaged DNA, whereas its affinity for oxidative damaged DNA
remains unaffected. Delay in the onset of apoptosis, arising in part from the interaction between
TFAM and p53, may underlie the higher rate of myocardial apoptosis noted in TFAM-deficient mice.

DNA Repair and Human Diseases of Aging

In humans, several heritable mutations accelerate the onset of multiple aging phenotypes (Table 4.3).
Disorders caused by these mutations are termed segmental progeroid syndromes, because they accel-
erate some but not all signs of normal aging. Mutations giving rise to the symptoms of accelerated
aging in these patients partially or wholly inactivate proteins that sense or repair DNA damage high-
lighting that failure to maintain genomic integrity underlies at least some aging phenotypes [250]. It
is important to emphasize that as segmental progerias, premature aging models fail to recapitulate
all aspects of aging as it occurs in wild-type animals. In this regard, the myriad of histopathologic
changes of normal aging corresponds poorly with the changes that occur in models of premature
aging. Nevertheless, the importance of these progeroid models as informative models with relevance
to the role of genome maintenance in normal aging process has been underscored by recent demon-
stration that progeroid syndromes, to varying degrees, accelerate an age-associated transcription
pattern strikingly similar to that found with normal aging and thereby the aging phenotype [279].
Microarray analysis of transcription profiles in primary human fibroblasts from normally aged indi-
viduals, Werner syndrome (WS) patients and young control individuals, revealed that 91 % of the
annotated genes showed similar expression changes in WS and normal aging while 3 % were unique
to WS, and 6 % were unique to normal aging [280]. In this study, the largest functional group effected
in both WS and normal aging fibroblasts included genes related to DNA and RNA processing,
75 % of which were downregulated. Among the most severely downregulated genes were several
genes involved in the RNA polymerase II (RNAP II) complex, which transcribes protein-encoding
genes and interacts with the promoter regions as well as with a variety of transcription factors,
including RNAP II polypeptide A (POLR2A), a second RNAP II subunit, polypeptide J (POLR2J),
transcription factor Dp-2 (TFDP2), a component of the drtf1/e2f transcription factor complex which
regulates genes encoding proteins required for the cell cycle progression of S-phase, the FOXM1
(HFH-11) transcription factor gene (previously reported to decline in both elderly patients and
patients with Hutchinson-Gilford progeria) and downregulated SMARCA1 and SMARCB1 products
that contribute to chromatin remodeling, providing access for the transcriptional machinery. This
analysis also showed a major shared downregulation of cell-cycle regulatory and growth related
genes, including reduced expression of BRF2 (a nuclear transcription factor regulating the response
to growth factors), CSF3R (a receptor that transduces signals regulating the proliferation, differen-
tiation, and survival of myeloid cells), INSR (the insulin receptor gene), IGF2 (insulin-like growth
factor 2 gene), and the IGF2R (IGF2 receptor) correlating with the reduced replicative potential of
both WS cells and cells from normal old donors. These findings suggest that WS causes acceleration
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Table 4.3 Human segmental progeroid disorders

Syndrome Phenotype Cellular defect Gene defect Mean
lifespan

Werner Gray hair, skin atrophy,
cataracts, diabetes,
atherosclerosis,
malignancies, regional
fibrosis, lipid metabolic
defects, osteoporosis,
hypogonadism,
autoimmunity, vascular
disease

Transcription, DNA
repair (HR, NHEJ,
BER), DNA
replication +
recombination,
chromosome
defects, telomere
metabolism,
apoptosis

Loss of function of
WRN/DNA
helicase

48 yrs

Cockayne Neurodegeneration,
atherosclerosis,
diabetes, lipid
metabolic disorder, thin
hair, poor growth, deaf-
ness, hypogonadism,
hypertension, cataracts,
regional fibrosis,
osteoporosis

Transcription,
apoptosis, DNA
repair: NER (TCR),
BER of some types
of oxidative damage

Loss of function
mutations in CSA
and CSB, DNA
helicase

20 yrs

Rothmund-
Thomson

Alopecia, cataracts,
malignancies, gray hair
poikiloderma,
osteoporosis,
hypogonadism

Recombination DNA helicase Normal

Trichothio-
dystrophy

Cachexia, cataracts,
osteoporosis, fragile
hair, neurodegeneration
(cerebellar ataxia)

DNA repair, basal
transcription

Defect in XPD DNA
helicase

10 yrs

Bloom Cancer, hypogonadism,
regional fibrosis,
growth deficiency,
diabetes mellitus,
cataracts

Transcription, DNA
repair, replication,
and recombination,
apoptosis,
chromosome
defects

DNA helicase 28 yrs

Hutchinson-
Guilford

Atherosclerosis,
sarcopenia, alopecia,
sclerosis, osteolysis,
reduced adipose tissue

Nuclear stability and
transcription

Dominant negative
mutations in
LMNA (Lamin A),
nuclear envelope
defect

12 yrs

Ataxia
telangiectasia

Dermal sclerosis, gray
hair, malignancies,
immunodeficiency,
ataxia

Decreased genome
maintenance

Loss of function
mutation in ATM

20 yrs

of a normal aging mechanism and implies that the phenotypic manifestations of both WS and aging
may be secondary to specific transcriptional defects contributing to cellular degeneration.

The stochastic deregulation of gene expression and the extreme heterogeneity that appears to
be fundamental to the aging phenotype in post-mitotic tissues have been recently reported [281].
Analysis of single cardiomyocytes dissociated from samples of both young and old mice, global
mRNA amplification and quantification of mRNA levels of a panel of housekeeping and heart-
specific genes revealed a striking pattern of heterogeneity in aging. These observations are
consistent with a mosaic model of aging in which cell-to-cell differences become increasingly
pronounced.
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The role of transcriptional defect in aging is also highlighted by defects in several transcription-
coupled NER-specific factors CSA or CSB that lead to Cockayne syndrome (CS) in humans, a
severely debilitating disorder with striking progeroid features. In addition, CSA- and CSB-deficient
mice show much milder phenotypes than their human counterparts [248]. Patients with specific
mutations in XPD suffer from trichothiodystrophy (TTD), a disease characterized by photosensitiv-
ity, brittle hair, skin defects, and a shortened life span. These patients show defects in transcription of
hair- and skin-specific transcripts. In addition, cells derived from TTD patients exhibit NER defects,
suggesting that multiple functions of XPD are defective in these individuals. Mice bearing a tar-
geted mutation in XPD, which recapitulates a human TTD mutation, show manifestations similar to
human TTD patients and of aging-associated changes such as wasting, scoliosis, osteoporosis, and
melanocyte loss [282].

The aging-like phenotypes in human CS patients and in XPDTTD, XPDTTD/XPA, and
CSB/XPA mouse mutants may be explained by failure to repair lesions in transcribed genes that can
result in cell death, leading to tissue attrition and aging. Stalled RNA polymerase provides a signal
for activation of p53-dependent apoptosis [283]. In this regard, it will be of interest to determine
whether p53 deficiency rescues the aging-like features of XPDTTD, XPDTTD/XPA, and CSB/XPA
mice. Alternatively, the involvement of XPD and the CSB proteins in transcription suggests that
impaired transcription of critical genes may play a role in causing these progeroid phenotypes,
perhaps by interacting with repair defects in a complicated fashion.

While the role of genome instability and defective DNA repair clearly are contributory to aging
phenotypes, many questions remain as to how they are actually involved. The multifunctional nature
of many of the repair proteins active in several pathways has made it difficult to ascertain which
functions/pathways are critical to aging. The commonality in aging phenotypes elicited by mutations
in diverse repair systems suggests that not the lesion itself but the signaling pathways affected may
be more critical in the actual aging pathways. A model depicting some of the salient interactions of
factors in the aging pathway including genomic instability, mutation accumulation and senescence
is shown in Fig. 4.4.

Telomeres and Telomere-related Proteins

As we have previously noted, telomeres are specialized structures that consist of tandem repeats
of the DNA sequence TTAGGG and several proteins located at the end of chromosomes, which
shorten with each replication unless they are preserved by the action of the enzyme telomerase
reverse transcriptase (TERT) [284]. The telomerase enzyme employs an RNA template (TERC) to
extend telomeres during the S phase of the cell cycle. Most human somatic cells contain very low
levels of telomerase activity. Telomerase access to its DNA substrate is regulated by a rather large
group of diverse telomere-associated proteins, some required for replication others involved in the
formation of a protective end structure, i.e., “capping” (Fig. 4.5). Particularly notable amongst these
proteins are the telomeric repeat-binding factors (TRFs) [285]. TRF1 has been shown to regulate
telomere length, assisting the telomerase enzyme while TRF2 has been implicated in modeling the
telomere into the T-loop structure, protecting the single-stranded 3′-end overhang from degradation,
and binding to the ATM kinase protein to prevent the ATM-dependent DNA damage response. In
addition, TRF2 stimulates the helicase activity of both WRN (of Werner’s Syndrome) and BLM (of
Bloom Syndrome), which are thought to play a role in telomere maintenance. As we have previously
noted, other DNA repair factors including DNA damage signaling molecules such as PARP-1, DNA-
PKcs, Ku70/80, XRCC4 and ATM have been associated with telomere function. Mice deficient
in a DNA-break sensing molecule, PARP (poly [ADP]-ribopolymerase), have increased levels of
chromosomal instability associated with extensive telomere shortening while Ku80 null cells showed
a telomere shortening associated with extensive chromosome end fusions [286].



132 4 Molecular and Cellular Phenotypes of Cardiovascular Aging

Fig. 4.4 Model depicting interactions of genomic instability, mutation accumulation and senescence in aging

During aging with each successive generation, telomere length is progressively reduced in most
somatic cells; after a number of cell cycles, upon reaching a critical size, cellular replication stops
and the cell becomes senescent. Age-dependent telomere shortening in most somatic cells, including
vascular endothelial cells, smooth muscle cells (SMCs) and cardiomyocytes, appears to impair cel-
lular function and the viability of the aged organism triggering a phenotype of cellular senescence.
This phenotype is generally accompanied by a loss of protective proteins termed telomere uncap-
ping, which appears to be a potent signal recognized by cell cycle checkpoint sensors and triggers
pathways leading to cell cycle arrest.

Most human somatic cells can undergo only limited replication in vitro, a state originally termed
replicative senescence, more recently cellular senescence. This state of irreversible cell cycle arrest
can be triggered by ROS and diverse DNA damaging agents and is accompanied by a number of
characteristic functional and morphological changes. Replicative senescence in human cell lines
can be triggered when telomeres can not carry out their normal protective functions. Senescent
human fibroblasts display a range of molecular markers characteristic of cells bearing DNA double-
strand breaks. The inactivation of DNA damage checkpoint kinases in senescent cells may restore
the cell-cycle progression into S phase [287]. Hence, telomere-initiated senescence may reflect a
DNA damage checkpoint response that is activated with a direct contribution from dysfunctional
telomeres. Transfection of telomerase activity into human cells including retinal pigment epithelial
cells and foreskin fibroblasts halted telomere loss and prevented the subsequent proliferation block,
which characterizes in vitro replicative senescence [288].

Unlike human fibroblasts, mouse embryonic fibroblasts possess high levels of telomerase and
long telomeres, and generally do not senesce as a function of telomere attrition [289]. However,
despite the apparent absence of telomere shortening, most mouse cells cease dividing after only
10–15 doublings with factors other than telomere length contributing to their senescence. The
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Fig. 4.5 Telomere structure with associated proteins
Linear structure of a human telomere including the telomeric DNA with relative location of double-stranded repeats,
associated proteins (shelterin complex) and the telomere RNA (TERC), telomerase (TERT) complex with the single-
strand extension (G-tail) noted. B. Looped structure of the telomere indicating relative positions of the telomere
D-loop and T-loop and the telomere binding proteins as indicated in the key.

differences in telomerase expression between humans and mice may be a limitation to employ mouse
models to study the role of human telomere shortening in age-associated conditions.

Roles for many of the telomere factors in senescence and aging have been established by molecu-
lar studies with cells containing mutant TRF2 alleles (e.g., dominant negative). Loss of TRF2 activ-
ity and resultant telomere malfunction promoted apoptosis in some mammalian cell-types [290].
These observations also demonstrated that this effect was mediated by the ATM kinase and p53
activation, consistent with activation of a DNA damage checkpoint. Furthermore, TRF2 inhibition
in neurons (primary embryonic hippocampal neurons) and mitotic neural cells (astrocytes and neu-
roblastoma cells) induced by adenovirus-mediated expression of dominant-negative TRF2 triggered
a DNA damage response involving the formation of nuclear foci containing phosphorylated histone
H2AX and activated ATM in each cell type [291]. A potential explanation for these findings is that
telomeres that lack TRF2 signal the onset of apoptosis, because they contain (or expose) regions
of damaged DNA. The involvement of ATM suggests that inappropriately exposed telomeric DNA
might be like a double-strand break, which is the predominant initiating signal for ATM-mediated
p53 activation [266].

Despite its role in replicative senescence in some human cells, the role of telomerase in aging
remains largely controversial and undefined. A lack of correlation between telomerase activity and
aging of cells in vivo, and between telomere length in cells and the maximum life span of the species
from which the cells were derived has been well-documented [292]. However, telomerase knock-out
mice exhibit some aspects of accelerated aging after three generations including premature greying
of the hair, hair loss, impaired wound healing, and compromised hematopoiesis [293]. Furthermore,
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re-introducing telomerase activity in late generation telomerase-deficient mice, Terc−/− reversed the
phenotype of chromosomal instability and premature aging [294].

As with other tissues, the heart in Terc-/- mice exhibits an increasingly abnormal phenotype,
progressive telomere shortening, and a reduction in the numbers of cardiomyocytes with successive
generations. However, these mice also develop classic DCM leading to severe HF with abnormalities
in both cardiac contractility and relaxation [295]. Analysis of isolated cardiomyocytes from these
mice demonstrates decreasing telomere length with successive generations and upregulation of p53
expression, most prominently in the individual cells with the shortest telomeres. Since p53 signaling
can induce apoptosis and growth arrest, these observations provide a potential explanation for the
reduced cell number seen in the hearts of late-generation Terc-/- mice. The finding of increased
levels of myocyte apoptosis but comparatively little cellular necrosis is consistent with the view that
increased p53 expression is responsible for the reduction in the number of cardiomyocytes [296].
However, the contribution of other tissue abnormalities in the telomerase-null mouse to the cardiac
phenotype remains to be determined. The availability of a cardiac-specific telomerase knockout
might prove to be informative in that regard.

Previously, Leri et al. have found that telomerase activity was detectable in young adult, fully
mature adult, and senescent rat ventricular myocytes, challenging the dogma that this cell popula-
tion is permanent and irreplaceable [297]. Moreover, these investigators found that aging decreased
telomerase activity (by 31%) in male cardiomyocytes, whereas in aging female cardiomyocytes the
telomerase activity increased (by 72 %.) These results may underlie the observed myocyte loss that
occurs in men as a function of age, in contrast to the preservation of myocyte number in women.

Gathered observations support the concept that the average telomere length is better maintained in
conditions of low OS. Selective targeting of antioxidants directly to the mitochondria can counteract
telomere shortening and increase life span in fibroblasts under mild OS. As noted in Chapter 2,
mitochondrial dysfunction can lead to a loss of cellular proliferative capacity through telomere
shortening, and the generation of ROS may signal the nucleus to limit cell proliferation through
telomere shortening and telomeres as sensors to damaged mitochondria [298].

In addition to the direct effects of telomeres on aging, it is evident that telomere dysfunction is
emerging as an important factor in the pathogenesis of human cardiovascular diseases associated
with aging, including hypertension, atherosclerosis, and HF [299, 300]. The implications of these
findings for the development of potential cardiovascular therapeutics will be discussed in Chapter 14.

Conclusion

At first glance it would appear that the aging heart is morphologically and functionally compro-
mised by a striking array of defects stemming from diverse sources. The lengthy list of defects,
many evident at the cellular and subcellular level, includes amyloid deposition, calcification, fibro-
sis, cell death and remodeling, mitochondrial dysfunction, production of ROS leading to elevated
OS and damaged macromolecules, difficulties with cellular turnover and waste/defect removal,
accumulation of DNA and chromosome damage including telomeres, leading to changes in gene
expression, genomic instability and a non-proliferative senescent phenotype. In actuality, careful
scrutiny of molecular and sub-cellular changes occurring in aging cells has identified some striking
inter-relationships between many of these defects, although the actual sequence of events remains
speculative.

Although mitochondrial-derived ROS play a central role in a considerable proportion of
age-mediated cardiac defects proof that this damage is causative remains unclear. The ROS-
mediated defects in DNA, proteins and lipids lead to extensive cardiac remodeling, AGE-glycation
and calcium alterations, deficits in mitochondrial bioenergetics and chromosomal abnormalities
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(e.g., telomeric dysfunction) and may add an excessive burden to the cell maintenance systems,
including lysosomal degradation and DNA repair. The most compelling support for the role of
mitochondrial dysfunction in aging has emerged from recent transgenic studies, although the
resulting picture is by no means clear at this time with some pieces of the puzzle likely missing
(e.g., in many analyses the element of time has been lacking). Interestingly, interventions that reverse
aging-mediated cardiac defects (e.g., caloric restriction, antioxidants) have begun to be utilized in
the identification of gene expression and signaling pathways that are required for the onset of the
aging heart phenotypes.

Summary

• With aging the heart develops increasing myocardium and endocardium thickness, left atrial
hypertrophy and increased interstitial fibrosis.

• Loss of cardiac myocytes as well as conduction cells and increased levels of fat, collagen and
elastic tissue with increased fibrosis are prevalent in the aging heart and are likely contributory to
dysrhythmias, conduction defects and defects in cardiac contractility.

• Amyloid deposition and calcification are increasingly found in the aging heart. Also fibrosis,
mediated largely by aging effects on cardiac fibroblasts, is a primary correlate of the aging heart
characterized by excessive collagen deposition and extracellular matrix defects. These changes
contribute to LV dysfunction (primarily diastolic), myocardial stiffness and atrial fibrillation (AF).

• Central to aging-mediated cardiac remodeling is cardiac myocyte cell death arising from apopto-
sis and necrosis processes, both of which are increased in the aging heart.

• Cardiac aging is associated with mitochondrial generation of ROS leading to an accumulation of
cellular and mitochondrial macromolecular damage, including lipid peroxidation altering mem-
brane fluidity and function, protein modifications (e.g., protein nitration and carbonylation) and
enzyme function (including the mitochondrial bioenergetic enzymes) and a variety of both nuclear
and mtDNA defects.

• The cellular mechanisms to remove/degrade of damaged-worn out organelles, membrane compo-
nents, defective mitochondria and proteins including lysosomes and proteasomes are less effec-
tive in aging cells. Mechanisms leading to this inefficiency while in part involving accumulated
non-degradable substrates (e.g., lipofuscin) are not yet known.

• DNA damage, including mtDNA defects, is clearly a primary factor in aging. Defects in DNA can
lead to mutations compromising function, chromosomal damage and rearrangement, diminished
gene expression and genomic instability.

• Mutational defects in mtDNA can lead to premature aging, cardiomyopathy and heart failure in
both animal models and in aging humans, and appear to be linked to increased apoptotic activa-
tion.

• Mutations in DNA repair proteins (primarily involved in the nucleotide excision repair and recom-
bination pathways) may cause premature aging syndromes in animals and humans.

• Changes in telomere DNA size and structure are associated with aging and the onset of replicative
senescence; these changes can be mediated in the heart by increased OS.
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Chapter 5
Aging of the Vasculature and Related Systems

Overview

Vascular structure and function are altered during aging. Age-associated changes of the blood vessels
include increased stiffness, decreased compliance, increased inflammation, impaired angiogenesis,
and increased thrombogenic potential. At the cellular level, endothelial and smooth muscle cells
appear to undergo the development of a senescent phenotype, which appears to contribute to the
development of these changes as well as to the pathogenesis of age-associated vascular diseases
such as atherosclerosis and coronary artery disease. In this chapter we will discuss the cellular and
molecular basis of these age-mediated changes in the vasculature.

Introduction

There is significant age-associated remodeling of the vascular wall, which includes luminal enlarge-
ment, intimal and medial thickening, and increased vascular stiffness. Moreover, aging is associated
with a marked decline in vascular endothelial function including impaired endothelium-dependent
vasodilation, reduction in the regenerative capacity of the endothelium and onset of endothelial
cell senescence accompanied by an increased rate of endothelial cell apoptosis. While numerous
recent studies have focused on the endothelium, there are also significant subcellular and molecular
changes in the inflammatory and stress responses and in the thrombotic/fibrolytic pathways, which
bear consideration.

Arterial Remodeling and Aging

Aging is associated with alterations in a number of structural and functional properties of large
arteries, including diameter, wall thickness, wall stiffness, and endothelial function. Accumulated
evidence indicates that these arterial changes are also accelerated in the age-associated cardiovas-
cular diseases including hypertension, coronary heart disease, congestive heart failure, and stroke,
and that these changes themselves can be risk factors for the appearance or progression of these
diseases [1]. Table 5.1 features a summary of key age-associated changes in arterial structure and
function in apparently healthy humans some of which are shared in patients with hypertension and
atherosclerosis.

Those biochemical, enzymatic, and cellular alterations implicated in both accelerated arterial
aging and in the pathogenesis and progression of arterial diseases represent potentially important
targets of interventions aimed at attenuating arterial aging. Nevertheless, our understanding of the
molecular and genetic elements that direct these changes is still rather rudimentary.
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Table 5.1 Changes in arterial structure, function, and composition with aging, hypertension, and atherosclerosis in
human subjects

Arterial parameters Healthy human subjects (> 65 y) Hypertension Atherosclerosis

Known
Endothelial dysfunction + + +
Intimal thickening + + +
↑Vascular SMC number + + +
↑Matrix + + +
↑Local Ang II-ACE + + +
MMP dysregulation + + +
↑MCP-1/CCR2 + + +
↓VEGF + + +
Unknown
Luminal dilation + + ?
Stiffness + + ?
↑Collagen + + ?
↓Elastin + + ?
ICAM ? + +
TGF-β1 ? + +
↑NADPH oxidase ? + +
↓NO bioavailability ? + +
↓Telomere length + ? +
SMC: Smooth muscle cell; NO: Nitric oxide; ICAM-1: intimal adhesion molecule-1; MCP-1: monocyte chemoattrac-
tant protein-1; TGF-ß1: transforming growth factor-ß1; MMP: Matrix metalloproteinase; VEGF: Vascular endothelial
growth factor; ACE: Angiotensin converting enzyme

Cross-sectional studies of healthy aging individuals have demonstrated that elastic arteries, such
as the central aorta, on average, dilate with age leading to an overall increase in lumen size [2].
Moreover, the thickness of the common carotid arterial wall, gauged by the thickness of the intimal
and medial layers as measured by B-mode ultrasound, increases nearly 3-fold between ages of 20
and 90 years even in the absence of atherosclerotic plaques [3]. Postmortem studies employing
histological sections of several arteries including the ascending aorta, descending thoracic aorta, and
abdominal aorta (suprarenal) found that the aortic circumference increased with age at all locations
and that this age-associated increase in arterial wall thickening is caused primarily by an increase
in intimal thickening (maximal in the abdominal aorta) even in individuals with a low incidence
of atherosclerosis [4]. In contrast, these studies found that the thickness of the load bearing media
remains relatively constant throughout life.

The patterns of age-associated changes in arterial structure and function in rodents, rabbits, and
nonhuman primates are similar to those in humans and have proved highly useful as models for
probing the cellular and molecular determinants of the age-mediated arterial remodeling [1]. More-
over, these experimental models can offer the opportunity to evaluate vascular effects attributable to
aging as distinguished from those attributable to superimposed disease, since in some model species
arterial diseases (e.g., atherosclerosis) do not necessarily accompany vascular aging. For instance,
the diffuse intimal thickening observed with advancing age in human arteries is also found in rat[5]
and monkey[6] models of aging, even though these animals do not develop atherosclerosis. This dif-
fusely thickened aging intima contains matrix proteins, collagen, fibronectin, proteoglycans, vascu-
lar smooth muscle cells (SMCs) that have migrated from the media and is also characterized by ele-
vated expression of aortic intimal adhesion molecules (e.g., ICAM-1) [5], and increased adherence
of monocytes to the endothelial surface [7]. Also present is the zinc-dependent endopeptidase type-2
metalloproteinase (MMP-2), and its activator, membrane-type metalloproteinase-1 [5]. Furthermore,
elevated levels of the inflammatory chemokine monocyte chemoattractant protein-1 (MCP-1) and its
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receptor, produced and secreted by endothelial cells (ECs) and vascular SMCs are found within the
thickened intima [8], a response also implicated in the pathogenesis of atherosclerosis [9]. In addi-
tion, expression and activity of transforming growth factor-β1 (TGF-β1), a multifunctional growth
factor that regulates cell replication, synthesis of matrix components, and the response to injury, are
also increased in the aged intima [10].

Among the salient features of the age-associated changes in the media are included the deposition
of extracellular matrix proteins such as fibronectin and matrix metalloprotease type-2 (MMP-2) [11],
which promotes matrix protein degradation and facilitates vascular SMC migration. Vascular SMCs
from the aortic media of older rats are larger in size and fewer in number than those in aorta derived
from young adult rats [12]. Vascular SMC migration from the medial to the intimal compartment is
considered a likely mechanism for the increased vascular SMC number within the diffusely thick-
ened intima of central arteries as they age. These have been found to contribute in part, to the
myocyte growth that accompanies the exaggerated neointimal formation in older versus younger
rats in response to injury [13], as well as to the accelerated remodeling response found in senes-
cent rats [14], albeit the proliferative growth of vascular SMCs in aging is by no means a clear-cut
matter as we shall discuss in a later section of this chapter. This exaggerated response has also been
attributed to factors intrinsic to the vessel wall because the excessive intimal hyperplasia is still
observed when aorta from old animals are transplanted into younger ones [13].

The aged media are also characterized by alterations in the content and integrity of the structural
matrix proteins including elastin and collagen. Elastin content decreases with advancing age because
of a decline in elastin synthesis. This is attributable, in part, to the repression of elastin gene expres-
sion by B-Myb [15], a factor which represses SMC collagen transcription as well as the degradation
of elastin fibers, a process that is accelerated by age-associated increases in proteolytic enzyme activ-
ities in the aortic wall such as MMP-2 [11]. It has been shown that the elastin peptide fragments that
are generated are chemotactic interacting with the elastin–laminin receptor present on the surface
of ECs and vascular SMCs, and induce both their motility and cell cycle progression, as well as
the subsequent release of proteolytic enzymes [16]. In marked contrast to the reduction in elastin
content, there is excessive synthesis and deposition of collagen types I and III in the aortic media
from old animals. In addition, with advancing age, adjacent collagen fibrils are targeted by a series
of non-enzymatic glycation and oxidative reactions targeting free amino groups to form advanced
glycation end products (AGE), with subsequent collagen cross-linking which further increase the
stiffness of the collagen network [17].

Numerous studies have reported that the age-associated increase in thickness of the central arterial
wall is accompanied by an increase in arterial stiffness as measured by aortic pulse wave velocity
and augmentation of carotid arterial pressure waveform. This stiffness has been attributed to the
repeated cycles of distension and elastic recoils of the arterial wall, which are thought to accelerate
the fragmentation and depletion of elastin leading to the thinning and fraying of elastin fibers, as well
as resulting in the deposition and remodeling of collagen and the development of fibrosis [18]. More-
over, increased AGE or glycation-mediated cross-linking of collagen (shown in Fig. 5.1) also appears
to be a critical factor in determining arterial stiffness as indicated by the finding that treatment with
an inhibitor of AGE formation improves vascular stiffness in diabetic rats [19]. Moreover, treatment
with collagen cross-link breakers such as alagebrium was shown to be effective in reducing large
artery stiffness in animal studies and in early clinical trials, alagebrium improved arterial compliance
in elderly patients with vascular stiffening [20].

Several studies have suggested that increased cardiovascular stiffness is a reliable predictor of
cardiovascular morbidity and mortality. The age-associated increase in central arterial stiffness, in
turn, contributes to an increase in central pressure augmentation, likely contributing to elevated
central blood pressure in older individuals [21, 22]. It is also worthy of note that aging has dif-
ferent effects on proximal, predominantly elastic arteries, such as the aorta and the carotid artery,
as compared to distal, predominantly muscular arteries, such as the radial and the femoral arteries.
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Fig. 5.1 The effect of glycation and age on endothelial cell (EC) dysfunction

While central arteries stiffen progressively with age, stiffness of muscular arteries changes little
with age [23]. Interestingly, recent studies have documented a similar alteration of the mechanical
properties of cardiac myocytes with aging in cells from 4-month and 30-month male Fischer 344
x Brown Norway F1 hybrid rats using atomic force microscopy (AFM), which determines cellu-
lar mechanical property changes at nanoscale resolution. A significant increase was found in the
apparent elastic modulus (i.e., a measure of stiffness) of single, aging cardiac myocytes [24].

In addition, arterial stiffness seems to have a genetic component, which is largely independent
of the influence of blood pressure and other cardiovascular risk factors. In studies of several mono-
genic connective tissue diseases including Marfan, Williams, and Ehlers-Danlos syndromes and in
the corresponding animal models, a precise characterization of the arterial phenotype has under-
scored the influence of abnormal genetically determined wall components on arterial stiffness. It
also highlighted the role of extracellular matrix signaling in the vascular wall and revealed that
elastin and collagen not only modulate vessel elasticity or rigidity but also are critically involved
in control of vascular SMC function [25]. A number of studies have also suggested that arterial
stiffness can be further influenced by the presence of specific gene polymorphisms (as shown in
Table 5.2). Studies have focused on the involvement of genes encoding components of the renin-
angiotensin-aldosterone system, which are involved in blood pressure control, as well as cell pro-
liferation, matrix production, signaling and vascular hypertrophy, and play a key role in arterial
stiffness. Significant associations with arterial stiffness have been found for specific gene variants of
angiotensinogen (AGT), angiotensin converting enzyme (ACE) and angiotensin II type 1 receptor,
AT1 [26–29]. The T344C polymorphism of the aldosterone synthase (CYP11B2) gene has also been
shown to be associated with an increase in arterial stiffness in several independent studies [30–32],
but not in others [27]. A potential explanation for this discrepancy lies in the recent demonstra-
tion that sodium intake (i.e., diet) can serve as an epigenetic modulator of CYP11B2 phenotypic
expression [31].

Genotype–phenotype studies have also focused on extracellular matrix proteins, primarily elastin
and collagens. Elevated carotid stiffness was reported in elderly subjects (> 55 year old) carrying
the A allele of the Ser422Gly polymorphism of the elastin gene [33]. In patients with CAD, the 2–3
tandem repeat genotype of the fibrillin-1 gene has been shown to be associated with greater aortic
stiffness than the 2–2 and 2–4 genotypes [34, 35]. Variants of MMPs have also been investigated
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Table 5.2 Human gene polymorphisms and aortic stiffness

Genetic loci Polymorphism Arterial phenotype Ref

Angiotensin II type 1
receptor (AT1)

A1166C Carriers of the AT1 1166C allele had ↑
aortic stiffness

26, 27

−153A/G Carriers of the AT 1 −153G allele (>
55 yr) had ↑ aortic stiffness

27

Angiotensin
converting enzyme
(ACE)

Insertion/deletion
(I/D)

Subjects with ID and DD genotype had
higher carotid stiffness compared to
subjects with II genotype

28

Angiotensinogen
(AGT)

M235T Reduced carotid distensibility and ↑
carotid stiffness in subjects with T
allele homozygosity

29

Aldosterone synthase
(CYP11B2)

T344C Presence of the −344C allele was
associated with ↑ levels of plasma
aldosterone and arterial stiffness in
patients with essential hypertension

30, 31, 32

Elastin Ser422Gly
(A-> G)

Subjects (> 50 yr) carrying the A allele
had a significant decline in
distensibility for the carotid but not
radial artery

33

Fibrillin-1 The 2–3
Tandem repeat
genotype

In CAD patients, 2-3 genotype had ↑
input impedance and carotid pulse
pressure compared with 2-2 and 2-4
genotypes

34, 35

Stromelysin-1
(MMP-3)

Homozygous for
5A allele

↑ aortic stiffness in subjects > than 60 yr 36

MMP-9 −1562C>T
R279Q

In healthy individuals, ↑ aortic stiffness,
serum MMP-9 and elastase activity in
carriers of rare alleles for−1562C>T
and R279Q polymorphisms; age was
contributory

37, 38

Endothelial nitric
oxide synthase
(eNOS)

G894T The T allele was associated with
significantly lower values of arterial
stiffness and elastic modulus (YEM) in
African Americans

39

Endothelin receptors ETA-R
−231A/G
ETB-R 30G/A

Increased arterial stiffness was associated
with −231G and 30G alleles in women
and the ETB-R 30G/A receptor gene
variant in men,

40

G-protein beta3
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for their association with arterial stiffness because they are involved in matrix homeostasis and
arterial wall remodeling. Variants of the MMP-3 gene encoding stromelysin-1 [36], which acts
on a variety of substrates, including fibronectin, elastin, and collagens, and MMP-9 have shown
significant association with arterial stiffness [37, 38]. In addition, consistent with the critical roles
of endothelial function and signaling on vascular arterial changes, it is not unexpected that specific
polymorphic variants of genes involved in NO synthesis (eNOS) [39], endothelin receptors (ETA-R
and ETB-R) [40], and G-protein β3 subunit (GNB3)[41] have shown a significant association with
arterial stiffness. Recent studies have also implicated the involvement of specific variants of both
ETA-R and ETB-R in mediating arterial stiffness in response to exercise [42].

Gene expression analysis has also proved to be informative in elucidating the molecular under-
pinnings of arterial stiffness. A microarray analysis of genes whose expression correlates with
arterial stiffness in human aortic specimens, identified 2 distinct groups of genes, those associated
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with cell signaling and those associated with the mechanical regulation of vascular structure
(e.g., cytoskeleton, cell membrane and extracellular matrix) [43]. Differentially expressed genes
involved in the mechanical regulation of vascular structure included integrins (α2b, α6, β3 and
β5), proteoglycans (decorin, osteomodulin, etc.), chondroitin sulfate proteoglycan-5, fibulin-1,
thrombospondin and fascin. Several signaling proteins including the catalytic subunit B isoform of
protein phosphatase-1 (PPP1CB) and Yotiao, a protein kinase A (PRKA) anchor protein that targets
PPP1CB were negatively correlated with arterial stiffness and were dramatically downregulated in
the stiff vessel wall. In contrast, transcript levels of the regulatory subunit polypeptide-1 (p85-α) of
phosphoinositide-3-kinase (PI3K) were positively correlated with arterial stiffness and significantly
upregulated by >3-fold. In addition to growth regulation, PI3K has multiple effects on the vascular
system including its involvement in the signaling pathway of vasoconstrictors such as angiotensin
II [44], activation of vascular SMC calcium channels [45], cell adhesion and cytoskeletal organi-
zation through activation of focal adhesion kinase [46], and in isolated smooth muscle strips, PI3K
inhibition leads to relaxation [47].

Other studies have examined the effects of metalloproteinase gene expression and arterial stiff-
ness. In a study demonstrating that the MMP-3 5A/6A promoter polymorphism contributes to age-
related large artery stiffening, homozygotes (of either 5A/5A or 6A/6A genotype) had higher aortic
input and characteristic impedance, i.e., higher stiffness, compared to 5A/6A heterozygotes [36].
In dermal biopsies in randomly selected older men from the same cohort, MMP-3 gene expression
was 4-fold higher in 5A homozygotes and in 6A homozygotes, 2-fold lower compared with the
heterozygotes. Clearly, MMP-3 genotype and expression may be an important determinant of vas-
cular remodeling and age-related arterial stiffening, with the heterozygote maintaining the optimal
balance between matrix accumulation and deposition. Similarly, studies analyzing the role of MMP-
9 genotype (e.g., C-1562T promoter polymorphism) on large artery stiffening and aortic MMP-9
gene and protein expression found that T-allele carriers (C/T and T/T) had stiffer large arteries
(higher input and characteristic impedance) and higher carotid pulse and systolic blood pressure than
C/C homozygotes [37]. Aortic gene expression exhibited 5-fold elevation in MMP-9 transcripts and
> 2-fold higher in active protein levels in T-allele carriers suggesting that the more extensive large
artery stiffness in T-allele carriers may be attributable to excessive degradation of the arterial elastic
matrix by upregulated metalloproteinases.

The use of gene expression profiling has also proved to be informative with respect to under-
standing the mechanism of reversing aortic stiffness by exercise-training [48]. Arterial stiffness
was higher in the abdominal aorta and systemic arterial compliance was lower in the sedentary
control rats (8 week old) compared to the exercise-trained rats (8 week old, treadmill running for
4 weeks). Global gene expression analysis revealed that the prostaglandin EP2 receptor (PGE-
EP2R), prostaglandin EP4 receptor (PGE-EP4R), C-type natriuretic peptide (CNP), and endothelial
nitric oxide synthase (eNOS) genes were expressed at significantly higher levels in the abdominal
aorta of exercise-trained animals compared with untrained controls and correlated with levels of
arterial stiffness.

As we shall shortly see, ECs play a pivotal role in regulating several arterial properties, including
vascular tone, vascular permeability, angiogenesis, and inflammatory response. Endothelial-derived
substances (e.g., NO, endothelin-1) are critical determinants of large arterial compliance, suggesting
that ECs may also modulate central arterial stiffness [49]. In the brachial artery, endothelial function,
as assessed by agonist- or flow-mediated vasoreactivity, has been shown to decline with advancing
age in both men and women [50, 51]. However, since a direct correlation between endothelial func-
tion and definitive measures of arterial stiffness and wave reflections in larger central arteries had not
previously been described in healthy individuals, a recent study undertook assessment of whether
endothelial function is inversely correlated with aortic pulse wave velocity, central pulse pressure,
and augmentation index in healthy individuals [52]. Global endothelial function was significantly
and inversely correlated with aortic stiffness and central and peripheral pulse pressure.
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Endothelial Cell Function and Remodeling

A number of alterations in the structure and function of ECs accompany advancing age including
a higher prevalence of cells with polyploid nuclei, increased endothelial permeability, alterations
in the arrangement and integrity of the cytoskeleton, the appearance of senescence-associated (SA)
β-galactosidase staining, and the expression of several inhibitors of the cell cycle. Senescent ECs
of aged arteries secrete more plasminogen activator inhibitor-1, favoring thrombosis formation.
Furthermore, with aging, EC production of vasoconstriction growth factors such as angiotensin
II (Ang II) and endothelin increases, and that of vasodilatory factors (e.g., NO, prostacyclin, and
endothelium-derived hyperpolarizing factor) is reduced. Moreover, the interaction between mono-
cytes and ECs is enhanced by EC senescence as well as largely mediated by the upregulation of
adhesion molecules (e.g., ICAM-1) and pro-inflammatory cytokines as well as the decrease in the
production of NO in senescent ECs. Elevated glycation in aging not only increases arterial stiffness
but markedly impacts endothelial function as depicted in Fig. 5.1. These age-associated alterations in
the arterial wall create a milieu conducive for the initiation or progression of superimposed vascular
diseases (e.g., atherosclerosis) as well as for the development of generalized endothelial dysfunc-
tion [53, 54].

Role of Cell Senescence

A critical element in the effect of aging on the EC is the development of the senescent pheno-
type, which has a significant impact of vascular integrity, function, and overall homeostasis. ECs
both in vitro and in vivo, are known to undergo replicative senescence. While senescent ECs
are viable and metabolically active, they display altered gene and protein expression compared
to proliferating cells. Senescent cells, including ECs, possess a characteristic enlarged, flattened
cell morphology, increased granularity and vacuolization, contain polymorphic nuclei and express
senescence-associated acidic β-galactosidase activity. This activity, which is detected when cells
are incubated with the chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside
(X-gal) at pH 6.0, is a manifestation of an increase in lysosomal mass in the senescent cell [55], and
has been widely used as a marker of senescence.

Under normal conditions ECs rarely divide and are in effect quiescent, exhibiting a turnover rate
estimated at approximately 3 years. Both physiological and pathological processes, such as endothe-
lial injury, wound healing or angiogenesis are known to initiate endothelial proliferation [56], and
consequently, the impaired wound healing and angiogenesis typically observed in the elderly, have
been attributed to endothelial senescence [57]. Moreover, it has been reported that senescent human
ECs show a reduced ability to form capillaries in vitro [58].

Bone marrow–derived circulating endothelial progenitor cells (EPCs) are known to participate
in postnatal neovascularization and vascular repair [59, 60]. Several studies have revealed that both
the growth and function of cultured bone marrow–derived EPCs are impaired in patients with coro-
nary artery disease (CAD) and show a negative correlation with various risk factors for coronary
atherosclerosis, including age [61, 62]. Thus, aging may also promote the senescence of EPCs as
well as vascular ECs, resulting in a decline of angiogenesis and vascular healing. Observations from
Edelberg et al. indicated that dysregulation in platelet-derived growth factor (PDGF)-B is a factor in
the age-related decline in angiogenesis [63]. In vitro studies found that young 3-month-old murine
bone marrow–derived EPCs recapitulated the cardiac myocyte–induced expression of PDGF-B,
whereas EPCs from the bone marrow of aging 18-month-old mice did not express PDGF-B when
cultured in the presence of cardiac myocytes. These studies also demonstrated that transplantation
of young but not old bone-marrow derived EPCs were able to be successfully incorporated into the
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vasculature of aging mice and restored both angiogenic function and the PDGF-B induction pathway
suggesting a possible therapeutic modality.

In human ECs, senescence has largely been thought to be a consequence of the progressive
shortening and eventual dysfunction of telomeres. Senescence is reached when the telomeres are
shortened below a critical length [64]. In ECs obtained from different regions of the vasculature and
from donors of different ages [65, 66], telomeres have been found to shorten with age. This telomere
erosion is in part due to a downregulation in the activity of the telomerase reverse transcriptase
(TERT) activity. While most somatic cells do not display detectable telomerase activity, normal
human ECs and vascular SMCs both express telomerase activity, which is markedly activated by
mitogenic stimuli via a protein kinase C (PKC)-dependent pathway;[67] this activity significantly
declines with in vitro aging of vascular cells due to a decrease in TERT expression leading to telom-
ere shortening and cellular senescence [68, 69].

Loss of telomere function was recently shown to induce endothelial dysfunction in vascular ECs,
whereas inhibition of telomere shortening was shown to suppress the age-associated dysfunction
in these cells [70]. Moreover, introduction of TERT has been shown to extend the cell life span of
human ECs (and vascular SMCs as well) further supporting the critical role of telomere shortening in
vascular cell senescence as well [58, 71]. Introduction of TERT also prevented endothelial dysfunc-
tion associated with senescence, including decrease in eNOS activity and an increase in monocyte
binding to ECs [70, 72].

Other factors have been shown to contribute to the loss of telomere integrity. Studies with cultured
cells have shown that a relatively mild chronic oxidative stimulus can accelerate telomere erosion,
in part attributed to the increased generation of single strand breaks in the telomeric DNA resulting
from oxidative damage [73], and the downregulation of telomerase activity [74]. Haendler et al.
demonstrated that ECs cultured in vitro accumulate ROS, which induces both mtDNA damage and
results in the export of TERT from the nucleus into the cytoplasm as well as leading to the activation
of the Src-kinase [75]. Incubation of EC cells with the antioxidant N-acetylcysteine, or with low
doses of the statin, atorvastatin resulted in reducing the intracellular ROS formation, preventing
mtDNA damage and delaying the nuclear export of TERT protein, loss in the overall telomerase
activity, and the onset of replicative senescence.

Increasing evidence suggests that these mechanisms may also operate in vivo. In a provocative
study, Epel and co-workers demonstrated that psychological stress evaluated in healthy women with
both perceived stress and in women with chronic stress (i.e., caregivers to chronically ill-children)
was significantly associated with higher OS, significantly lower telomerase activity, and shorter
telomere length, assessed in peripheral blood mononuclear cells [76]. Many questions have arisen
from this study including whether shorter telomeres in leukocytes lead to earlier immune senescence
and whether these dynamics also occur in other proliferative cells, such as vascular ECs. However,
subsequent studies from this group have demonstrated that telomerase activity in human blood
leukocytes (which can precede telomere length changes) can also be used as an early marker of CVD
risk. Significantly reduced telomerase activity was associated with the major risk factors for vascular
disease including smoking, poor lipid profile, high systolic blood pressure, high fasting glucose, and
greater abdominal adiposity [77]. In a similar vein, Ogami et al. found significant levels of telomere
shortening in coronary ECs obtained from patients with CAD compared to age-matched non-CAD
patients [78]. This latter study gauged telomeric DNA content in ECs by DNA-DNA hybridization
with a telomere-specific oligonucleotide [TTAGGG] standardized relative to centromeric DNA con-
tent (T/C ratio) to estimate telomere length. Moreover, in a subset of the CAD patients, the T/C ratio
at the site of the atherosclerotic lesion was significantly smaller than that at the non-atherosclerotic
portion, suggesting that focal replicative senescence and telomere shortening of ECs may play a crit-
ical role in the development and perhaps in the early diagnosis of coronary atherogenesis and CAD.

In addition, there is considerable evidence that the maintenance of telomere integrity requires
functional telomere-binding proteins of which an increasing number have been identified. For
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instance, disruption/inactivation of the gene for one of these proteins, the telomere repeat binding
factor-2 (TRF2), has been shown to cause telomere dysfunction and replicative senescence in either
human or mouse cells in vitro albeit different downstream pathways appear to be activated in these
different species [79]. TRF2 inhibition in mice also impacted telomere dysfunction in vivo and could
lead either to the induction of senescence or apoptosis depending on the cellular level of telomere
dysfunction and TRF2 expression levels [80]. In addition, the reduction of POT1 (protection of
telomeres 1) a highly conserved telomere-specific single-stranded DNA-binding protein by RNA
interference led to the loss of telomeric single-stranded overhangs and induced apoptosis, chromo-
somal instability, and senescence in human cells [81].

It has been recognized that the senescence response can also be induced by a number of stressful
stimuli, including those causing intracellular OS or persistent mitogenic stimulation which appears
to be unrelated to telomere damage [82]. This process has been called stress-induced premature
senescence (SIPS) [83], or alternatively ‘stress or aberrant signaling-induced senescence’ (STA-
SIS) [84]. A telomere-independent pathway for triggering vascular cell senescence was found with
the constitutive activation of mitogenic stimuli by expression of oncogenic Ras or E2F [85, 86]. The
constitutive activation of Ras-promoted senescence in vascular cells, was associated with accumula-
tion of the proteins p53 and p16 [87], activation of extracellular signal-regulated kinase (ERK) [88],
and p38 mitogen-activated protein kinase (MAPK) [89].

It has also been recognized that senescence-like phenotypic changes in ECs can also be induced
in the absence of telomere length changes through collagen glycation [90]. Advanced glycation end
(AGE) products, which accumulate with aging, increase the production of superoxide anion through
the activation of NADPH oxidase as discussed below.

Mechanisms of Cell Senescence

Although diverse stimuli can induce senescence, they appear to converge mainly on either or both
of 2 pathways that establish and maintain the process of cellular senescence. As shown in the
Fig. 5.2, these senescence-signaling pathways are regulated by the tumor suppressor proteins p53
and Rb [91]. Both proteins are transcriptional regulators, and each lies at the center of signaling
pathways responsible for cell cycle regulation, DNA repair, and cell death, involving a number of
upstream regulators and downstream effectors. Rb is found at senescence in its active, hypophos-
phorylated form, in which it binds to the E2F protein repressing its transcriptional targets [92].
p53 is a mediator of the response to DNA damage, and it induces the cyclin-dependent inhibitor
p21 [93]. This DNA damage-response pathway, is mediated by the ATM/ATR and Chk1/Chk2 pro-
teins, which cause the post-translational stabilization of p53 through its phosphorylation [94, 95].
Moreover, dysfunctional telomeres resemble damaged DNA and trigger a p53-dependent response.
A number of studies have shown that nuclear foci containing markers of double-strand DNA breaks
form in cells with critically short or dysfunctional telomeres. The p53 pathway is also important for
senescence occurring in response to oncogenic stimuli such as activation of Ras [96]. Oncogenic
Ras may trigger a p53-dependent damage response by increasing the production of ROS, which
are required for the mitogenic effects of Ras activation, which can be independent of telomere
dysfunction.

The alternative products of the INK4a locus, p16 and ARF are key players in the vascular senes-
cence pathway in vivo [97, 98]. ARF (p19ARF in mouse or p14ARF in human) acts by sequestering
the E3 ubiquitin ligase Mdm2 to the nucleolus, preventing the proteolytic degradation of p53, which
in turn participates in the induction of senescence through upregulation of its transcriptional target
p21, a CDK inhibitor, which in turn activates Rb, keeps it in a hypophosphorylated state that pre-
vents the binding of E2F to its targeted gene promoters. While stress-inducible, ARF is generally
considered to play a critical role in mouse cell senescence; its significance in human cell senescence
has not yet been ascertained.
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Fig. 5.2 Senescence signaling pathways

p16 also acts as a positive regulator of Rb-induced senescence by inhibiting the activity of the
cyclin-dependent kinases CDK4 and CDK6, which would otherwise phosphorylate and inactivate
the tumour suppressor Rb. The p16 protein is induced by a variety of stress stimuli, including the
overexpression of oncogenes such as Ras [99]. In some cell-types, p16 expression is silenced by
the methylation of its promoter [100], and in such cells the senescence response depends primarily
on the p53-dependent pathway. Vascular ECs show markedly increased expression of p16 during
replicative senescence [101, 102]. Overexpression of p16 has been shown to prevent the reversal of
senescence caused by inactivation of p53 [103]. Thus, the p16/Rb pathway can provide a formidable
barrier to cell proliferation that cannot be overcome by loss of p53. p16 functions in both murine
and human cells, although it appears to be much more active in the latter. It has been implicated in
both stress-induced premature senescence and also in the response to telomere damage that occurs
during replicative senescence.

Studies have shown that the p16/Rb pathway induces chromatin remodeling and affects the
expression of cell cycle regulators [104]. Senescent cells develop dense foci of heterochromatin
that repress the E2F target genes encoding positive cell cycle regulators in a Rb-dependent manner.
Senescence occurs via the p53 pathway in response to DNA damage and telomere dysfunction,
whereas the p16/Rb pathway mediates senescence in response to oncogenic stimuli, chromatin dis-
ruption, and other cellular stresses as shown in Fig. 5.2.

Functional Effects of Endothelial Cell Senescence

Both eNOS activity and NO production decline in senescent human vascular ECs [70, 105]. The
extent of NO production in response to shear stress is also less in senescent vascular ECs [72]. ROS
production is increased in senescent ECs[106, 107] leading to a decline in NO bioavailability as
well as increased formation of peroxynitrite [108]. In addition, with in vitro aging of vascular ECs,
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prostacyclin production is reduced [109], while the generation of thromboxane A2 and endothelin-
1 is augmented [110, 111], and the plasminogen activator inhibitor-1 is upregulated [112, 113].
All of these age-associated changes are likely to be involved in the impairment of endothelium-
dependent vasodilation, as well as favoring an increased tendency for thrombogenesis that occurs
in human atherosclerosis. Also, the interaction between monocytes and vascular ECs is enhanced
by EC senescence, and contributes to the promotion of atherogenesis [114]. This enhanced EC-cell
interaction appears to be mediated by upregulation of adhesion molecules and proinflammatory
cytokines, as well as through decreased NO production by senescent ECs.

The relationship of EC apoptosis and senescence is not clear. Early studies reported that as ECs
age in culture, the number of senescent cells increases in the population but overall levels of apop-
tosis did not change [115]. Wagner et al. have found that senescent ECs arrested in the G1 phase of
the cell cycle and accumulated G1 cyclins (cyclin D1 and cyclin E), hypophosphorylated Rb, and
the cyclin dependent kinase inhibitors p16, p21 and p27 [116]. At senescence, the ECs increased
in size, demonstrated polyploidy, and SA-β-galactosidase activity was detected in over 90% of the
cells. Moreover, this growth arrest was not stable as many cells underwent significant spontaneous
apoptosis gauged by detection of significant sub-G0 DNA content within the EC population and the
presence of TUNEL (terminal deoxynucleotide transferase dUTP nick end labeling) and annexin V
positive cells. This enhanced apoptosis in senescent vascular ECs may contribute to plaque erosion
and thrombosis in human atherosclerosis. In contrast to the senescent ECs, senescent fibroblasts
entered a stable G1 growth arrest and were resistant to apoptosis as previously described [117].
Furthermore, it has been found that the senescent population of ECs had enhanced levels of ROS, as
detected by using the redox-sensitive dye dihydrorhodamine 123 [107]. Similarly, increased apop-
tosis has been found in senescent porcine pulmonary artery ECs cultured in vitro for prolonged
times [118].

To elucidate the mechanisms underlying EC senescence and age-associated apoptosis, gene
expression profiling was undertaken and revealed upregulation of genes coding for extracellular pro-
teins in senescent HUVECs including significant upregulation of interleukin-8, vascular endothelial
growth inhibitor (VEGI), and the IGF-binding proteins 3 and 5, confirmed by both RT-PCR and
Western immunoblot analysis. In the case of interleukin-8, a roughly 50-fold upregulation of the
protein was also found in cellular supernatants. The extracellular proteins encoded by these genes
are well known for their ability to modulate the apoptotic response of human cells, and in the case
of interleukin-8, a link to the establishment of atherosclerotic lesions was defined [119].

These findings in addition to confirming the relevance of cellular senescence to cardiovascular
dysfunction in vivo have also allowed the identification of potential biomarkers that can be used to
monitor changes in the vascular cells in both disease and aging. Nevertheless, the role and relevance
of cellular senescence and telomere dysfunction in the aging vasculature in vivo remains some-
what unclear and confusing and has been recently debated in several excellent reviews [120–122].
Telomerase-deficient mice generated by targeting the telomerase RNA subunit develop senescence-
related organ failure in many systems including highly proliferative tissues such as the hematopoietic
system, male reproductive organs, the skin and the intestinal epithelium as well as liver but do not
develop a spontaneous vascular phenotype [123–125] This may be in part explained by the fact that
mice have extremely long telomeres and it takes several generations to shorten them to the point
of triggering some phenotypic effects. In fact, late-generation telomerase-deficient mice exhibited
reduced angiogenesis in matrigel implants [126]. Furthermore, in mouse models of premature aging
resulting from deletions of genes involved in genome maintenance, an increase in cellular senescence
has been observed, but anomalies of the vascular system have generally not been reported [127]. A
number of human premature aging disorders are associated with abnormal telomere homeostasis but
show little evidence of in vivo cellular senescence, although cells derived from these patients undergo
premature senescence when grown in vitro [128–131]. Moreover, while severe atherosclerosis is
a conspicuous pathological feature of Werner and Hutchinson-Gilford Progeria syndromes, other
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well-characterised inherited disorders associated with short telomeres and features of premature
aging, dyskeratosis congenital and ataxia teleangiectasia, do not feature accelerated development of
atherosclerosis arguing against a requisite role for telomere-based cell senescence in atherogenesis.

Endothelial Aging and Oxidative Stress

As we have previously noted, aging is associated with increased OS and oxidative damage. The
endothelium appears to be an important source of superoxide in the vascular wall [132–135]. This
effect seems to increase with age and leads to an endothelium-dependent attenuation of nitrova-
sodilator reactivity. Removal of the endothelium, as well as inhibition of the NADPH oxidase and
eNOS reduce vascular superoxide generation in aorta of aged Wistar–Kyoto rats [132].

However, the sources of the free radical generation in vascular aging have not been fully deter-
mined. As we have previously noted, it is widely believed that leakage of superoxide and of H2O2

from mitochondria and mitochondrial dysfunction increases with age. The continuous production
of O2 during the life span leads to an ever-increasing amount of mtDNA damage. Consequences in
endothelial cells include reduction in the number of EC mitochondria [136], distinct alterations in
overall mitochondrial morphology and fine structure and loss of membrane potential [137], impaired
expression and formation of dysfunctional mitochondrial proteins [138, 139], which leads to cellular
energy depletion and further ROS generation. For instance, senescent EC cells exhibit diminished
levels of mitochondrial cytochrome c oxidase (complex IV) leading to OS [138]. Moreover, in the
rat aorta, peroxynitrite-dependent inactivation of the mitochondrial MnSOD isoform by tyrosine-
nitrosylation occurs with vascular aging, which further promotes mitochondrial superoxide accu-
mulation [139]. Nevertheless, recent studies suggest that there are other significant sources of ROS
in human ECs in addition to mitochondria including NADPH oxidase [140].

Several other non-mitochondrial enzymes are thought to be involved in aging-induced radi-
cal formation. Uncoupled endothelial NO synthases can be transformed into radical generating
enzymes [141], an OS-generating process that can be induced in ECs by homocysteine [142]. A
critical component of the transformation of eNOS to a superoxide-producing pro-atherosclerotic
enzyme is the peroxynitrite-mediated oxidation of the essential NOS cofactor, 6R-5, 6, 7,
8-tetrahydrobiopterin (BH4). Diminished levels of the BH4 cofactor promote superoxide production
by eNOS. While this transformation of eNOS from a protective enzyme to a contributor to OS has
been observed in several in vitro models, in animal models of cardiovascular diseases, and in
patients with cardiovascular risk factors [143], its role in aging has not been ascertained and it may
be secondary to ROS production by mitochondrial ETC and by NADPH oxidase.

Xanthine oxidase (XO) is another potential source of superoxide formation in vascular disease.
Oxypurinol, a non-competitive XO inhibitor has been reported to reduce superoxide production
and improve endothelium-dependent vascular relaxations to acetylcholine in blood vessels from
hyperlipidemic animals [144]. This suggests a contribution of XO to endothelial dysfunction in
early hypercholesterolemia. However, the general importance of xanthine oxidase for endothelial
dysfunction in aging or cardiovascular disease is uncertain. Recent reports found that XO activity
was increased as well as XO expression in the aorta of 18-month old aging male Sprague Dawley
rats in parallel with a 2-fold increase in free radical generation and unchanged vascular NADPH
levels [145]. Another study found that XO does not contribute to the decline in OS-associated
peripheral conduit artery endothelium-dependent dilatation that occurs with aging in humans [146].
This may be related to the absence of age-associated upregulation of endothelial XO in these tissues.
Moreover, while some improvement in endothelial vasodilation function were reported in hyper-
cholesterolemic patients treated with the XO inhibitor oxypurinol, no salutary effects were found
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in hypertensive patients [147], and other have failed to show an effect in patients treated with the
common XO inhibitor allopurinol [148].

Studies have shown that a major source of endothelial superoxide involved in redox signaling
is a multicomponent phagocyte-type NADPH oxidase (NOX) that is subject to specific regulation
by stimuli such as oscillatory shear stress, hypoxia, angiotensin II, growth factors, cytokines, and
hyperlipidemia [149]. It has been shown that incubation of aortic vessels derived from 1-year-old
rats with the NOX inhibitors diphenyleneiodonium (DPI) and apocynin resulted in a significant
decrease in superoxide production [132], albeit the specificity of these inhibitors is not well defined.
This study also demonstrated that aortic rings from older rats had increased superoxide levels (pri-
marily in the endothelium) and lower NO bioavailability concomitant with increased levels of the
p22phox subunit of NADPH oxidase. Moreover, Oudot et al. recently found that the activity and
expression of NOX in the aorta of Wistar rats increased with age, and was localized to ECs [150]. In
addition, this study documented an age-related increase in the expression of endothelial angiotensin
AT(1) receptor suggesting involvement of one of the regulators of vascular NOX activity, the renin-
angiotensin system, in modulating vascular superoxide production during aging. This involvement
is further suggested by studies showing that aging-related endothelial dysfunction in rats can be
prevented by treatment with ACE inhibitors [151]. In vitro studies with cultured human dermal
microvessel ECs found that angiotensin II treatment promoted OS as gauged by a decline in glu-
tathione (GSH) levels and increased oxidative DNA damage as evaluated by the comet assay [152].
Stimulation or overexpression of a retroviral human heme oxygenase (HO-1) gene in these ECs
was protective against angiotensin-mediated OS and effectively attenuated both the DNA damage
and GSH decline.

Endothelial cells constitutively express a superoxide generating NOX enzyme similar in many
respects to the well-characterized neutrophil NADPH oxidase composed of two membrane com-
ponents, the p22phox subunit and the gp91phox (NOX1-5) subunit and several cytosolic regula-
tory subunits including p47phox (p41nox), p40phox and p67phox (p51nox) [149]. A family of
gp91phox-related proteins termed the NOX proteins (NOX1-5) are present in vascular ECs and
SMCs [153]. ECs contain NOX1, NOX2, NOX4 and NOX5, whereas vascular SMCs express
NOX1, NOX4 and NOX5. While p22phox mRNA and protein were detected in both ECs and
SMCs, the expression of gp91phox was confined to ECs [134]. Interestingly, NOX4, a homologue
of gp91phox/NOX2, is more abundantly expressed in ECs than NOX2. Downregulation of NOX4
mediated by deployment of an antisense oligonucleotide resulted in reduced superoxide production
in ECs both in vivo and in vitro suggesting that NOX4 may function as the major catalytic compo-
nent of the endothelial NOX [154]. The NOX molecular composition differed in veins and arteries;
veins expressed more NOX2 and p22phox, whereas the relative expression of NOX4 was greater in
arteries [155]. However in contrast to the neutrophil NADPH oxidase enzyme, in which superoxide
generation occurs primarily in the extracellular compartment, a substantial proportion of superoxide
generated by the EC NOX enzyme is produced intracellularly, and is primarily located subcellularly
in the vicinity of the endoplasmic reticulum [156] or in association with the cytoskeleton [157]. A
role for PKC activated by translocation from the cytosol to the membrane in activating NADPH
oxidase in vascular aging was ruled out in a study of 32–35 month old rats [158]. This study also
found that the aortic expression of the cytosolic NOX subunits, p47(phox) and p67(phox), assessed
by RT-PCR remained unchanged with age in senescent rats.

Evidence for an activation of vascular NOX has been provided in animal models including
angiotensin II-mediated hypertension [159], and spontaneously hypertensive rats (SHRs) [160],
as well as in early stages of experimental hypercholesterolemia [161]. Increased expression
of gp91phox (NOX2) and NOX4 has also been reported in atherosclerotic coronary arteries
from patients with NOX4 found primarily in non-phagocytic vascular cells [162]. Upregula-
tion of the AT1 receptor in vessels from hypercholesterolemic animals [163], and in platelets
from hypercholesterolemic patients [164], along with findings that angiotensin II stimulate NOX
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activity strongly suggest that an activated (local or systemic) renin-angiotensin system can cause
vascular dysfunction [165].

Both NOX-mediated OS and angiotensin II also impact EPCs as well as resulting in senescence.
This is in spite of the fact that circulating EPCs are thought to have enhanced protection against
OS since they have a lower basal ROS level, show a minor increase in ROS and apoptosis when
exposed to exogenous H2O2 and exhibit significantly higher expression of the intracellular antioxida-
tive enzymes catalase, glutathione peroxidase and MnSOD as compared to either mature umbilical
vein ECs or human microvascular ECs [166]. The exposure of cultured EPCs to angiotensin II
(100 nmol/l) significantly accelerated the rate of senescence compared to untreated controls during
14 days in culture as determined by acidic β-galactosidase staining [167]. This in vitro model of
angiotensin II-mediated EPC senescence was accompanied by elevated levels of gp91phox expres-
sion as gauged by RT-PCR and Western immunoblot analysis, OS as gauged by peroxynitrite levels
and by impaired cell proliferative activity. The angiotensin II-induced EPC senescence was signifi-
cantly inhibited by pre-treatment of the EPC s with either valsartan, an angiotensin II type 1 (AT1)
receptor antagonist or SOD confirming the importance of OS in the induction of senescence. Further
studies from this group demonstrated that estrogen (17 β-estradiol) treatment also could attenuate the
angiotensin II-mediated EPC senescence in part through downregulation of AT1R expression [168].
In addition to angiotensin II, EPCs subjected to hyperglycemia show significant acceleration in the
rate of in vitro senescence partially mediated by the p38 MAP kinase [169], impaired EPC function
and elevated OS [170].

In vivo studies with an angiotensin II-infusion model, showed that bone marrow derived EPCs
obtained from rat tibias and femurs contained a significantly greater level of senescent cells, less
functional activity and decreased differentiation, effects reversed by valsartin treatment [171]. Sim-
ilarly, the quantity, proliferation, migration and functional activity of bone marrow derived EPCs
were reduced in aging mice [172].

Endothelial Dysfunction is Central to the Vascular Aging Phenotype

Endothelial dysfunction, which mainly arises from the onset of senescent pathways, is central to the
vascular aging phenotype. It affects a wide array of interacting pathways including hemodynamics,
angiogenic vascular remodeling, metabolic, synthetic, anti-inflammatory, and antithrombogenic pro-
cesses. Its centrality in the regulation of neointimal, intimal and media interactions, cell proliferation
and migration, changes in vascular permeability and tonicity, neovascularization and angiogenesis,
thrombosis and atheroma formation is depicted in Fig. 5.3.

Aging and Vascular Smooth Muscle Cells (SMCs)

As aging proceeds, SMCs progressively migrate from the vessel media and accumulate into the
intima. Intimal SMC accumulation is characterized by a switch from a differentiated to a synthetic
phenotype with reduced cytoskeletal markers and the expression of new proteins, and possibly the
reinitiation of their embryonic gene expression programs [173]. Aging also alters SMC proliferative
and apoptotic behavior and enhanced the response to mitogenic growth factors, such as transforming
growth factor-β1. The aging-mediated alterations of SMC properties including the altered expression
of matrix metalloproteinases such as MMP-2 and MMP-9 [174, 175], increased ICAM-1 expression
and ROS generation [176], represent crucial event in the pathobiology of arterial wall, since they
contributes to the vascular remodeling and decline of function with aging and favors the progres-
sion of atherosclerosis. Interestingly, the effects of aging on arterial SMC proliferation (in vivo
and in vitro) have yielded conflicting results with different models. For instance, SMCs of aging
rats displayed a higher proliferative rate in vitro than SMCs from young rats, in association with
increased PDGF activity, decreased heparin-like activity[177] and enhanced migration rates [178].
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Fig. 5.3 Centrality of endothelial cell dysfunction in vascular aging phenotype

Similar findings of age-mediated proliferation were obtained with mice aortic SMCs [174, 176].
In addition to exacerbated neointimal formation and increased proliferation, vascular SMCs from
aging mice also displayed a reduced susceptibility to apoptosis when subjected to either serum
starvation or NO, compared to SMCs from younger mice [179]. In contrast, cultured SMC migra-
tion and proliferative activity from arteries of human subjects grown under basal conditions and
after IGF-1 or insulin treatment decrease with increased subject age [180, 181]. Decreased migra-
tion of human aortic SMCs has been attributed to decreased MMP-2 and upregulated levels of
tissue inhibitor of metalloproteinases (TIMPs) in aged cells [182]. This discrepancy may be in
part due to the development of senescent vascular SMCs, even in the presence of a prolifera-
tive SMC subpopulation with an exaggerated response to growth factors and cytokines and may
be responsible for intimal SMC accumulation and enhanced expression of TGF-β1, MMP-2 and
ICAM-1 [175]. Both proliferative and senescent SMCs have been reported to coexist within the same
vascular layer [183].

There is also evidence that senescence-associated functional changes occur in vascular
SMCs. Gathered observations revealed that the in vitro response of vascular SMCs to NO and
β-adrenoreceptor stimulation is decreased by aging, and such changes may contribute to
impairment of endothelium-dependent (as well as endothelium-independent) vasodilation in the
elderly [184, 185]. Moreover, production of elastase by senescent vascular SMCs is increased [186].
Vascular SMCs of aging rats also exhibit increased levels in monocyte chemotactic protein-1
(MCP-1) and its receptor CCR2, which enhance vascular SMC migration and invasion and appear
to play a role in age-associated arterial remodeling [187].

Age-related impaired responses to serum mitogens may be contributory to the senescent vascular
SMC phenotype. In vitro studies with rabbit arterial vascular SMCs found that PDGF (10 ng/ml),
IGF-1 (20 ng/ml), and EGF (10 ng/ml) when added alone, produced minimal effects on BrdU
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incorporation into cellular DNA and on cell growth [188]. However, addition of combined PDGF
and IGF-1 significantly stimulated DNA synthesis and cell growth and a combination of all 3 factors
synergistically stimulated DNA synthesis and cell proliferation. These studies also revealed that
PDGF addition alone was sufficient to initiate DNA synthesis in quiescent secondary cultured SMC
(G1B phase), although IGF-1 and EGF were required to complete DNA synthesis. Interestingly, arte-
rial SMCs derived from patients with moyamoya disease, an idiopathic progressive cerebrovascular
occlusive disease that occurs frequently in children,displayed poor responsiveness to PDGF as well
as a significantly longer doubling time at early passages compared to control SMCs [189].

Age-related changes in the receptor systems for PDGF may be contributory to the failure of
DNA synthesis in senescent SMCs. In a study of 3 different human arterial SMC strains, the number
of specific PDGF receptors per cell-surface area markedly decreased in vitro with increasing age
as did the apparent Kd for PDGF binding [190]. In addition, the internalization and degradation
of PDGF per receptor were significantly reduced in senescent SMCs and the amount of PDGF that
escaped degradation, and was recycled back to the cell surface, was significantly greater in senescent
SMCs than in young cells. Furthermore, PDGF receptor downregulation was significantly greater in
senescent SMCs than young cells.

Mechanisms and Significance of Vascular SMC Senescence

Vascular SMCs are an important component of atherosclerotic plaques, responsible for promoting
plaque stability in advanced lesions. In contrast, vascular SMC apoptosis has been implicated in
a number of deleterious consequences of atherosclerosis, including plaque rupture, vessel remod-
eling, coagulation, inflammation and calcification. In studies using transgenic mice with selective
induction of vascular SMC apoptosis, examination of the direct consequences of apoptosis in both
normal vessels and atherosclerotic plaques showed that while normal arteries are able to withstand
extensive cell losses with little change, vascular SMC apoptosis alone was sufficient to induce
vulnerability to rupture in plaques [191]. Moreover, vascular SMCs derived from human plaques
show numerous features of senescence both in culture and in vivo.[192] Compared with SMCs
from normal vessels, SMCs from human atherosclerotic plaques proliferate more slowly, undergo
earlier senescence, and demonstrate higher levels of apoptosis in culture. In addition, compared with
normal vascular SMCs, plaque SMCs showed a higher ratio of the active (hypophosphorylated) to
the inactive (phosphorylated) form of Rb and a lower level of E2F transcriptional activity [193]. This
defect in Rb phosphorylation may underlie the slower rate of cell proliferation and earlier onset of
senescence in human plaque SMCs.

In an analysis of normal human vessels and plaques, vascular SMCs in fibrous caps expressed
markers of senescence (SA-β-galactosidase and the cyclin-dependent kinase inhibitors p16 and p21)
not seen in normal vessels [194]. Moreover, in matched samples from the same individual, plaques
showed markedly shorter telomeres than normal vessels, with telomere shortening closely associated
with increasing severity of atherosclerosis. In addition, changes in cyclins D/E, p16, p21, and Rb
were mediated by vascular SMC senescence. In vivo, plaque vascular SMCs exhibited extensive
oxidative DNA damage, suggesting that telomere damage may be induced by OS. Furthermore,
oxidants induced premature senescence in vitro, with accelerated telomere shortening and reduced
telomerase activity. These findings suggested that human atherosclerosis is characterized by senes-
cence of vascular SMCs, accelerated by OS-induced DNA damage, inhibition of telomerase and
marked telomere shortening.

Angiotensin II (Ang II) significantly induced premature senescence of human vascular SMCs
via the p53/p21-dependent pathway in vitro.[195] Inhibition of this signaling pathway effectively
suppressed induction of proinflammatory cytokines and the premature senescence of vascular SMCs
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by Ang II. Ang II also significantly increased the number of senescent vascular SMCs and promoted
vascular inflammation by inducing the expression of proinflammatory molecules and of p21 in a
mouse model of atherosclerosis in vivo. Disruption of p21 markedly ameliorated the induction of
proinflammatory molecules by Ang II, thereby preventing the development of atherosclerosis sug-
gesting a direct role of p21 in its pathogenesis.

Introduction of a retroviral-based construct containing an activated ras allele (H-rasV12) into
human SMCs induced a growth arrest with features characteristic of a cellular senescence phenotype,
including enlarged cell shapes and increases in expression levels of cyclin-dependent kinase (CDK)
inhibitors and SA-β-galactosidase activity [196]. Moreover, Ras-mediated SMC senescence was
associated with the increased expression of proinflammatory cytokines, in part through ERK activa-
tion. Further experiments, in which an adenoviral vector containing H-rasV12 was transduced into
rat carotid arteries injured by a balloon catheter, have shown enhanced vascular inflammation and
senescence compared with mock-infected injured arteries. Similarly, SA-β-galactosidase positive
vascular SMCs were detected in the intima of advanced human atherosclerotic lesions and exhibited
increased levels of ERK activity and proinflammatory cytokine expression

There is evidence that cellular injury and subsequent intimal proliferative response (primarily
of vascular SMCs) leads to increased replicative senescence. In rabbit carotid arteries subjected to
single and double balloon denudation, an accumulation of senescent cells (i.e., SA-β-galactosidase-
positive cells) in the neointima and media of all injured vessels has been reported, in contrast to
the near absence of such cells in control vessels [183]. The majority of SA-β-galactosidase-positive
cells were vascular SMCs and a minority were ECs. SMCs, the most numerous cells in the vas-
cular wall, are capable to respond to injury through their ability to synthesize extracellular matrix
molecules and protease inhibitors. Moreover, vascular SMCs exhibit an extraordinary capacity to
undergo phenotypic changes during development and during insult. In response to injury, contrac-
tile vascular SMCs can be induced to change phenotype, proliferate and migrate to effect repair
and after repair is completed, the SMCs return to a nonproliferating contractile phenotype. In the
context of atherosclerosis, vascular SMCS contribute to the formation of a protective fibrous cap
maintained at sites of injury, primarily by providing collagen and components of the ECM including
proteoglycans; stability of these caps is known to require greater collagen and ECM content than
the adjacent intima. In some cases, this phenotypic transition is dysregulated and vascular SMCs
are induced to undergo inappropriate differentiation into cells with features of other mesenchymal
lineages such as osteoblasts, chondrocytes and adipocytes. This differentiation of the SMCs may be
contributory to vascular calcification, which appears to increase with aging, and can also contribute
to vessel stiffness as well as to coronary atherosclerotic plaque burden, increased risk of myocardial
infarction, and plaque instability [197, 198].

In some pathologies such as aortic aneurysm, the SMC responsive capacity is overcome and
the quantity of extracellular matrix decreases [199]. In support of this view, it has been proposed
that abdominal aortic aneurysms arise largely through a degenerative process characterized in part
by depletion of medial SMCs, implying that generalized aging and SMC senescence contribute
to aneurysmal degeneration [200]. SMCs derived from patients’ aneurysm vascular wall exhibited
a distinct morphologic appearance in culture (i.e., larger and rounder), a diminished proliferative
capacity compared to SMCs from the adjacent regions, and a limited in vitro life span; however,
they displayed no differences with respect to necrosis, apoptosis or cell viability.

Markers of SMC in Aging and Aging-Related Diseases

Markers of cell senescence have been identified in the vascular wall of patients with atherosclerosis.
In particular, SMCs from human plaques show numerous features of senescence including reduced
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proliferative growth in culture, shorter telomeres, increased ICAM-1 and SA β-galactosidase, as
well as altered patterns of gene expression of cell-cycle regulators and matrix metalloproteinases,
many of these changes are detectable in SMCs in vivo as well [201].

In SMCs cultured from old animals, Li and co-workers found alterations in cytoskeletal proteins
including decreased levels of smooth muscle myosin, α-smooth muscle actin, and vimentin [12].
Further observations in aging rats revealed decreased desmin levels [202]. Jones et al. found that
aortic vascular SMC polyploidy (primarily tetraploidy) is a biomarker for aging and that the aug-
mented DNA dosage modulates selective gene-specific transcript expression [203]. Over 60% of
the SMCs in the wall of the thoracic aorta of 36-month-old Norway rats are tetraploid compared
with 8% in 3-month-old rats. However, a select group of mRNAs assessed by microarray analysis
were reduced in tetraploid compared with diploid cells, including transcripts of guanine deaminase,
the matrix proteins rat glypican 3 (OCI-5) and decorin, and the inflammation-associated transcripts
such as insulin-like growth factor-binding protein 6, macrophage inflammatory protein 2 precursor,
macrophage galactose N-acetylgalactoseamine-specific lectin, and complement component C4. A
dramatic attenuation of clock gene expression in senescent human vascular SMCs, compared with
their young counterparts, has been also documented. The molecular mechanisms underlying the loss
of circadian rhythmicity in senescent cells have been related, at least in part, to telomere shortening
and impaired activation of the CREB/ERK pathway [204, 205].

Thrombosis, Fibrinolysis and Inflammation in Aging

A dramatic increase in the rates of venous and arterial thrombotic events has been reported with
aging [206, 207]. Contributory to increased thrombosis are vascular hypercoagubility due to signifi-
cant elevation in procoagulant factors, including fibrinogen, factors VIII and IX (Table 5.3), without
a proportional increase in anticoagulant factors, some of which show only a marginal increase (e.g.,
protein C), while others decline (e.g., heparin factor) in aging [208, 209].

A number of genomic elements involved in controlling age-related expression of some coagula-
tion proteins have been identified. For instance, one of the key genes for aging-associated thrombosis
is plasminogen activator inhibitor-1 (PAI-1), a principal inhibitor of fibrinolysis. The expression
of PAI-1 is not only elevated in the elderly but also significantly induced in a variety of aging-
associated pathologies including obesity, insulin resistance, emotional stress, immune responses, and
vascular sclerosis/remodeling. Several cytokines and hormones, including tumor necrosis factor-α,
transforming growth factor-β, angiotensin II, and insulin, positively regulate the gene expression of
PAI-1 [210].

Another key procoagulant factor upregulated in aging is factor IX (FIX), a plasma protease pre-
cursor occupying a key position in the blood coagulation cascade, where the intrinsic and extrinsic
initiation pathways merge. FIX is synthesized in the liver with high tissue specificity, its deficiency
results in the bleeding disorder hemophilia B. With advancing age, the circulatory levels of FIX
increase to approximately two fold in comparison to those found at young ages with concomitant
increases in the liver FIX transcript level and blood coagulation potential in both, human subjects
and in mice [211, 212].

Two essential age-regulatory elements in the human X-linked FIX gene, AE5’ (or more recently
ASE) and AE3’ (AIE), have been identified (depicted in Fig. 5.4) that are required and sufficient
for normal age regulation of factor IX expression. ASE, a PEA-3 related element present in the
long interspersed repetitive element–derived sequence of the 5′ upstream region is responsible for
FIX age-stable expression and functions in a position-independent manner. AIE, in the middle of
the 3′ untranslated region, is responsible for age-associated elevation in liver FIX mRNA levels.
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Table 5.3 Hemostatic changes during aging

Coagulation system proteins
Fibrinogen ↑
Factor V ↑
Factor VII ↑
Factor VIII ↑
Factor IX ↑
Factor XIII ↑
Prekallikrein levels ↑
von Willebrand factor ↑
High molecular-weight kininogen ↑
Markers of coagulation activation ↑

Anticoagulant proteins
Antithrombin ↑(F); ↓(M)
Tissue factor pathway inhibitor ↑
Protein C =
Heparin Cofactor II ↓

Fibrinolytic system proteins
Plasminogen activator inhibitor-1 ↑
Plasminogen activator activity ↓
Plasmin-antiplasmin complex ↑
Thrombin-activable fibrinolysis inhibitor ↑

Platelet function
�-Thromboglobulin ↑
Platelet factor 4 ↑
Aggregation to ADP and collagen ↑

Vascular endothelium
Rigidity of vessel wall ↑
Endothelial angiotensin II ↑
Endothelial nitric oxide ↓
Endothelial nitric oxide synthase ↓
Endothelial prostacyclin ↓

F: Female; M: Male

Transgenic mouse model studies revealed that ASE and AIE act in a concerted manner to recapitulate
natural patterns of the advancing age-associated increase in factor IX gene expression [213].

Interestingly, molecular analysis revealed that the human anticoagulant factor protein C (PC)
contains a functional age-related stability element (hPC ASE) in the 5′-upstream proximal region
but it was found to lack any age-related increase element [214]. The ASE in the PC gene (shown in
Fig. 5.4) is located in nearly the same position with respect to the start site (near −800) and contains
a sequence CAGGAAG similar to the hFIX ASE sequence GAGGAAG. Expression analysis in the
transgenic gene revealed that the ASE regulatory sequences are responsible for the stable expression
of PC with age, in contrast with the age-mediated induction of FIX gene expression.

In addition, enhanced platelet activity as well as molecular and anatomic/sclerotic changes in the
vessel wall both contribute to an enhanced propensity for thrombosis in aging. Elevated levels of
interleukin-6 (IL-6) and C-reactive protein (CRP) are also indicative of a potent role of inflam-
mation, as a stimulus for thrombus formation in the elderly. Nevertheless, despite evidence of
a prothrombotic state, many elderly people do not experience clinical thrombotic events [215].
In centenarians, biochemical signs of marked hypercoagulability are associated with a healthy
state. Moreover, the increase in coagulation proteins and activation markers conveys a survival
advantage, such as inhibiting tumor angiogenesis [216]. Increased obesity may heighten throm-
botic risks in the elderly since adipose tissue is an important source of inflammatory cytokines
and PAI-1.
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Fig. 5.4 Age-sensitive regulatory elements in hemostatic genes

Besides alterations in the thrombotic pathways, changes in the vascular endothelium occur-
ring with aging are also closely linked to inflammatory pathway induction. Shelton et al. [217]
using microarray analysis documented the induction of adhesion molecule, ICAM-1 (CD54), nor-
mally expressed at low levels in resting ECs. The binding partners for ICAM-1 are the integrins
CD11a/CD18 (leukocyte function-associated antigen 1, LFA-1) and CD11b/CD18 (complement
receptor 3, CR3 or αM integrin). Both CD11a/CD18 and CD11b/CD18 are abundantly expressed
on inflammatory cells (including monocytes, neutrophils, and macrophages), thus, the induction of
ICAM-1 on senescent ECs can enhance the binding of inflammatory cells that may damage the
vessel and surrounding tissues such as seen in atherosclerosis.

Angiogenesis/Neovascularization in Aging

Aging-mediated changes in angiogenesis have been noted at the molecular, cellular, and physio-
logical levels of regulation. Age-sensitive components of the neovascular process include ECs and
their proliferative pathways, including neuro-chemical mediators, as well as growth factors and their
cognate receptors and hemostatic pathway elements as shown in Fig. 5.5. In addition, structural and
regulatory components of the matrix scaffold that surround newly formed vessels are also altered
in aged tissues. Cell-matrix interactions are primarily mediated by membrane-spanning integrins
capable of cell or matrix component recognition and involved in two-way intracellular signal trans-
duction. Alterations in cell-matrix interactions associated with aging largely result from quantitative
and qualitative changes in matrix macromolecules and the integrins that bind them [218].

These myriad changes result in delayed and impaired neovascularization. Edelberg and Reed
have pointed out that the clinical consequences of the decreased potential of aged tissues to form
new vessels are particularly likely to be detrimental during the revascularization of the ischemic
heart and during the repair of injured tissues, but may provide some benefit in slowing the growth of
tumors in aging individuals [219, 220].
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Fig. 5.5 Age-mediated damage in elements of the angiogenic response
The involvement of PL (platelets), SMC (smooth muscle cells) and ECs (endothelial cells) is shown

Conclusion

Senescence of the ECs and vascular smooth muscle whether occurring naturally in the course of
cellular aging, initiated by telomere shortening, or prematurely by DNA damage, results in sig-
nificant changes in the cellular phenotype including a variety of vascular and arterial defects. In
addition to the aging-mediated marked reduction in endothelial NO production that has striking
effects on vascular dilation, vascular tone and thrombotic promotion, there are also enhanced inter-
actions with inflammatory cells via signaling, and critical changes in vascular cell proliferation,
migration and cell death that underlie the extensive vascular remodeling that occurs both in aging
and in aging-related vascular diseases such as atherosclerosis, CAD and hypertension. At the present
time, molecular tools are being successfully deployed in unraveling the molecular mechanisms
responsible for EC and SMC aging and senescence, including a delineation of the corresponding
changes in gene/protein expression profiles occurring in aging vascular cells, and in identifying
genes and genomic elements that play a role in determining both normal aging vascular gene
expression, as well as factors predisposing to pathological changes such as arterial stiffness. This
area of research has begun to provide valuable information for both diagnostic and novel effective
therapeutic approaches in treating aging related vascular disease some of which are discussed in
Chapter 14.

Summary

• Aging is associated with alterations in a number of structural and functional properties of large
arteries, including diameter, wall thickness, wall stiffness, and endothelial function.

• Evidence indicates that arterial changes are also accelerated in age-associated cardiovascular dis-
eases including hypertension, coronary artery disease, congestive heart failure, and stroke. These
changes themselves can be risk factors for the appearance and/or progression of these diseases.

• Age-associated increase in arterial wall thickening is caused primarily by an increase in intimal
thickening.

• The thickened intima in aging contains matrix proteins, collagen, fibronectin, proteoglycans and
vascular smooth muscle cells (SMCs), which have migrated from the media and exhibit elevated
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expression of adhesion molecules (e.g., ICAM-1), increased adherence of monocytes, elevated
levels of metalloproteinases of the inflammatory chemokines (e.g., MCP-1) and receptors.

• Patterns of age-associated changes in arterial structure and function in a number of animals mod-
els are similar to those in humans and have proved useful for probing cellular and molecular
determinants of age-mediated arterial remodeling.

• Age-associated increases in thickness of the arterial wall are accompanied by an increase in arte-
rial stiffness in part mediated by elastin depletion, increased collagen and glycation-mediated
cross-linking.

• Arterial stiffness has a genetic component as noted in several human and animal genetic dis-
orders, and specific gene variants have been identified which are associated with phenotypic
expression. Genes involved include those in the renin-aldosterone pathway, endothelin receptors,
matrix remodeling and NO production.

• Age-mediated endothelial cell (EC) dysfunction is associated with a marked reduction in NO
production that has striking effects on vascular dilation, vascular tone, thrombotic promotion and
enhanced binding to inflammatory cells.

• Aging causes profound changes in both EC and vascular SMC proliferation, migration and cell
death that underlie the extensive vascular remodeling that occurs both in aging and in aging-
related vascular diseases, such as atherosclerosis, CAD and hypertension.

• Elements of the highly conserved senescence pathways are present in both ECs and vascular
SMCs. Senescence and its effect on vascular cell function have been documented in both in vivo
and in vitro studies.

• In addition to changes in proliferative cell growth, specific markers of vascular cell senes-
cence include specific gene expression profiles, elevated levels of senescence-associated
β-galactosidase, telomere shortening and changes in cell-cycle regulators.

• Primary triggers in vascular senescence include telomere dysfunction, oncogenic stimulation
(e.g., Ras), DNA damage and oxidative stress.

• Both angiotensin II treatment and increased glycation accumulation also lead to vascular cell
senescence.

• The source of OS mediating both vascular cell senescence and aging-associated EC and SMC dys-
function, includes mitochondrial ROS production, uncoupled endothelial NO synthase (eNOS),
vascular xanthine oxidase and NADPH oxidase (NOX).
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Chapter 6
Aging and the Cardiovascular-Related Systems

Overview

While the focus of this book is on aging and the cardiovascular system, changes in the function
of other related systems also occur with aging. In this chapter we will discuss salient features of
the aging process focusing on the immune/inflammatory system, in particular its cellular compo-
nents (e.g., macrophage, neutrophil and lymphocyte) and molecular analysis, as well as on the
hormonal/neuroendocrine and renal systems, and skeletal muscle. A number of changes in these
systems occur with aging, including a myriad of cellular and molecular alterations that will affect the
synthesis and degradation of specific proteins and also alter the cell signaling behavior. In response
to a variety of physiological stresses and neuroendocrine-based stimuli, these changes play an impor-
tant role in the onset/development of normal cardiovascular aging and have been implicated in the
development of aging-associated cardiovascular diseases, including hypertension, coronary artery
disease, atherosclerosis and heart failure as well as other diseases associated with aging such as
Alzheimer Disease (AD). Although in brief, we will also discuss the aging blood-brain barrier,
primarily in relation to its role mediating vascular signaling dysfunction. Finally, the implications
of these findings on future therapeutic applications for the treatment of aging-associated cardiac
dysfunction will be examined.

Introduction

In understanding the aging process, the involvement of highly conserved features such as insulin
signaling pathways and transcriptional regulation has been demonstrated, an important paradigm
for aging analysis as noted in several chapters of this book. Findings from animal models rang-
ing from the more simple (yeast and C. elegans) to rodent have revealed critical aspects of aging
pathways that are relevant to human aging. Notwithstanding this, the analysis of the effects of
aging on many of the critical regulatory interactions and integration between pathways of highly
evolved specialized cells comprising different functional systems will be of limited value in very
simple model organisms, and requires analysis in more evolved models. In discussing some of the
features of aging in this chapter, it is noteworthy that despite many problems inherent to humans
(e.g., genetic heterogeneity, difficult-to-control confounding elements including diet and exercise),
investigations in certain human population (e.g., centenarian populations) have provided valuable
information which appears to be at least in part unique to human aging, or at least better tailored for
understanding human aging. For instance, increased levels of systemic inflammation characteristic
of human aging, a phenomena recently termed “inflamm-aging” by Franceschi et al. [1] has prefaced
the identification of inflammation-related biomarkers as useful predictors of frailty and mortality in
the elderly [2]. Furthermore, by careful examination of the subcellular events occurring in various
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cellular components of these immune responses we may unravel the paradox (and cellular mecha-
nism) of immunodeficiency and hyperactive inflammation that is characteristic of human aging.

The role of genetic and molecular analysis may be useful in the supplementation of a large body
of biochemical information already available on aging. For instance, gene variants appear to play a
significant role in modulating the delicate balance between pro-inflammatory and anti-inflammatory
factors that both play an important role in the adaptation to increasing insults in aging and serve
as critical markers of healthy aging process. Gene expression profiling can serve to identify molec-
ular signatures or specific gene expression profiles that may underlie a specific aging phenotype
(e.g., sarcopenia), in some cases in concert with specific genotypes or resulting from specific aging-
modulating treatments (e.g., exercise, anti-oxidants).

The Aging Immune System

It is well recognized that as one ages the overall immune function becomes compromised. In com-
parison to the young, the aged immune system is less able to mount an effective immune response
after challenges with infectious pathogens because of a series of aging-mediated cellular changes
often referred to as immunosenescence. This condition contributes to morbidity and mortality due
in part to a greater incidence or reactivation of infectious diseases, and also because of potentially
enhanced susceptibility to autoimmune diseases and cancer [3].

Due to a combination of intrinsic and extrinsic factors, in both rodent models and humans,
adaptive immunity suffers severe deterioration with age [4]. Specific features of adaptive immunity
affected by aging are shown in Table 6.1. For instance, the decline in naive T lymphocytes number
in the elderly is in part due to thymic involution and reduced T cell output [5], but it is also multifac-
torial in origin, involving changes in growth factors and hormones, hematopoietic progenitor cells,
and their surrounding micro-environment. In contrast, the aging-associated accumulation of CD8+ T
memory cells has been considered an adaptive response to the loss of the naïve lymphocytes, as well
as to life-long chronic antigenic stress resulting from immunosurveillance against persistent viruses,
especially cytomegalovirus (CMV) [6]. The marked reduction in both the T cell and B cell antigen-
recognition repertoire observed with age has been attributed to both a declining number and function

Table 6.1 Age-associated changes in the adaptive immune system

Cellular
Decreased naïve peripheral T cells
Decreased diversity of antigen-recognition repertoire
Increased number of memory T and B cells
Oligoclonal expansion of functionally incompetent memory lymphocytes
Decreased generation and efficacy of differentiation of common
lymphoid precursors and T cell progenitors
Functional
Decreased antigen presentation
Antibody responses are delayed and blunted and antibody affinity (and affinity maturation) is impaired
T cell receptor and co-stimulatory signaling pathways are blunted
Decline in naïve CD4+ T cell responsiveness to T cell receptor stimulation
Decline in helper function of naïve CD4+ T cells for antibody production by B cells
Accumulation of CD28− CD8+ T cells
Subcellular/Molecular
Alteration of cell-surface receptor expression with elevated expression of chemokines and cytokine receptors
Downregulation of proliferative regulators (myc)
Constitutive cytokine secretion is generally elevated, whereas that in response to antigen or pathogen stimulation

is reduced (i.e. IL-2 secretion by stimulated naive T cells is drastically reduced)
Alteration in immunoglobulin generation (through class switch) in B cells



The Aging Immune System 183

of naïve lymphocytes, fewer bone marrow early progenitor B cells, as well as the accumulation
of clonally expanded and functionally incompetent memory lymphocytes. Aging-associated clonal
expansion of CD28-CD8+ T cells (presumably a compensatory mechanism) also leads to reduction
in the diversity of the T cell repertoire, compromises the ability of immune protection against new
infections, and may be directly responsible for increased infections and reduced response to vac-
cines in the elderly [7]. Interestingly, latent CMV infection also decreases the naive CD8+ T-cell
pool and increases the CD28− CD8+ effector T cell number leading to reduced diversity of CD8
responses.

As a consequence of decreased generation of early progenitor B cells, the output of new naïve
B cells decreases in old mice with associated decline in the antigen-recognition repertoire of
B cells [8]. Moreover, alteration in immunoglobulin generation in B cells (through class switch
recombination mediated by the aging-related downregulation of E2A-encoded transcription factor
E47) has been reported in both aged mice and humans[9] that likely contributes to a decline in the
quality of humoral response in the elderly.

Intrinsic changes in naïve CD4+ T cell lymphocytes from older humans and aging mice include
decreased in vitro responsiveness to T cell receptor stimulation, altered profiles of cytokine secretion
and decreased helper function for antibody production by B cells [10]. Some of these defects have
been attributed to modifications in signaling pathways including altered recruitment of signaling
proteins and receptors as well as changes in fluidity of lipid rafts. In addition to their reduced
number, CD28+ T cells from old donors display significantly shorter telomeres and have a restricted
T cell receptor repertoire. Interestingly, the aging defects in the naïve CD4+ T cells are due to
their chronological age rather than the chronological age of the individual [10]. Naïve CD4+ T
cells that have undergone cell divisions proliferate less and produce less IL-2 in response to antigen
stimulation than do naïve CD4+ T cells that have not undergone previous homeostatic divisions;
moreover, newly generated naïve CD4+ T cells from old mice exhibit robust proliferation, IL-2
secretion, and helper functions in response to antigen both in ex vivo and in vivo conditions.

In contrast to naïve cells, long-lived memory CD4+ T cells are maintained by homeostatic
cytokines, and are relatively competent with age displaying normal antigen-induced proliferation
in vitro [11]. Also in contrast to naïve T cells, memory CD4+ T cells generated at a young age
respond well to antigens over time, whereas memory CD4+ T cells derived in old age respond poorly
suggesting that age-associated memory CD4+ T cell defects may stem from defects of aged naïve
CD4+ T cells, which have reduced diversity and proliferative capacity [12]. In addition, changes in
the composition of CD4+ T cell memory cells with age have also been implicated in the impaired
immune response to influenza virus infection and to vaccines [13].

There are multiple causes for elevated inflammation in aging. Alterations in the production of
inflammatory mediators in the elderly can be caused by a number of preexisting conditions such as
autoimmune or degenerative diseases, cancer, or other factors that diminish the ability to combat
infections. Moreover, such alterations may also result from age-associated defects in the innate
immune system, which normally maintain cytokine balance and control inflammation and which
represents the body’s first line of defense against environmental insults such as microbial infection
and other physical injuries.

Among the array of cell-types utilized by the innate immunity system,neutrophils, macrophages
and related dendritic cells and the Natural Killer (NK) cells are the most important. Specific aging-
associated changes have been reported in each type as depicted in Table 6.2.

Neutrophils, also known as polymorphonuclear neutrophilic leukocytes (PMN) are rapid
responders to bacterial and fungal infection, and their capabilities of chemotactic migration,
adhesion, phagocytosis, production of bacteriostatic and bacteriocidal products are critical to their
function. Their activity requires specific functions driven by specific receptors, including formyl
methionyl leucyl peptide (FMLP), granulocyte macrophage colony stimulating factor (GM-CSF)
and interleukin-8 (IL-8) receptors [14]. In addition, pattern recognition receptors including at
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Table 6.2 Aging of cellular components of innate immune system

Neutrophil Macrophage Dendritic cell NK cell

Preserved in aging
Cell number Cell number Antigen-presentation Overall cytotoxicity
Receptor expression

(e.g., GM-CSFR)
CD16 mediated cytotoxicity

Phagocytosis NK activation
TLR expression Cytotoxic granule release
Altered in aging
↓ ROS production ↓ NO and superoxide

generation
↓ Langerhans cell

migration
↓ Ca2+

mobilization
↓ Chemotaxis in response

to FMLP + GM-CSF, not
LPS

↓ Chemotaxis in response to
complement-derived factors

↓ Langerhans and
plasma cell
number

↓ Cytoxicity/cell

↓ GM-CSF receptor-driven
signaling including the
Jak/STAT and MAPK
pathways

↓ Secretion of proinflammatory
cytokines (TNF-α and IL-6)
and chemokines (MIP-1a
and eotaxin)

↓ Ability to
stimulate T
and B cells

↓ Capacity of IL-12 or IL-2
to upregulate NK
chemokine production
and proliferation

↓ Recruitment of specific
receptors to lipid-rafts

↓ Class II MHC expression
contributes to poor T cell
signaling

↓ Ability of IFN-α and
IFN-β to enhance NK
cytoxicity

↓ Ability to be rescued
from apoptosis with
altered Bcl-2

↓ Phagocytosis capability ↑ Number of
agranular cells in humans

↓ TLR expression and function ↓ NK activity vs. tumor
cells

↓ Wound healing ↑ Cell number
↑ PGE2 production

least ten toll-like receptors (TLRs), recognizing conserved molecular structures related mostly to
pathogens, have been identified in neutrophils [15]. Ligation of TLRs on neutrophils enhances
phagocytosis of pathogens and of antimicrobial peptide release, and with the production of
chemokines, other immune cells are recruited and activated at the site of the infection.

Neutrophil number, adhesive and migratory capacity and phagocytosis are essentially preserved
in aging [16]. However, their microbiocidal capacity is severely attenuated with advancing age [17],
attributable in part to a significant decrease in ROS production by stimulated PMNs in association
with impaired intracellular signaling, including decreased intracellular calcium levels and flux [18].
Free radical production is a fundamental property of PMNs that has been thought to contribute
to the destruction of invading organisms [19] and host defense [20]. The efficiency of neutrophil
ROS generation by NADPH oxidase is dependent on compartmentalized lipid rafts [21]. Moreover,
superoxide anions may also combine with NO (production of which is also induced by FMLP) to
form peroxinitrite (NOO–), an extremely reactive free radical.

Moreover, PMNs from aging individuals when unstimulated exhibit a similar extent of apoptotic
cell death as PMNs from young subjects, but whereas younger PMNs exhibit markedly attenuated
apoptosis in the presence of inflammatory mediators, such as IL-2, LPS, GM-CSF, or G-CSF, PMNs
from elderly subjects are not similarly rescued from cell death [22]. This is paralleled by alterations
in the Janus tyrosine kinase (Jak)2-signal transducer and activator of transcription (STAT)5 signaling
pathway that result in aged PMNs generating increased Bax levels and decreased Mcl-1 (a Bcl-1
variant), creating a proapoptotic milieu [23].

Gathered observations have suggested that lipid rafts which play a fundamental role in ROS
production by NADPH oxidase, as previously discussed, also serve as a microdomain for neutrophil
receptor signaling including TLRs and the GM-CSF receptor [16]. Moreover, redistribution of TLRs
to lipid rafts occurs with LPS stimulation in neutrophils from young subjects, but does not occur
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with LPS stimulation in neutrophils from elderly subjects. In addition, activation through GM-CSF
receptor is altered in the elderly, whereas in young individuals the binding of GM-CSF to its receptor
induces the displacement of Src homology (SH) domain-containing protein tyrosine phosphatase-
1 (SHP-1) from the lipid rafts; in the elderly this phosphatase is not downregulated [24]. Since
SHP-1 function acts to dephosphorylate proteins involved in activation pathways, the presence of
the phosphatase in the lipid raft would serve to block cell activation, contributing to the decreased
response to GM-CSF observed in neutrophils from elderly individuals.

These aging-mediated alterations in cell signaling appear to be in part attributable to changes in
cellular physicochemical properties. For instance, there is increased fluidity of the PMN membrane,
including the lipid raft changes with aging that in part is due to increased phospholipid content [25].

Changes in the actin cytoskeleton have also been reported in aging neutrophils [26, 27]. After
stimulation of PMN with FMLP or PMA, actin polymerization significantly diminished in aging
relative to young subjects. This change in actin properties is associated with altered cell-surface
markers with lower surface expression of the activation-inducer molecule CD69 and chemotactic
peptide receptor on aged PMNs after stimulation. This suggests an inability of actin to adequately
transport the appropriate cell-surface receptors to cell membranes of PMNs from the aged, which
may also underlie defective intracellular signaling in aging PMNs.

Macrophages are a heterogeneous group of phagocytes present in most tissues that are implicated
in inflammatory and immunological responses and serve an essential role as sensors of exogenous
and endogenous danger signals through pattern recognition receptors including TLRs. Moreover, via
the expression of MHC class II molecules, macrophages are involved in the initiation of the adaptive
immune response against pathogens by acting as antigen-presenting cells.

Decreased numbers of macrophage precursors and bone marrow macrophages and a diminished
phagocytic ability in parallel with reduced production of macrophage-derived cytokines have been
reported in elderly humans [28]. Similar to neutrophils, aging also affects the macrophage pro-
duction of superoxide anion and NO critical to their ability to directly destroy foreign microbes.
The binding of IFN-γ or components of bacterial cell walls to their appropriate receptors results in
the phosphorylation of mitogen-activated protein kinase (MAPK) and induction of the subsequent
release of free radicals. Both macrophage MAPK activation with IFN and ROS production are abro-
gated in aged mice [29]. Age-mediated alterations in macrophage responses to chemotactic stimuli,
decreased chemokine and cytokine production have also been described [28]. Renshaw et al. have
reported that LPS stimulation of peritoneal macrophages resulted in diminished IL-6 and TNF-α
secretion by macrophages from aged mice compared with young mice, and suggested that lower
proinflammatory cytokine levels in macrophages of aged mice are a result of lower TLR4 expres-
sion, rendering the macrophages less responsive to LPS [30]. While conflicting data have emerged
with respect to macrophage TLR expression in aging, an age-mediated decline in TLR function is
more clear-cut [28, 31]. However, the overall role, the contribution and significance of macrophage
cytokine production in aging are unclear and remain to be reconciled with the established finding of
elevated circulating levels of proinflammatory cytokines in aging [32].

Declining macrophage MHC gene expression has been described in aging mice and humans
[3, 28], contributing to the decreased capacity of macrophage antigen presentation. Induction of
the MHC class II gene (H2-Ab1) in response to IFN-γ is impaired in macrophages from aged mice
due to decreased binding of transcription factors to specific regions of the promoter [33]. Moreover,
activated macrophages from aged humans and mice produce higher amounts of prostaglandin E2
than younger individuals, which inhibits surface expression of MHC class II [28]. In addition, the
upregulated macrophage PGE2 production results in increased COX-2 mRNA and enzyme levels,
and can lead to extensive dysregulation of other immune-cell types (e.g., dendritic cells and T cells).

Macrophages also play a significant role in wound healing, both in preventing infection, and
promoting angiogenesis through the production of vascular endothelial growth factor (VEGF).
Lower levels of this angiogenic mediator in excisional wounds from aging mice correlated with
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marked decrease in VEGF production by stimulated peritoneal macrophages from aged mice, and
contributed to impaired angiogenesis [34]. Although other cell-types (e.g., connective tissues and
endothelial cells [ECs]) are likely involved in both the VEGF levels and diminished angiogenic
response, an impaired inflammatory response (diminished macrophage levels) precedes the delay in
angiogenesis in wound repair in aged animals suggesting that altered macrophage response provides
a key upstream pathway for affecting angiogenic responses in aged tissues [35].

Another antigen-presenting cell component of the innate immunity system is the dendritic cell
(DC). Activation of DCs through pattern recognition receptors such as TLRs is involved in inducing
their maturation and migration to secondary lymphoid organs, where they present antigens to T cells
and initiate an immune response. The majority of observations on age-associated changes in the
phenotype and function of DCs have focused on the characteristics of Langerhans cells (LCs) in the
skin and found a decrease in the number of these cells in elderly people and old mice. In contrast
to macrophages, DCs from healthy elderly people seem to retain their capacity to efficiently present
antigen to T cells. Age-related changes in the T cell compartment in the healthy elderly may be
compensated by a boost in DC function [36]. In contrast, DCs from frail elderly people may have
decreased expression of co-stimulatory molecules and IL-12 production, and therefore exhibit an
impaired ability to induce T cell proliferation. In addition, the production of IL-10 is elevated in the
elderly and it may inhibit DC maturation and macrophage function [36].

The function of NK cells, another key cellular mediator of innate defense, is regulated by the
dynamic balance between activating and inhibitory signals delivered by specific membrane recep-
tors. NK killing of target cells requires not only the interaction of activating NK receptors with
their ligands on specific targets but also the lack of inhibitory signals initiated by interaction of
NK inhibitory receptors with target MHC class I molecules. A variety of NK receptors have been
implicated in the effective recognition and regulation of cytotoxic tumor cells and virally infected
cells [37].

An increased overall percentage of NK cells is found in elderly subjects, largely arising in
response to decreased levels of T cells and increases in the absolute number of NK cells. Several
studies have reported that NK cytoxicity is either normal or moderately increased in centenarians
and in healthy elderly subjects [38], but others have shown that the majority of the elderly population
will experience some deficit in NK cell activity. Elderly individuals suffering from chronic diseases
and those who are frail, but without apparent disease, are characterized by lower NK cytotoxicity.
Low NK activity tends to be associated with the development of infections and death, secondary
not only to infection but also by association with other diseases such as atherosclerosis [39]. High
NK cell cytotoxicity tends to be related to better health status and lower incidence of respiratory
tract infections in elderly individuals, as well as better development of protective antibody titers in
response to influenza vaccination [40]. Together, these results support the theory that high NK cyto-
toxicity can be useful as a biomarker of healthy aging and longevity, whereas low NK cytotoxicity
is a predictor of morbidity and mortality due to infections.

Interestingly, when cytotoxicity is examined at the cell level, there is a decrease in cytotoxicity
per NK cell in the aged, which likely arises due to inefficient signal transduction [38]. Additionally,
NK cells from aging individuals may be less prepared to carry out their assumed function, as there
is a significant increase in the number of agranular cells in humans and a decrease in the adherence
to tumor cells in mice [41].

While the information available concerning the changes in the expression and function of activat-
ing and inhibitory NK receptors in the elderly is limited, a delay in phosphatidylinositol biphosphate
hydrolysis, coupled with a failure of inositol triphosphate to increase above basal levels has been
reported in aging NKs with respect to spontaneous cytolytic activity [42]. However, NK cell acti-
vation mediated by CD16, seems unaffected by aging, indicating that NK activation and cytotoxic
granule release remain largely intact [38, 39, 43]. As the per-cell cytotoxicity against conventional
NK targets is significantly decreased in the elderly, the maintenance of CD16-mediated killing
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supports the view that either other NK-activating receptors are defective in the elderly, or that there
is overexpression of inhibitory receptors. NK cells from elderly individuals present an age-related
increase in killer cell immunoglobulin-like receptor expression and a reciprocal decrease in CD94-
NKG2A expression, although the CD94-NKG2A inhibitory signaling pathway is intact [43]. The
ability of IFN-α and IFN-β to enhance cytotoxicity of NK cells is also decreased with age both in
mice and humans. In addition, the secretion of IFN-γ after stimulating purified NK cells with IL-2
also declines, which can be overcome by prolonging the incubation time [44].

NK cells from healthy elderly subjects retain the ability to synthesize chemokines and express the
corresponding chemokine receptors. IL-12 or IL-2 can upregulate chemokine production although
to a significantly lesser extent than that observed in young subjects [42]. Collectively, these find-
ings suggest that NK cells exhibit an age-associated defect in their response to cytokines with
a subsequent attenuation in their capacity both to kill target cells and to synthesize cytokines
and chemokines. This is further supported from studies demonstrating that NK cells from the
elderly are also unable to properly proliferate following IL-2 stimulation. In human- and murine-
derived NK cells, the proliferative response to IL-2 is decreased by 40–60% among the elderly
with decline in proliferative response paralleled by an age-specific decrease in Ca2+ mobiliza-
tion [45]. Lower Ca2+ levels prevented the upregulation of CD69 on elderly human NK cells,
an early activator of NK cell proliferation and cytotoxicity. The consequences of the combined
diminished proliferative responses and cytotoxic activity of NK cells are that elderly persons are
more prone to developing longer lasting infections and a decreased ability to rid the body of tumor
cells [46].

In addition to the demonstrable modulation of elements of both adaptive and innate immunity
in aging, there is also evidence that these immunity elements play crucial roles in aging-associated
cardiovascular diseases including atherosclerosis and myocardial infarction (MI). The considerable
cross-talk between these different cell-based inflammatory and immune elements in atherosclerosis
is illustrated in Fig. 6.1.

Demonstration of these interactions have emerged most strikingly in studies of polymorphic vari-
ants and their relationship to disease and longevity in human studies, a number of which are depicted
in Table 6.3 and are also indicated in Fig. 6.1.

The pattern recognition receptor, Toll-like receptor 4 (TLR4) is involved in the innate immune
response to various microorganisms and other exogenous and endogenous stress factors. Recent
information has emerged that important inflammatory processes operative in human atherogene-
sis are mediated in part via the TLR4/NF-κB pathway. Polymorphisms such as the Asp299Gly
TLR4 attenuate receptor signaling, thereby enhancing the risk of acute infections, but appear to
have an opposite effect on atherogenesis in an Italian population, being associated with both a
lower risk of atherosclerosis and smaller intima-media thickness in the common carotid artery [47].
Moreover, among a cohort of symptomatic men with documented coronary artery disease (CAD),
carriers of the TLR4 Asp299Gly polymorphism had significantly more benefit from pravastatin
treatment than non-carriers [61]. A potential linkage between TLR4 genotype and statin treatment
was further suggested by the findings of a significant association of 299Gly bearing genotypes
with lower susceptibility to MI in a cohort of patients with angiographically documented CAD
(observed only in patients receiving statin treatment) [62]. These results suggested that TLR4 and
statin therapy may have a synergistic interaction on reducing susceptibility to coronary ischemic
events.

A large-scale study (the PRIME Study) prospectively investigating a cohort of 9758 healthy men
aged 50–59 years recruited in France and Northern Ireland however found no association of the
TLR4/Asp299Gly variant with the risk of CAD [63]. Similarly, no significant association of the
TLR4/Asp299Gly variant with MI was found in a large recent study of a Caucasian population
including 3657 patients with MI and the control group comprised 1211 individuals with angio-
graphically normal coronary arteries and without signs or symptoms of MI [64].
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Fig. 6.1 Cross-talk of immune cells involved in aging-associated diseases such as atherosclerosis
Formation of lesions of atherosclerosis initiated at the endothelium. Changes include increased endothelial perme-
ability to lipoproteins and other plasma constituents, upregulation of leukocyte adhesion molecules, upregulation of
endothelial adhesion molecules, which include E-selectin, P-selectin, ICAM-1, and vascular-cell adhesion molecule 1;
migration of leukocytes into the artery wall, which is mediated by oxidized low-density lipoprotein (oxLDL) and an
array of chemokines. Monocytes and macrophages (foam cells) together with T lymphocytes are recruited to form the
fatty streak. The fatty streaks progress to intermediate and advanced lesions, with formation of a fibrous cap covering
a mixture of leukocytes, lipid, and debris formed as a result of increased activity of growth factors, inflammatory
cytokines, and decreased connective-tissue degradation. The necrotic core represents the results of apoptosis and
necrosis, increased proteolytic activity, and lipid accumulation. Specific markers are shown in plain text. Polymorphic
gene variants, which impact aging and aging-associated cardiovascular disease progression in humans, are shown in
italic.

Given their involvement with cardiovascular diseases such as atherosclerosis and MI, it is not
surprising that polymorphic variants of genes encoding proinflammatory cytokines have been found
associated with increased risk of CAD and acute MI. Therefore, it might be predicted that alle-
les associated with susceptibility to acute MI would be less represented in genetic backgrounds
that favor longevity. Nevertheless, large-scale studies examining allelic variants of inflammatory
cytokine IL-1, a primary mediator of systemic inflammatory responses for their association with
longevity, demonstrated no significant differences in polymorphic IL-1 allele distribution in 250
Finnish nonagenarians compared to 400 younger subjects[65] or in 134 centenarians in an analysis
of over 1100 Italian subjects [66].

Published reports have shown an age-related increase in serum levels of IL-6, a pleiotropic
cytokine involved in acute phase and stress responses, and in the balancing of the pro-
inflammatory/anti-inflammatory pathways, from elderly people devoid of any overt age-related
disease [67], being more prominent among men [68]. Furthermore, since estrogen and testos-
terone downregulate IL-6 gene expression, following menopause or andropause, IL-6 levels are
elevated, even in the absence of infection, trauma, or stress [69]. In addition, IL-6 dysregulation has
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Table 6.3 Immune gene variants in aging and aging-associated diseases

Gene Allele Phenotypic effects References

TLR4 ASP299GLY (+896A→G) Reduced risk of atherosclerosis but
increased risk of age-related macular
degeneration. Overrepresented in male
Sicilian centenarians

47, 48, 49

IL-10 −1082G→A Increased GG genotype among male
centenarians; also decreased GG
genotype found among patients with
AD. Findings nor replicated in either
Irish or Finnish nonagenarians

50, 51, 52, 53

IL-6 −174C Increased in Italian male centenarians
along with lower serum levels of IL-6;
decreased levels of GG homozygotes
were found in different populations of
centenarians and in a group of
nonagenarian and octogenarian
subjects; GG homozygotes were
significantly more prevalent in subjects
with peripheral artery occlusive
disease; ACS patients carrying the IL-6
−174 C-(GG) genotypes showed a
marked increase in mortality rate at 1yr
follow-up

54, 55, 56

IFN-γ +874A Found more frequently in female
centenarians

57

MEFV (pyrin) M694V (A2080G) Over-represented in CHD/AMI patients
and under-represented in Sicilian
centenarians

58

PON1 (Paraoxonasel) 192 R Increased frequency of R allele in both
Italian and Irish nonagenarians/
centenarians

59, 60

been implicated in the inflammatory pathogenesis found in age-related diseases, such as diabetes
and atherosclerosis, and has been proposed to contribute to characteristic phenotypic changes of
advanced age, particularly those that resemble chronic inflammatory disease including decreased
lean body mass, osteopenia, low-grade anemia, decreased serum albumin and cholesterol, and
increased inflammatory proteins such as C-reactive protein (CRP) and serum amyloid A.

A C/G polymorphism located in the promoter region of IL-6 (−174 C/G locus) has been
associated with different IL-6 plasma levels in healthy subjects and with different rate of IL-6 gene
transcription [70]. Subjects carrying either CC or CG genotypes were defined as C+ and those
carrying the GG genotype as C−. In a study of 700 Italian subjects with similar genetic back-
ground, including 323 centenarians, male centenarians had increased C allele frequency, with the
C−genotype (as well as high IL-6 serum levels) significantly under-represented [54]. This difference
was not found in women, implying that genetic variability at IL-6 −174 locus has a gender-
dependent impact on longevity and that the C+genotype is favorable for longevity in some popula-
tions, at least in men. Similarly, decreased frequency of IL-6 −174 C−carriers in Irish octogenarian
and nonagenarian subjects from the BELFAST elderly longitudinal ageing study have been recently
reported [53, 56]. These findings, although in conflict with other observations, are consistent with
data showing an increased frequency of IL-6 high production (C−subjects) among those affected
by age-related diseases including diabetes, atherosclerosis and CAD, and osteoporosis, which have
a substantial inflammatory pathogenesis [71, 72]. In a longitudinal study of 324 relatively healthy
80-year-old people, Bruunsgaard et al. reported that the IL-6 C allele was associated with elevated
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serum levels of IL-6 at baseline and the CC genotype had a high prevalence of CVD and increased
mortality risk [73].

Other studies have reported that C+ carriers have an increased risk of aging-associated neu-
rodegenerative disease, such as Alzheimer disease (AD) [74]. Interestingly, when gender was
taken into account the −174 CC genotype (and high IL-6 levels in both blood and brain) were
associated with a high risk of the disease in women, further suggesting the importance of taking
gender into account in these analyses. However, other recent large-scale studies in various popu-
lations have been unable to demonstrate a consistent relationship between AD, dementia and IL-6
genotype [75, 76].

Significantly, polymorphic variants of gene encoding anti-inflammatory elements have shown
different allelic distribution with aging and aging-associated diseases. For instance, the frequency
of the genotype associated with interleukin 10 (−1082GG) is associated with significant increased
production of the antiinflammatory cytokine IL-10 in Italian centenarian men but not women [50].
In an analysis of two different populations from north and south Italy, Lio et al. [77, 78] found that
IL-10 genotype distribution exhibited a significantly higher frequency of the −1082GG genotype
among the centenarian subgroup compared to controls and patients with acute MI. Conversely, the
frequency of the −1082AA genotype, associated with low production of IL-10, was significantly
higher in patients with acute MI than in either controls or the centenarian subjects. The fact that
the frequency of the −1082AA genotype, associated with low production of interleukin 10, was
significantly higher in patients with acute MI compared to controls and oldest subjects suggests that
not only is IL-10 genotype nonrandomly distributed with respect to longevity but it can also be
cardioprotective against acute myocardial infarction. In contrast, no association was found between
IL-10 genotype and aging in a study of 250 Finnish nonagenarians (52 men and 198 women)[52]
nor with an aged Irish population[53] or centenarians from the island of Sardinia, whose population
shows a genetic background quite different from that of mainland Italy [79], even when analyzed by
gender. Nevertheless, the impact of the genetic background on this genotypic expression remains to
be determined.

Polymorphic variants of the PON1 gene, encoding paraoxonase, play a critical role in atheroge-
nesis and inflammation and impact on aging and longevity. It is well-established that peroxidation
of low density lipoproteins (LDL) in atherogenesis by oxygen free radicals impacts the capability of
lipoprotein-associated proteins, such as ApoE and Lpa, of modulating local inflammatory response.
Paraoxonase removes lipoperoxides from oxidized LDL and has been implicated in the protective
antiatherogenic effects of HDL. A common polymorphism of the PON1 gene, located at amino acid
position 192 in exon 6 and due to a glutamine (Q allele) to arginine (R allele) interchange has been
found to impact aging-associated MI [80]. A decline of PON1 activity levels with advancing age was
found in subjects carrying the low-activity QQ genotype, particularly in MI patients. Furthermore,
PON1 activity and age negatively correlated in MI patients but not in controls, and the effect of
PON1-192 genotypes on the association of age and MI risk was related to gene-dosage. An analysis
of 308 Italian centenarians, compared to 509 young subjects, revealed that the frequency of R allele,
and consequently of R+ carriers (QR + RR individuals) increased significantly from young people
to centenarians, suggesting that this allele decreases mortality risk in carriers [81, 82]. These obser-
vations have been confirmed in other studies including a pooled statistical analysis incorporating
data from a large combined group of Italian centenarians and octo/nonagenarians from Northern
Ireland demonstrating a modest but significant survival advantage for octo/nonagenarian/centenarian
subjects who carried the R allele [60]. Moreover, being homozygous for 192 RR further enhanced
survival advantage; this effect was not found to be sex specific suggesting a gene-dosage effect. In
addition, the PON1 192 allele polymorphism may be protective against AD development in Chinese
Han populations [83]. The presence of at least one of PON1 R alleles (Q/R or R/R) was lower in
AD patients than in controls suggesting that the PON1 R allele might be a protective factor for AD
in Chinese subjects.
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Aging and Neurohormonal Regulation

The role of neurohormonal regulation in modulating both longevity and aging-mediated cardiovas-
cular function is clearly of great importance but remains not well understood. There is evidence that
both hormone levels and target organ responsivity are altered in the aging endocrine-cardiovascular
system and are unique for each hormone. Table 6.4 depicts some of the better characterized neu-
roendocrine changes occurring with aging. For instance, serum levels of vasopressor hormones can
increase with age (e.g., norepinephrine) or decrease (e.g., renin, aldosterone). Due to postreceptor
changes, target organ response to β-adrenergic stimulation in the heart, and probably also in vascular
smooth muscle, decreases. These effects may contribute to the clinical problems of hypertension
and orthostatic hypotension, frequently encountered in the elderly. Aging produces mild carbohy-
drate intolerance and a minimal increase in fasting serum glucose in healthy, non-obese individuals,
primarily due to decreasing postreceptor responsiveness to insulin. While significant alterations of
thyroid hormone (TH) levels do not occur, aging decreases the metabolism of TH, including its
conversion to triiodothyronine, and reduced levels of the thyroid hormone receptor (TR). Changes
in the end-organ response to thyroid hormones, however, significantly alter the clinical presentation
of thyroid diseases in aging subjects.

In addition, aging has been found to profoundly impact the hypothalamo-neurohypophysial sys-
tem (HNS) and the hypothalamo-pituitary-adrenocortical (HPA) axis in rodents as well as in humans.
The HPA axis, which coordinates multiple neuroendocrine and metabolic responses to stressors
is primarily regulated by the hypothalamic peptide hormone corticotropin-releasing factor (CRF),
arginine vasopressin, and glucocorticoid (GC) feedback; it has been described as hyperactive in both
aging animals and humans and is characterized in part by prolonged GC secretion in response to a
challenge [84, 85]. Increased HPA activation and elevated GC are a critical adaptation to short-term
stress; they mobilize energy stores and increased cardiovascular tone by increasing serum glucose
and lipids, eliciting immunosuppression and mediating cardiovascular changes.

Table 6.4 Neuroendocrine changes in aging

Hormone/receptor Change in aging

Dopamine ↓
Dopamine receptor 2 ↓
Noradrenalin ↓
Serotonin ↓; Nc
Muscarinic receptor ↓
Choline acyltransferase ↓
Nicotinic receptor ↓
Adrenocorticotrophic hormone ↓
Follicle-stimulating hormone ↑
Luteinizing hormone ↑
Luteinizing hormone-releasing hormone ↓
Aldosterone ↓
Growth hormone ↓
Thyroid-stimulating hormone ↓; Nc
Thyroxin Nc
Antidiuretic hormone ↑; Nc
Oxytocin ↓
Prolactin ↑; Nc
Melatonin ↓
Testosterone ↓; Nc

Nc: No change
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One characteristic of advancing aging is a loss of hormonal responsiveness, which may be
attributable to a loss of hormone receptor sensitivity, and/or a reduction in the output of the target
endocrine gland.

Glucocorticoid action is mediated by both glucocorticoid (GR) and mineralocorticoid (MR)
receptors. HPA hyperactivity is associated with a loss of resiliency and reduced sensitivity to the
negative glucocorticoid feedback, which mainly reflects hippocampal receptor damage. Reduced
levels of MR as well as an oscillation in the pattern of receptor function during aging have been
reported in liver from senescent rats [86]. Furthermore, reduction of MR number in the hippocampus
and of GR number in the hypothalamus and the pituitary have been found in 30 month old Brown
Norway rats suggesting a linkage to increased neuroendocrine responsiveness and negative feedback
following stress. The observed changes in receptor binding did not parallel the changes in the amount
of MR and GR transcripts, as gauged by hybridization suggesting that the aging-mediated tissue-
specific regulation in situ is mediated at the receptor processing level rather than at transcriptional
level [87].

A significant increase in the basal release of arginine vasopressin (AVP) within the hypothalamic
paraventricular nucleus (PVN) was reported in aged male Wistar rats. With increasing age the rise
in intra-PVN release of both AVP and OXT was blunted in response to forced swimming[88]. Inter-
estingly, studies in 24 month-old Fischer 344 rats reported that CRF mRNA levels and content in
the hypothalamic PVN and secreted CRF levels were progressively and significantly reduced with
age, whereas the steady state levels of AVP mRNA were significantly increased with age [89]. The
elevation of both AVP mRNA expression and CRF-induced ACTH release in aged rats, suggest that
HPA hyperactivity is mediated by enhanced AVP action and increased pituitary responsiveness to
CRF. In contrast, other studies using F344 rats of comparable age found elevated basal CRF levels
in portal blood, and decreased pituitary CRF receptor expression, consistent with enhanced CRF
release [90, 91].

Significant reduction in the density of CRF-binding receptors in both the anterior pituitary and
hypothalamus of 24 month-old rats have been demonstrated [92], and thus far two receptors to CRF
have been identified and cloned. CRFR1 encodes a 415 amino acid protein comprising seven putative
membrane-spanning domains and is structurally related to the calcitonin/vasoactive intestinal pep-
tide/growth hormone-releasing hormone subfamily of G-protein-coupled receptor; CRFR2 encodes
a 411 amino acid rat brain protein with approximately 70% homology to CRFR1. Observations
in aging rats have documented a downregulation of the CRFR1 mRNA localized in the anterior
pituitary contrasting with increased levels in the intermediate lobe [93]. Stress increases hypotha-
lamic CRF secretion which, in turn, downregulates CRF receptors in the anterior pituitary [94].
Recently, Herman et al. in a study conducted with F344/BN F1 hybrid rats, found that 30 month old
rats displayed evidence of central HPA hyperactivity, including elevated ACTH levels and decreased
pituitary proopiomelanocortin (POMC) and CRFR1 mRNA expression, consistent with increased
activity of hypophysiotrophic PVN neurons [95]. In this age group, responses to acute stress are also
more severe, with aged rats showing enhanced corticosterone secretion in response to new or unusual
spatial location. The responses to chronic stress in 30 month old rats was similarly exaggerated with
PVN CRF immunoreactivity and pituitary POMC levels increasing disproportionately, consistent
with differential activation of CRF neurons in this age group.

A CRF binding protein (CRF-BP) has also been identified which binds CRF in plasma, rendering
it inactive and unable to bind to its receptor. It has been shown that pituitary and amygdla-localized
CRF-BP mRNA levels increase in response to acute restraint stress, antagonizing CRF-induced
ACTH release in vitro, providing an additional feedback mechanism to maintain the homeostasis of
the stress response. Furthermore, adrenalectomy attenuates CRF-BP synthesis indicating that glu-
cocorticoids play a significant role in this positive regulation [96]. Recently, cells in the basolateral
and lateral nucleus of the amygdala were found to have lower CRF-BP levels in the 24 month old
rats compared to 4 month old rats [97].
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Recent studies of clinically healthy elderly human and age-matched demented Alzheimer disease
(AD) patients, including both the degenerative and the vascular type, found significantly higher
cortisol levels at nighttime in both elderly subjects and demented patients when compared to young
controls. At the same time, an age- and disease-dependent reduction of DHEAS secretion was found.
The cortisol to DHEAS molar ratio was significantly higher in healthy old subjects, and even more
in demented patients, when compared to young controls, and significantly linked to both age and
cognitive impairment [98]. Increased cortisol/DHEA ratio has been considered a determinant of
immunological changes (termed immunosenescence), including thymic involution, lower number
of naive T cells, reduced cell-mediated immunity, and poor vaccination response to new antigens
during aging.

Moreover, there is evidence that when compared with young subjects, healthy elders are more
stressed and show activation of the HPA axis [99]. Since a number of studies have suggested that
glucocorticoid (GC) levels in the human are essentially unaltered by age, both the beneficial and
undesirable effects of GCs ultimately depend on the target tissue sensitivity to these steroids. Recent
data indicate that peripheral lymphocytes from elders respond poorly to GC treatment in vitro.
Chronically stressed elderly subjects may be particularly at risk of stress-related pathology because
of further alterations in GC-immune signaling.

A particularly critical hypothalamic hormone affected in aging with consequences for the heart
and cardiovascular system is growth hormone peptide (GH) [100]. Episodic GH secretion is
markedly impaired in aging, particularly during sleep. It has been proposed that decreased GH
release contributes to the age-related decline in protein synthesis. Moreover, a negative correla-
tion was found between the density of GH-binding sites in several areas of the human brain (e.g.
hippocampus, choroid plexus, hypothalamus, putamen, and the pituitary) with increasing age [101].
Some evidence suggests that catecholaminergic alterations in the hypothalamus in old age are in part
responsible for the reduced GH release.

The decrease in both GH and IGF-1 (whose plasma levels decline as a function of both age and
adiposity) is likely in part responsible for the loss of muscle and bone mass characteristic of older
people. This is supported by the strong association of decreased IGF-1 serum levels with increased
risk of bone fracture in postmenopausal women [102]. Moreover, GH supplementation several times
a week resulted in increase in lean body mass, decrease in fat mass and bone density in healthy
older males [103]. Both non-muscle and muscle protein synthesis increased in subjects with GH
supplementation [104, 105, 106], as did markers of bone remodeling activation [107].

Given GH’s beneficial effect on myocardial contractility, cardiac tissue growth, and myocardial
energetics and on peripheral vascular resistance, GH deficiency in older patients may contribute to
the development of heart failure (HF). Aging in GH deficient patients was associated with a marked
depression of LV ejection fraction at peak exercise compared to age-matched controls indicating
severely reduced exercise capacity [108]. In healthy subjects, GH administration increased heart
rate, cardiac output and contractility [109]. However, recent preclinical studies of the effects of
long-term GH supplementation in senescent rats indicate GH treatment preserved diastolic function
and significantly attenuated the LV remodeling that occurs during normal aging [110]. As com-
pared to the low IGF-1 levels, impaired diastolic left ventricular filling (as gauged by Doppler),
increased cardiac angiotensin II (Ang II) and reduced plasma Ang II levels, and elevated cardiac
collagen exhibited by 30 month-old male Brown Norway x F344 rats receiving saline-injections,
GH administration in 30 month-old rats restored IGF-1 and diastolic indices to values comparable
to those of adults, reduced cardiac Ang II and attenuated accumulation in cardiac collagen. These
findings suggested that age-related decreases in GH and IGF-1 may contribute to the decline in
diastolic function of aging, in part through alterations in renin-angiotensin system-mediated ven-
tricular remodeling and that GH supplementation might provide adjunct benefits in some cases of
cardiac dysfunction. An early double-blind study of a recombinant GH trial found no significant
beneficial effects on cardiac structure or function in 22 patients with congestive HF [111]. More
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recent studies have demonstrated some clinical benefits in treating HF with GH, depending on both
the dose and consistency of application (at least every other day). One recent study found that high
doses of GH improved left ventricular fraction from 23 to 38 with extended treatment in patients
with decompensated congestive HF and cardiac cachexia [112].

Several studies have begun to focus on the potential clinical application of GH peptide secreta-
gogues (e.g., hexarelin and ghrelin) in lowering peripheral resistance, improvement of contractility
and providing cardioprotection [113]. A recent small scale clinical study found that a three-week
administration of ghrelin to 10 patients with congestive HF resulted in a significant decrease in
plasma norepinephrine, increased LV ejection fraction, increased LV mass and decreased LV end-
systolic volume. Furthermore, ghrelin treatment increased peak workload and peak oxygen con-
sumption during exercise and markedly improved muscle wasting, as indicated by increases in
muscle strength and lean body mass [114]. Use of recombinant GH to provide life extension and
improved cardiovascular function in aging individuals has neither been demonstrated and is not
presently recommended since there are potential adverse effects and the risk/benefit have not been
fully ascertained [115].

In addition to its effect on the myocardium, GH and IGF-1 have multiple effects on the vascular
function and structure in aging. Sonntag et al. [116] found that cerebral arteriolar density signif-
icantly decreased as did arteriolar anastomoses in 29 month-old rats with no changes in venular
density; the number of cortical surface arterioles was positively correlated with plasma IGF-1 levels
at the time of vascular mapping. Injection of bovine GH (0.25 mg/kg, twice daily for 35 days) to
30-month-old animals increased both plasma IGF-1 and the number of cortical arterioles implicating
GH and IGF-1 in the decline in vascular density with age. Subsequent studies by this group found
that a similar regimen of treatment with bovine GH of 30 month-old old rats significantly reversed a
marked age-mediated decline in coronary blood flow and decreased capillary density in the apex and
middle segments of the LV suggesting that GH can enhance regional blood flow in the aging heart in
part due to increasing capillary density [117]. Other studies have reported that GH treatment of old
female rats increased the aorta diameter and cross-section of the aortic lumen concomitant to ele-
vated collagen content and an increased amount of type I collagen relative to type III collagen [118].
Moreover, the age-mediated increase in aortic media found in 20-month old female Wistar rats was
significantly reduced by GH treatment [119]. Similar findings were obtained with 20 month-old rats
which also exhibited impairment in the vasodilatory response to acetylcholine and isoproterenol; GH
treatment significantly improved the vasodilatation induced by isoproterenol, whereas the response
to acetylcholine was not significantly enhanced [120]. These findings confirmed that GH treatment
has beneficial effects on vascular function and structure in both old male and female rats.

It should be noted that the very close relationship between GH and IGF-1 (whose synthesis is
elevated with GH) has made it difficult at times to ascertain which molecule is directly responsible
in reversing vascular dysfunction of aging. A vascular protective role for IGF-1 has been suggested
because of its ability to stimulate NO production from endothelial and vascular smooth muscle
cells [121]. The decline in IGF-1 levels in aging are thought to play a significant role in the devel-
opment of a wide range of aging-associated pathologies including cardiovascular diseases such as
atherosclerosis and hypertension as well as cognitive decline, dementia, sarcopenia and frailty. Low
IGF-1 levels have been associated in cross sectional studies with unfavorable CVD risk factors such
as atherosclerosis, abnormal lipoprotein levels and hypertension, while in prospective studies, lower
IGF-1 levels have been shown to predict future development of ischemic heart disease.

Aging and Skeletal Muscle

Increasing age is associated with significant structural and functional changes in skeletal muscle in a
wide range of species, including humans. These changes are thought to contribute to the



Aging and Neurohormonal Regulation 195

development of many aging associated cardiovascular and metabolic disorders including insulin
resistance, type 2 diabetes, hypertension, and hyperlipidemia, which result in an increased incidence
of cardiovascular death [122].

In humans, an age-related decrease in muscle mass and quality appears to begin in the
fourth decade of life with a parallel decline in both muscle strength and maximal oxygen
uptake [123–125]. The decrease in muscle mass and muscle strength, combined with reduced
endurance, will result in reduced physical activity and decreased total energy expenditure in the
elderly. The decline in overall energy expenditure can lead to changes in body composition resulting
in an increased prevalence of obesity, especially abdominal fat accumulation, insulin resistance,
which contributes to the development of a high prevalence of type 2 diabetes, hyperlipidemia, and
hypertension in a genetically susceptible population, with increased risk of further cardiovascular
disease and death as depicted in Fig. 6.2.

One underlying mechanism that causes a decrease in muscle fibers, muscle mass, and muscle
function, which has been documented in aging studies in many species including human, involves
an overall decrease in the skeletal muscle protein synthesis rate [122]. Interestingly, Balagopal et al.
have shown that the age-mediated decline in muscle protein is not truly global since the synthesis
rate of some sarcoplasmic proteins is actually higher in aging subjects while other proteins including
mitochondrial proteins and myosin heavy chain (MHC) are markedly reduced [126]. A reduction in
the synthesis rate of MHC, the key protein in the contractile apparatus, is likely to be a primary
contributory factor in the development of muscle weakness. However, it is unclear whether the

Fig. 6.2 Aging-associated functional changes in skeletal muscle
Changes with age are a major contributor to obesity, insulin resistance and hypertension, all the components of
metabolic syndrome leading to further cardiovascular disease (CVD) and death.
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concentration of myosin and other key proteins involved in muscle contraction are reduced with
aging in humans.

Another characteristic of aging skeletal muscle is a shift of muscle fibers toward type 1 (slow-
twitch) fibers. Moreover, there is a significant decline in fiber size in type II (fast-twitch) with
increased aging whereas type I fibers are less affected [127, 128]. However, the relative increase
in type 1 fibers does not make older muscle fatigue resistant, in contrast to type 1 fibers in athletes
and endurance trained animal [129]. An aging-mediated reduction in overall mitochondrial content
and bioeneregetic capacity in these muscle fibers might underlie the lack of fatigue resistance and
may contribute to the muscle weakness with age. There is considerable evidence from both rat
studies[130] and human studies[131] that skeletal muscle mitochondrial dysfunction occurs with
age. This includes a decline in mtDNA copy number, reduced transcript levels encoding muscle
mitochondrial proteins, reduced muscle mitochondrial oxidative enzyme activities, and reduced
mitochondrial protein synthesis rates. Recent studies with aging rat soleus muscle, found a signifi-
cant decrease in complex IV activity with age occurring in parallel with an age-related muscle atro-
phy starting at about 28 months [132]. This muscle atrophy was also accompanied by a decrease in
the amount and integrity of mtDNA with a significant increase in the number of large-scale mtDNA
deletions. There are conflicting data as to whether skeletal muscle mitochondrial ATP production
decreases with age [122, 133]. There is also increasing evidence from studies with senescent rats
that the sarcopenia that accompanies skeletal muscle aging is associated with a significant increase
in fibers with defective electron transport chain activity and increased levels of mtDNA damage
including an increasing abundance of large-scale mtDNA deletions [134]. These authors have sub-
sequently proposed that as a result of both the decline in energy production and the increase in
oxidative damage in the region, the muscle fiber is no longer capable of self-maintenance, resulting
in the observed intrafiber atrophy and fiber breakage [135]. In addition, since mitochondria play
an integral role in apoptosis initiation via both inner and outer membrane permeabilization and
the release of specific apoptogenic peptides including Smac/diablo, AIF, cytochrome c and endo
G, apoptosis activation may be in part responsible for the initiation of muscle protein degradation,
loss of muscle nuclei associated with local atrophy, and myocyte cell death in aging muscle [136].
Recent studies examining the regulation of apoptotic mediators in the extensor digitorum longus
and soleus muscles of 30 and 36 month-old senescent rats found that the expression of Bax, Bcl-2,
caspase-3 and caspase-9 was regulated differently with aging between muscle types and in a man-
ner not consistent with mitochondria-mediated apoptosis suggesting that mitochondrial-dependent
apoptosis pathways may not play a requisite role in the loss of muscle nuclei with aging and
sarcopenia [137].

Sarcopenia has been attributed to other factors as listed in Table 6.5. Moreover, Fig. 6.3 illustrates
the extensive cross-talk between subcellular (mitochondrial, calcium regulators, ubiquitin degrada-
tion systems and plasma membrane) and numerous hormonal/neuroendocrine/cytokine inputs in
regulating the synthesis and degradation of muscle proteins in sarcopenia.

Aging and the Blood-Brain Barrier

Aging of the cerebral microcirculation results in significant alteration in the blood-brain barrier.
Most evidence indicates that the barrier function remains intact in older animals, although it may
be more susceptible to disruption by external factors (e.g., hypertension), and drugs (e.g., haloperi-
dol). Moreover, in humans, infectious agents with relatively long incubation period and a chronic
progressive course (e.g., viral or prions) may enter the central nervous system by transcytosis across
blood-brain barrier cells therefore increasing in frequency with age. While altered overall transport
processes have not been reported with age, several studies have documented abnormal blood-brain
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Table 6.5 Factors leading to sarcopenia with aging

Extrinsic factors
Malnutrition and aging-associated anorexia
Inadequate exercise
Disuse atrophy (e.g., limb immobilization)
Traumatic injury
Disease
Intrinsic factors
Reduced metabolism with nitrogen imbalance and impaired glucose metabolism
Slowdown of muscle protein synthesis and turnover
Reduction of enzyme activities and energy reserves
Decreased mitochondrial function and increased oxidative stress and ROS
Changes in CNS functioning and neural stimulation
Changes in cytokine and neuroendocrine secretion and regulation including decreased anabolic hormones (e.g.

testosterone, DHEA, growth hormone, IGF-1) and increased catabolic factors such as inflammatory cytokines
(e.g. IL-6)

Reduction in blood supply and capillary beds
Reduction in mediating factors involved in activation of progenitor myoblasts
Imbalance between degradation and removal of “old” damaged muscle proteins

barrier function of select carrier-mediated transport systems, including the transport of choline, glu-
cose, butyrate and triiodothyronine in aging animals and humans. Such age-related changes are the
consequence of either alteration in the carrier molecules or the physiochemical properties of the
cerebral microvessels. At the present time, it is not clear whether changes in the barrier contribute

Fig. 6.3 Cross-talk of cellular and extracellular stimuli in regulating skeletal muscle protein degradation and synthesis
in aging
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to the age-related neurodegenerative diseases, suggested by the link between ischemic cerebral
small-vessel disease, and several apparently clinically distinct dementia syndromes or are simply
epiphenomena of aging. Proof that blood-brain barrier failure is integral to the development of
aging-associated cerebrovascular dysfunction including lacunar stroke and dementia could provide
an important target for novel interventions to reduce the effects of vascular disease on the brain and
prevent cognitive decline and dementia [138].

Conclusion

Age-mediated changes in multiple cellular and molecular stimuli impact the overall homeostatic
regulation (e.g., neuroendocrine controls) as well as the components of the immune defense system,
including the inflammatory responses. These changes also appear to interface with defects in normal
cardiovascular aging and may contribute to the onset and severity of age-associated cardiovascular
diseases. Significantly, these discoveries may provide new targets and novel approaches to reverse
both the cardiac and vascular structural/remodeling and dysfunction that occur with disease and
aging. These new approaches may include both gene-based and cell-based therapies or a combi-
nation thereof. The use of stem cells to replenish specific cell populations, as well as to provide
a platform for increasing angiogenic and proliferative factors may prove particularly valuable in
aging-damaged and cell-diminished tissues, including immune cell-types and skeletal muscle. As
many of the relevant targets are delineated, care needs to be exercised in defining the most effec-
tive, and perhaps less global, more highly targeted types of therapies. For instance, concerns have
been raised with the use of growth hormone, IGF-1, or even changes in signaling transducers such
as β-adrenergic receptors, in cardiovascular-targeted therapies because of potentially devastating
side-effects that may include aberrant cell proliferation and constitutive activation of receptors. This
may lead to unwanted myocardial hypertrophy and downstream signaling deficits. Furthermore,
the discovery that age-alterations in physical exercise and overall energy expenditure, with skeletal
muscle acting as a critical sensor/target, may play a significant role in the development of a range of
cardiovascular diseases has important implications for the use (and potential limitations) of lifestyle
therapeutic approaches, such as dietary and exercise to reverse aging-associated cardiovascular dys-
function, improve health and modulate longevity.

Evidently, better delineation of the cross-talk between the signaling components in these
cardiovascular-related homeostatic systems is needed, focusing in particular on human studies.
For instance, the relationship between elevated inflammation and human aging needs to be better
defined, including not just an unraveling of the minutia (albeit important) of biochemical/signaling
pathways but detailed examination as to what are the overall benefits for these pathways, i.e., cell-
types and specific stressors vis a vis survival and function. Furthermore, detection of mitochondrial
dysfunction in a variety of cell-types ranging from skeletal and cardiac muscle to vascular cells in
aging may prove to be helpful in the identification of therapies.

Genetics is the other side of the coin to define both the susceptibility to age-associated disease
and the impact of homeostatic/signaling pathways on health and survival. As previously discussed,
association studies have only recently begun to identify genetic variants that may play a role in
both disease susceptibility and longevity. More candidate loci for association testing will certainly
be unveiled in the near future as the sensitivity and power of gene expression analysis to define
age-specific transcripts in specific human cell-types are improved. Moreover, some of the genetic
variants thus far identified also respond differentially to drug therapies indicating that pharmacoge-
nomics may eventually also have a critical role to improve the care of the elderly. The discovery
that many of these gene variant effects are specific to ethnic populations, and in some cases are
gender-specific underlines the overall cross-talk between a variety of homeostatic/regulatory loci,
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some involving potentially reproductive factors, others thus far unidentified acting as modulators of
genotype/phenotype expression of specific gene variants.

Summary

• Elevated levels of systemic inflammation are characteristic of human aging, a phenomena recently
termed “inflamm-aging”.

• Identification of inflammation-related biomarkers, are useful predictors of frailty and mortality in
the elderly.

• Aging in rodent models and elderly humans is associated with severe deterioration of adaptive
immunity due to a combination of intrinsic and extrinsic factors. These include a decline in naive
T lymphocytes cell number and function, fewer bone marrow early progenitor B cells, with asso-
ciated decline in the antigen-recognition repertoire of B cells, as well as accumulation of clonally
expanded and functionally incompetent memory lymphocytes.

• Diminished adaptive immunity in the elderly contributes to a decline in the quality of humoral
response, to reduction in the diversity of the T cell repertoire, compromises the ability to battle
new infection and may be directly responsible for increased infections and failed response to
vaccines.

• Elements of innate immunity also are markedly affected by aging. The response of neutrophils
and macrophages to important signaling pathways involved in immune defense, including ROS
production, response to cytokines and chemokines and toll-like receptor (TLR) function diminish
with age leading to reduced phagocytosis, cytotoxic and chemotactic behavior of these cellular
components of immunity.

• With aging there is diminished capacity of natural killer (NK) cells and dendritic cells to provide
additional innate immunity.

• Defects in components of innate and adaptive immunity have been also implicated in the onset of
aging-associated cardiovascular diseases such as atherosclerosis and myocardial infarction.

• Studies with centenarians and elderly subjects have documented a significant association of spe-
cific polymorphic variants in genes encoding key signaling components of immune response, such
as TLR4, proinflammatory factors like interleukin-6 (IL-6) and anti-inflammatory elements, such
as interleukin-10 (IL-10), with altered longevity and the risk and/or susceptibility of developing
cardiovascular dysfunction; however, this association appears to be operative in specific ethnic
populations and are frequently gender-specific.

• Polymorphisms in the PON1 gene, which encodes a key enzyme in the modulation of lipid per-
oxidation in response to oxidative damage and the inflammatory response, have been implicated
in both cardiovascular dysfunction and increased survival in specific ethnic populations.

• Aging affects multiple aspects of neuroendocrine components including hormone synthesis and
release, receptor function and expression, postreceptor signaling. These changes in hypothala-
mic, pituitary, adrenal and thyroid function involving both the hypothalamo-neurohypophysial
system (HNS) and the hypothalamo-pituitary-adrenocortical (HPA) axis can impact many aspects
of cardiovascular function in aging including marked changes in stress response and metabolic
regulation in aging tissues. This has been demonstrated in both rodent models and elderly human
subjects.

• Decline in growth hormone (GH) and IGF-1 levels have been found in the elderly and similarities
between the dysfunction present in GH deficient and aging subjects have been reported.

• Supplementation of animal models with GH has shown significant benefits reversing normal heart
and vascular aging-mediated dysfunction as well as the cardiac dysfunction in animal models of
heart failure.
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• Clinical studies have also shown significant cardiovascular benefits with supplementation of
GH and other GH released peptides (e.g., hexarelin and ghrelin) including lowering peripheral
resistance, improvement of contractility and providing cardioprotection in patients with severe
cardiovascular dysfunction.

• In numerous species, including humans, increasing age is associated with significant structural
and functional changes in skeletal muscle, which are contributory to aging associated cardio-
vascular and metabolic disorders including insulin resistance, type 2 diabetes, hypertension,
and hyperlipidemia. Underlying the aging-mediated loss of muscle strength and mass (includ-
ing sarcopenia) are decreased levels of muscle protein synthesis, changes in neural stimulation,
cytokine and neurohormone secretion and regulation, aberrant regulation of protein degradation
and metabolic function, including energetic production and expenditure, and disturbed mitochon-
drial function with increased OS, ROS production and oxidative damage.

• In sarcopenia there is extensive cross-talk between subcellular components (mitochondrial,
calcium regulators, ubiquitin degradation systems and plasma membrane) and numerous hor-
monal/neuroendocrine/cytokine inputs in the synthesis, regulation and degradation of muscle
proteins.
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Cardiovascular Diseases in Aging



Chapter 7
Cardiomyopathy and Heart Failure in Aging

Overview

The prevalence of heart failure (HF) and cardiomyopathy are markedly increased in the elderly.
In this chapter, we discuss a number of the clinical considerations involved in these diseases
of the elderly including defining their etiology, clinical presentation and diagnosis and common
approaches to therapeutic intervention including pharmacotherapy, device and replacement thera-
pies. We present an extensive discussion of the involvement of specific genes identified as primary
mediators in human HF and cardiomyopathy and discuss the molecular and cellular mechanisms
involved in their pathogenesis, with particular focus on the elderly. Also examined are the contribu-
tions of specific genes to age-associated HF and cardiomyopathy as defined in both transgenic and
animal genetic models.

Introduction

Heart failure (HF) is a condition associated with significant mortality and morbidity [1]. In the
United States, HF affects approximately 5 million people and accounts for nearly 50,000 deaths each
year [2]. There is evidence to indicate that both the prevalence and incidence of HF is increasing
with projected further increases over the next decade [3, 4]. Indeed, heart failure is predominantly
a disease of aging, with prevalence increasing from < 1% in the population age <50 to 10% in
persons over the age of 80 [5], and 80% of hospitalizations for HF occurs in patients over age 65 [6].

Aging in the heart is associated with significant alterations in cardiac structure and function, some
of these changes may predispose an individual to the development of HF [6]. Aging effects decrease
the functional reserve of the heart and loss of myocytes contributes to the attenuation of the response
of the old heart to sudden changes in ventricular loading [7].

Clinical Considerations

Etiology and Precipitating Factors

Systemic hypertension and coronary artery disease (CAD) account for 70%–80% of HF cases at
older age [8]. Hypertension is the most common etiology in older women, particularly in those
subjects with preserved systolic function. In older men, HF can often be attributable to CAD.
Other common etiologies are summarized in Table 7.1. Most importantly, HF in the elderly is fre-
quently multi-factorial in etiologies – this fact needs to be recognized in the management of these
patients.
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Table 7.1 Common etiologies of heart failure in the aged population

1. Hypertensive heart disease
2. Coronary artery disease

Acute myocardial infarction
Chronic ischemic cardiomyopathy

3. Age-related diastolic dysfunction
4. Valvular heart disease

Aortic stenosis or insufficiency
Mitral regurgitation
Prosthetic valve malfunction

5. Cardiomyopathy
Hypertrophic
Non-ischemic (dilated)
Restrictive

In addition to determining the etiologies, it is important to identify factors that commonly precipi-
tate or contribute to HF exacerbation in the elderly (Table 7.2). As discussed below, non-compliance
with medications and diet is the most common cause of HF exacerbation [9]. Other contributory
factors include myocardial ischemia, volume overload owing to excess fluid intake, dysrhythmias
(especially atrial fibrillation), intercurrent infections, anemia and various toxins including alcohol.

Clinical Presentation and Diagnostic Challenges

Accurate diagnosis of the HF syndrome at older age is complicated by the increasing prevalence of
atypical symptoms and signs. Exertional dyspnea, orthopnea, lower extremities edema and impaired
exercise tolerance are the cardinal symptoms of HF. However, with increasing age, often accom-
panied by reduced physical activity, exertional symptoms become less prominent [10]. Although
most clinical trials of therapy have studied patients with an average age in the mid 60’s, HF is
most common in the elderly, who bear a greater burden of co-morbidity and polypharmacy[11] as
well as psychogeriatric co-morbidities, health service utilization, functional decline, and frailty [12].
Frailty characterizes elderly persons in whom the ability to independently perform activities of daily
living, such as bathing, toileting, dressing, grooming, and feeding, is progressively eroded and these
associations have ramifications on the diagnosis and prognosis of HF [10, 13].

Table 7.2 Common precipitants of heart failure exacerbations in the aged population

Myocardial ischemia or infarction
Uncontrolled hypertension
Dietary sodium excess
Non-compliance with medications
Dysrhythmias

Supraventricular: atrial fibrillation
Ventricular Bradydysrhythmias

Intercurrent illness
Fever
Infection, especially pneumonia
Anemia
Renal insufficiency

Drugs and toxins
Alcohol
Antidysrhythmic agents
Nonsteroidal anti-inflammatory agents
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Table 7.3 Atypical clinical features of heart failure in the frail elderly

Symptoms Signs

Delirium Ankle edema: may reflect venous insufficiency,
drug effects and malnutrition

Falls Sacral edema
Sudden functional decline Rales/crackles are nonspecific
Sleep disturbances
Nocturia

A prominent feature that distinguishes HF in the elderly from the younger individuals is the
much higher frequency of HF occurring in the absence of systolic dysfunction i.e., diastolic HF or
HF with preserved systolic function. Indeed, heart failure with preserved systolic function accounts
for less than 10% of HF cases in persons under age of 65 but more than 50% of cases over the age
of 75 [14, 15].

Elderly patients with HF often have clinical presentations that are not commonly encountered
in younger patients, which may confound the diagnosis (Table 7.3) [13]. HF is also associated
with cognitive impairment in the domains of attention, short-term memory, and executive function
(insight, judgment, problem solving and decision-making) and these attributes have been associated
with non-adherence to treatment, accelerated functional decline, and even mortality [16]. Acute and
fluctuating cognitive impairment, or delirium, can be precipitated by decompensated HF. Generally
under-recognized by health care providers, delirium is usually reversible, though it may persist well
beyond hospital discharge [17]. Cognitive impairment can occur in patients with stable HF and is
called dementia if it impinges upon independent function such as adherence to prescribed therapy.
Symptoms of depression are also common in HF patients [18]. Depression reduces quality of life,
increases the risk of functional impairment, re-hospitalization and mortality, and may reduce adher-
ence to prescribed therapy. Depression and HF share common clinical features in elderly patients,
including weight gain, sleep disturbances, fatigue, poor energy, and cognitive disturbances [19].
Because of the atypical presentations, the use of biomarkers such as B-type natriuretic peptide in the
diagnosis of HF in the elderly may be particularly useful [20].

Pharmacotherapy of Heart Failure in the Elderly

A small number of randomized trials of therapies conducted specifically in elderly populations, in
conjunction with a multitude of data from observational data sets, suggest that most recommen-
dations on HF therapies are applicable to elderly patients. Observational data suggests that ACE
inhibitor use in elderly HF patients may preserve cognition, slow functional decline, and reduce
hospitalizations and perhaps even mortality, even in patients with relative contraindications such as
mild to moderate renal impairment [21]. The �-blocker nebivolol has been studied in over 2000
patients ≥ 70 years with clinical evidence of HF, regardless of ejection fraction (EF) [22]. After
follow up of less than 2 years, a significant benefit for nebivolol was seen with reduction of the
combined primary endpoint of mortality and cardiovascular hospitalization. Results of the ongoing
Japanese Diastolic Heart Failure Study will further evaluate the effects of the β-blocker carvedilol
in 800 elderly Japanese patients with HF and documented EF > 40% [23].

Elderly patients are vulnerable to adverse drug events (ADE), due to the growing complexity of
medication regimens, age-related physiologic changes, and a higher burden of co-morbid illnesses.
Cardiovascular medications are frequently associated with ADE in the elderly [24]. Digitalis toxicity
can occur at therapeutic serum levels [25]. Falls constitute common clinical presentations of ADE in
the elderly, often from postural hypotension. In randomized trials of drug treatment for HF, titration
to target doses is less frequently successful in older patients due to higher side effect rates. As such,
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care must be taken with titration of medications to target doses in order to avoid ADE. In particular,
orthostatic hypotension is a frequent side effect in elderly patients, but if recognized, and managed,
can be controlled in order to allow for use of evidence-based therapies. Cardiovascular medications
in general, and HF medications specifically, are under-prescribed in the elderly patients, despite the
observation that as a result of a higher baseline incidence of cardiovascular events, the absolute
benefit of evidence-based therapies is greatest in the elderly [26].

Disease Management Programs for Heart Failure in the Elderly

Several systematic reviews support the role of HF management programs in elderly HF patient
populations [27]. While active involvement of caregivers in patient monitoring and medication
adjustment is common to studies showing benefit, the optimal way of providing HF management
remains controversial. The precise design of such care delivery systems depends in part upon local
resources and infrastructure. Comprehensive geriatric assessment, shown to improve function, pre-
vent hospitalization and institutionalization, reduce the risk of adverse drug reactions, and improve
sub-optimal prescribing, may have a role to play in the management of frail elderly patients with HF.

The occurrence of diabetes mellitus and renal insufficiency in older HF patients portends a sig-
nificantly worse prognosis and a greater likelihood of adverse drug events. The potential for con-
tradictory recommendations may arise when these co-morbidities are managed in separate settings.
Conflicting advice from multiple care providers can result in patient confusion, non-adherence and
adverse outcomes. For example, recommendations to limit diuretic use in order to maintain renal
function, or dietary advice for controlling blood glucose that results in increased sodium intake,
may lead to worsening HF symptoms. An integrative approach to care is required, based on shared
therapeutic goals and involving all care providers, including the primary care physician and the
patient.

Device and Replacement Therapy in the Elderly

Cardiac resynchronization therapy (CRT) with or without concurrent use of implantable cardioverter
defibrillator (ICD) is now a widely used treatment modality both for primary and secondary preven-
tion in patients HF. There are still limited data on the impact of this type of device therapy in the
elderly as most large-scale efficacy trials either excluded the very elderly patients or the number of
elderly patients was small. A recent study has evaluated the effects of CRT in elderly patients [28].
The study included 170 consecutive patients whose clinical and echocardiographic improvements
were evaluated after 6 months of follow-up. Survival was evaluated up to 2 years. The effects of CRT
in elderly patients (age >70 years) were compared with those in younger patients (age <70 years).
After 6 months of follow-up, CRT was beneficial in both groups, as reflected by improvements in
clinical and echocardiographic parameters. Moreover, the magnitude of improvement was compa-
rable between the 2 groups in clinical (NYHA class, quality-of-life score, and 6-minute walking
distance) and echocardiographic parameters (improvement in the LV ejection fraction and extent of
LV reverse remodeling). In addition, the number of non-responders was comparable between the
patients aged <70 years (25%) and those aged ≥70 years (22%). Survival was not different between
the two groups.

Heart transplantation has become a highly successful therapeutic option for patients with end-
stage cardiomyopathy. Consequently, the criteria for patient selection, including recipients’ upper
age limits, have been expanded, with an increasing number of people older than 60 years of age
now undergoing transplantation. Several studies have now reported similar long-term survival rate
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Table 7.4 Key effects of aging on cardiovascular function

1. Increased blood vessel stiffness, increased impedance to ventricular ejection and increased pulse wave velocity
2. Impaired left ventricular relaxation and diastolic compliance
3. Myocyte loss
4. Attenuated response to β1 and β2 adrenergic stimulation
5. Altered myocardial energy metabolism and impaired mitochondrial function
6. Reduced sinus node pacemaker cells and impaired sinoatrial function

in patients transplanted at age > 60 versus patients transplanted at younger age [29–31]. Older
transplant recipients have equal or less rejection episodes [31, 32] but may have equal or higher rate
of infection and transplant CAD [29].

Pathophysiologic Considerations

Aging is associated with significant alterations in cardiac structure and function; some of these
changes may predispose an individual to the development of HF [6]. The changes at a whole-
organ level, which are listed in Table 7.4, include reduced vascular compliance, which increases the
impedance to left ventricular ejection, and impaired ventricular diastolic performance [33]. It has
been estimated that about one third of the cardiomyocytes are lost from the human heart between
the ages of 17–90 years [34]. Attenuated β-adrenergic responsiveness to inotropic stimulation and
degenerative changes in the sinoatrial node limit cardiac reserve and in particular its response to
stress. The latter impairment is exacerbated by impaired mitochondrial dysfunction with reduced
capacity to generate high-energy phosphates [33, 35].

Basic Mechanisms Mediating Aging-Related Cardiac Dysfunction
and Heart Failure

Biological aging is a fundamental process that represents the major risk factor with respect to the
development of cancer, neurodegenerative, as well as cardiovascular diseases. It is therefore not
surprising that the molecular mechanisms of aging are fundamentally involved in many disease
processes and critically important to understand. Some of the basic mechanisms that have been
proposed for cardiac aging that may lead to cardiac dysfunction (most of which have been exten-
sively discussed in this text) include prolonged action potential duration, myosin isozyme switch,
impaired intracellular Ca2+ homeostasis, altered membrane structure and permeability, accumula-
tion of reactive oxygen species (ROS) and cell loss through apoptosis, all of which may lead to
abnormal cardiac contractile function and contribute to the development to HF [35, 36]. A model
illustrating the triggering stimuli and cellular pathways involved in the onset and progression of HF
is shown in Fig. 7.1.

Myocardial Remodeling and Aging

To determine the effects of aging on the human myocardium, hearts from individuals (aged
17–90 years) who died from causes other than cardiovascular disease were studied [34].. The aging
process was characterized by a loss of 38 million and 14 million nuclei/year in the left and right ven-
tricle respectively. This loss in muscle mass was accompanied by a progressive increase in myocyte
cell volume per nucleus, resulting in a preservation of ventricular wall thickness. However, the
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Fig. 7.1 Model of triggers and cellular pathways leading to heart failure

cellular hypertrophic response was unable to maintain normal cardiac mass. Left and right ven-
tricular weights decreased by 0.70 and 0.21 g/year, respectively. It is therefore proposed that about
one third of the cardiomyocytes are lost from the human heart between the ages of 17–90 years [34].

Recent studies, however, have challenged the widely-held but unproven paradigm that describes
the heart as a post-mitotic organ [7]. Moreover, recent developments in the field of stem cell biol-
ogy have led to the recognition that the possibility exists for extrinsic and intrinsic regeneration
of myocytes and coronary vessels, leading to reevaluation of cardiac homeostasis and myocardial
aging [37]. A newer paradigm views the adult mammalian heart as composed of non-dividing (pri-
marily terminally differentiated) myocytes and a small and continuously renewed subpopulation of
cycling myocytes produced by the differentiation of cardiac stem cells. A dynamic balance between
myocyte death and the formation of new myocytes by cardiac stem cells is an important regulator of
myocardial maintenance of function and mass from birth to adulthood and very critical in old age.
Increasing evidence suggests that numerous pathological or physiological stimuli can activate the
stem cells to enter the cell cycle and differentiate into new myocytes and in some cases vasculature
which significantly contribute to changes in cardiac output and myocardial mass [38].

Telomere length is a useful marker of these processes. Studies in fetal, neonatal and senescent (27
month-old) Fischer 344 rats found that while the loss of telomeric DNA was minimal in fetal and
neonatal myocytes, telomeric shortening increased with age in a subgroup of myocytes that consti-
tuted nearly 20% of the myocyte population, suggesting that this population reflects the most actively
dividing myocyte class in the organ. Early studies found in the remaining nondividing rat myocytes,
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the progressive accumulation of another marker of cellular senescence, senescent associated nuclear
protein, p16(INK4) [39].

More recent studies with myocytes from aging individuals with age-related HF compared to
myocytes from individuals with idiopathic dilated cardiomyopathy (DCM) observed several dif-
ferences in heart and myocyte phenotype [40]. While aged diseased hearts exhibited moderate
hypertrophy and dilation, they also displayed an accumulation of p16INK4a positive primitive
stem cells and myocytes. A marked increase in cell death was primarily limited to cells express-
ing p16INK4a with significant telomeric shortening. Importantly, this finding suggested that stem
cells could also be targeted by senescence. While cell multiplication, mitotic index and telomerase
increased in these aging hearts, evidence suggested that these regenerative events could not compen-
sate for cell death or prevent telomeric shortening. This study also found that hearts from subjects
with idiopathic DCM had more severe hypertrophy and dilation, more extensive cardiac interstitial
fibrosis and tissue inflammatory injury, increased necrosis and a reduced level of myocytes with
p16INK4a labeling. This is consistent with the involvement of p16INK4a with death signals linked
to apoptosis in senescent myocardium in contrast to idiopathic DCM in which myocyte necrosis
predominates and myocyte death is largely independent from the expression of the kinase inhibitor
p16INK4a. Nevertheless, some important commonalities were also found: while idiopathic DCM
had increased necrosis compared to aging tissues, hearts of aged diseased and idiopathic DCM
subjects had similar levels of myocyte apoptosis. Moreover, extensive stem cell death was found
in both tissues and not in healthy controls, suggesting that mechanisms (e.g., oxidative stress)
that target stem cells may contribute to the phenotype of cardiac dysfunction in both the aging
and cardiomyopathic heart. Moreover, Torella et al. have identified a population of cardiac stem
cells in young and senescent mice that with increased age display increased evidence of senes-
cence, i.e., p16ink4a expression, telomere shortening (indicative of reduced telomerase activity),
and apoptosis [41]. Interestingly, the effect of murine aging on cardiac stem cells (including the
expression of gene products implicated in growth arrest and senescence, such as p27Kip1, p53,
p16INK4a, and p19ARF), and on the resulting cardiac dysfunction was remarkably attenuated in
aged transgenic mice containing overexpressed IGF-1. It remains to be seen whether similar effects
of IGF-1 on preserving stem cell regenerative function would be seen in strains with idiopathic
DCM.

Besides stem cells and myocytes, another critical component of the heart milieu is the cardiac
fibroblast, the predominant cell type in the heart. Fibroblasts activated by various autocrine and
paracrine factors, such as angiotensin II, aldosterone, endothelins, cytokines, and growth factors
likely play a key role in the formation and maintenance of fibrous tissue by the production of various
extracellular-matrix (ECM) proteins, such as collagen, fibronectin and integrin proteins [42]. Cardiac
fibrosis is characterized by excessive accumulation of fibrillar collagen in the extracellular space,
in part arising as a loss of cardiomyocytes (replacement fibrosis) and as an interstitial response
to various chronic cardiovascular diseases such as hypertension, myocarditis, and congestive HF
(reactive fibrosis) and is generally considered to be elevated in the aging human heart [43, 44].
Evidence has documented an increase in collagen concentration (primarily collagen type 1) and the
intermolecular cross-linking of collagen increase with age [45]. Nevertheless, several recent findings
suggest that the fibroblast involvement in aging-associated myocardial fibrosis is more complex, and
that the underlying mechanisms are undetermined. Surprisingly, both AngII stimulation of collagen
synthesis and fibroblast proliferation are diminished in aging compared to young cardiac fibro-
blasts [46]. Moreover, enzymes involved in the degradation of ECM components including the
matrix metalloproteinases (MMPS) such as MMP-3, MMP-8, MMP-9, MMP-12, and MMP-14
increased in concert with decreased insoluble collagen in aging mice, suggesting that the accumu-
lated collagen and fibronectin are not attributable to aging-mediated decline in degradation [47, 48].
This suggests that the increased fibrosis and stiffness found in the aging heart must have another
mechanism. Both age-mediated changes in glycation (as discussed extensively in Chapter 4)
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and integrin kinase signaling can contribute to accumulated collagen cross-interactions and fiber
bundling, which can lead to fibrosis [49, 50].

Increased fibrosis with age leads to increased diastolic stiffness and contractile dysfunction in
the heart and its larger vessels, and can also reduce electrical coupling between cardiac myocytes
resulting in non-uniform depolarization, conduction delays and dysrhythmias. Excessive collagen
deposition or pathological fibrosis is an important contributor to LV dysfunction and poor outcome
in hypertension, myocardial infarction and HF.

Genomics

Cardiomyopathy, diseases of heart muscle can arise either as a primary myocardial disorder or
secondary to a diverse array of factors including infection, inflammation, toxins and ischemic
insult. Over the last decade, the importance of gene defects in the etiology of primary car-
diomyopathies has been recognized. Numerous mutations identified as etiological factors have
been identified in the more prevalent types of cardiomyopathy, i.e., hypertrophic cardiomyopa-
thy (HCM) and dilated cardiomyopathy (DCM), and more recently in more uncommon pheno-
types such as restrictive cardiomyopathy (RCM) and arrhythmogenic right ventricular dyspla-
sia/cardiomyopathy (ARVD/ARVC). Moreover, genetic defects have been increasingly implicated
in the pathogenesis of metabolic cardiomyopathies (often associated with extra-cardiac presenta-
tions) including the mitochondrial cardiomyopathies as well as the cardiomyopathy associated with
diabetes.

HCM

Numerous chromosomal loci have been detected in association with clinical hypertrophic cardiomy-
opathy. A list of genes identified thus far and their respective chromosomal loci is presented in
Table 7.5. Of the HCM-causing genes thus far identified, a significant proportion encode protein
components of the cardiac sarcomere which were the first class of HCM genes to be identified and
remain the most prevalent [51]. Mutations have been found in genes that encode components of the
thick filament (i.e., β-MHC, essential MLC, regulatory MLC, and cMyBP-C), genes that encode thin
filament proteins (i.e., cardiac actin, cardiac troponin T, cardiac troponin I, cardiac troponin C, and
α-tropomyosin). HCM mutations have also been found in genes involved in the cytoskeleton includ-
ing titin, telethonin, myozenin and cardiac muscle LIM protein. Mutations resulting in HCM have
also been reported in genes encoding nonsarcomeric/non-cytoskeletal proteins including the γ 2-
regulatory subunit of an AMP-activated protein kinase (AMPK), LAMP-2, a lysosome-associated
membrane glycoprotein, caveolin-3, a contributor to the caveolin micro-domains involved in cellular
signaling [52, 53]. Another significant sub-group of mutant genes identified in patients with HCM
are comprised of genes encoding proteins involved in mitochondrial bioenergetic metabolism. These
include subunits of the mitochondrial respiratory chain (NDUFV2, NDUFS2), SCO2 encoding a
copper metallochaperone, COX10 and COX15 involved in the assembly of the multi-subunit mito-
chondrial respiratory complex IV enzyme also known as cytochrome c oxidase; genes involved in
fatty acid transport and oxidation (SLC22A4, ACADVL) and iron import (FRDA/frataxin); muta-
tions in ANT encoding the adenine nucleotide translocator which also has been recently found
to play a role in mtDNA maintenance. Moreover, numerous mutations in mtDNA have also been
reported to be associated with the development of HCM often in conjunction with multisystemic
disorders including a wide-spectrum of associated disorders, such as hypotonia, myopathies, muscle-
weakness, lactic acidosis, deafness, ophthalmic disease and diabetes.

It is well-recognized that left ventricular remodeling and progressive increases in left ventricular
wall thickness tend to increase with age [44]. Several of the HCM-associated alleles have been
described primarily in the very young and show what is termed early-onset presentation; these often



Basic Mechanisms Mediating Aging-Related Cardiac Dysfunction and Heart Failure 217

Table 7.5 Genes implicated in clinical HCM

Gene Protein Function

TNNT2
TTN
MYL3
TNNC1
MYBPC3
CSRP3
MYL2
MYH7
ACTC
TPM1
TNNI3
CAV3
LAMP2
TCAP
MYOZ2
PRKAG2

Cardiac troponin T
Titin
Essential myosin light chain
Cardiac troponin C
Cardiac myosin binding protein C
Cardiac muscle LIM protein
Regulatory myosin light chain
β-Myosin heavy chain
Cardiac actin
α -Tropomyosin
Cardiac troponin I
Caveolin-3
Lysosome associated membrane protein 2
T-Cap (telethonin)
Myozenin 2
AMP-activated protein kinase

(regulatory subunit)

Sarcomeric
Z disc
Sarcomeric
Sarcomeric
Sarcomeric
Cytoskeletal/Z disc
Sarcomeric
Sarcomeric
Sarcomeric
Sarcomeric
Sarcomeric
Signaling
Lysosome
Cytoskeletal/Z disc
Cytoskeletal/Z disc
Energy sensor

SCO2
NDUFV2
NDUFS2
ANT
ACADVL
FRDA
COX10
SLC22A4
COX15
GLA

COX assembly
Respiratory complex I subunit
Respiratory complex I subunit
Adenine nucleotide transporter/mtDNA maintenance
VLCAD activity (Fatty acid oxidation)
Mitochondrial iron import
COX assembly
Carnitine transporter (OCTN2)
COX assembly
Alpha galactosidase

Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Energy metabolism
Lysosomal storage

are associated with sudden cardiac death and are of great concern in neonates and young athletes
(including specific mutations in β-MHC and cardiac troponin T). Several mutations in fatty acid
metabolism (e.g., ACADVL, carnitine transport), and in bioenergetic metabolism (e.g., NDUFV2,
COX 15) and a number of mtDNA mutations have also been primarily identified in neonates and
children. Interestingly, while the relationship between genotype and phenotype with HCM mutations
is often not clear-cut, the distribution of specific mutations in elderly-onset disease is often markedly
different from specific mutations found in familial early onset HCM [54]. For instance, mutations
in MYBPC3 encoding cardiac myosin binding protein-C, show delayed onset of HCM and induce
the disease predominantly in the fifth or sixth decade of life and along with specific troponin I,
and α-myosin heavy chain alleles are more prevalent in elderly-onset HCM [55, 56]. Moreover,
mutations which alter the charge of the encoded amino acid tend to affect patient survival more
significantly than those that produce a conservative amino acid change [57]. The milder cardiac
phenotype in many of the patients with elderly-onset HCM genes is also consistent with the obser-
vation that HCM is frequently well tolerated and compatible with normal life expectancy, and may
remain clinically dormant for long periods of time with symptoms and initial diagnosis deferred
until late in life [58].

Another genetic defect which shows a marked association with late-onset HCM is due to muta-
tions in the X-linked defect GLA gene encoding the lysosomal enzyme α-galactosidase A caus-
ing α-galactosidase A deficiency leading to an inborn lysosomal storage disorder characterized by
pathological intracellular glycosphingolipid deposition. Cardiac involvement, consisting of progres-
sive left ventricular hypertrophy is very common and constitutes the most frequent cause of death.
Mutations in this gene have been found in up to 6% of men with late-onset HCM, and in 12% of
women with late-onset HCM [59, 60].
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DCM and RCM

Although DCM was traditionally regarded as a sporadic nongenetic disorder, recent studies of large
families with DCM have suggested that inherited gene defects comprise a significant subset of
idiopathic DCM cases. Revised estimates gauged by careful screening of relatives of patients has
documented a greater-than-expected prevalence of familial DCM, reflecting the contribution of
inherited genes, ranging from 25 to 50% of the cases of idiopathic DCM [61]. It is also relevant
to note that the incidence of idiopathic DCM has been reported to increase with age, males are
afflicted at a higher rate than females and elderly patients tend to have a worse prognosis than
their younger counterparts with this disease. Moreover, it is clear that age-related penetrance, i.e.,
absence of disease manifestations in genotype-positive individuals until after a particular age, and
nonpenetrance, has contributed to the underestimation of the prevalence of familial disease [62, 63].

Mutations in a large assortment of genes with diverse functions can lead to DCM [51]. The
identification of DCM-causing mutations (shown in Table 7.6) present at a wide variety of genetic
loci has confirmed the assessment of DCM as highly heterogeneous genetically.

The first gene identified by candidate gene analysis in DCM was cardiac actin. Mutations in
five other genes encoding sarcomere proteins have been implicated in DCM (all of which can also
cause HCM) including β-MHC, cMyBP-C, cardiac troponin T, α-tropomyosin and titin. While
a subset of HCM patients develop a dilated phenotype, DCM resulting from sarcomeric gene
mutations often arises without previous HCM. Mutations were subsequently described in genes
encoding cytoskeletal proteins including desmin, δ-sarcoglycan, muscle LIM protein, α-actinin-2,
Cypher/Zasp, Tcap/telethonin and metavinculin which stabilize the myofibrillar apparatus and link
the cytoskeleton to the contractile apparatus. Dystrophin is another critical gene involved in the

Table 7.6 Genes implicated in familial human dilated cardiomyopathy (DCM)

Gene Protein Function Chromosomal locus Inher.

ABCC9 SUR2A, regulatory subunit
of cardiac KATP channel

Membrane channel 12p12.1 AD

ACTC Cardiac α-actin Sarcomeric 15q14 AD
ACTN2 α-actinin-2 Cytoskeletal 1q43 AD
DES Desmin Cytoskeletal 2q35 AD
DMD Dystrophin Cytoskeletal Xp21 X-R
FOXD4 Forkhead Box D4 Transcription factor 9p11-q11 Nd
TAZ (G4.5) Tafazzin Metabolic Xq28 X-R
LMNA Lamins A and C Nuclear membrane 1p1–q21 AD
CSRP3 muscle LIM protein Cytoskeletal 11p15 AD
MYBPC3 Cardiac myosin binding

protein C
Sarcomeric 11p11 AD

MYH6 α-Myosin heavy chain Sarcomeric 14q12 AD
MYH7 β-Myosin heavy chain Sarcomeric 14q12 AD
PLN Phospholamban Calcium cycling 6q22.1 AD
SCN5A Cardiac sodium channel Membrane channel 3p22–25 AD
SGCD δ-sarcoglycan Cytoskeletal 5q33 AD
STA Emerin Nuclear membrane Xq28 X-R
TCAP Tcap/telethonin Cytoskeletal 17q12 AD
TNNC1 Cardiac troponin C Sarcomeric 3p21.3–3p14.3 AD
TNNI3 Cardiac troponin I Sarcomeric 19q13.4 AR
TNNT2 Cardiac troponin T Sarcomeric 1q32 AD
TPM1 α-Tropomyosin Sarcomeric 15q22 AD
TTN Titin Cytoskeletal 2q31 AD
VCL Metavinculin Cytoskeletal 10q22–q23 AD
ZASP Cypher/Zasp Cytoskeletal 10q22.3–q23.2 AD

AD: Autosomal dominant; AR: Autosomal recessive; X-R: X-linked recessive; Nd: Not determined
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intracellular cytoskeleton (linking it to the ECM and contributing to intracellular organization, force
transduction, and membrane stability), whose mutation can lead to DCM either in association with
Duchenne muscular dystrophy or result in an adult-onset X-linked DCM without skeletal myopathy.
In addition, mutations in gene-products serving critical electrophysiological function in the heart
have been associated with DCM in a limited number of cases including the ABCC9 gene encoding
SUR2A, the regulatory subunit of the cardiac KATP channel and the SCN5A gene encoding the
cardiac sodium channel involved in the generation of the action potential. Mutations in the phos-
pholamban (PLN) gene encoding a transmembrane phosphoprotein that by inhibiting the cardiac
sarcoplasmic reticular Ca2+ -adenosine triphosphatase (SERCA2a) pump is a critical regulator of
calcium cycling have also been recently described in subjects with DCM [64–66]. A T116G point
mutation, substituting a termination codon for Leu-39 (L39stop), and resulting in loss-of-function
mutation (PLN null allele) was identified in two families with hereditary HF; subjects homozygous
for L39stop developed DCM and HF, requiring cardiac transplantation [65].

DCM-causing mutations have also been found in proteins which appear to be involved in the
maintenance of nuclear integrity as well as playing roles in other nuclear processes including gene
transcription, cell cycle regulation and chromatin remodeling. For example, mutations in the LMNA
gene encoding lamin A and the STA gene encoding emerin, both multifunctional nuclear membrane
proteins, have been found to lead to DCM, the latter most commonly in association with Emery-
Dreifuss muscular dystrophy. Recent studies have also identified a mutation disrupting an extremely
highly conserved tryptophan residue in the forkhead domain of FOXD4, a nuclear transcription
factor of the forkhead/winged helix box (FOX) gene family in a pedigree presenting with a complex
phenotype including DCM [67].

Finally, mutations in proteins involved in energy metabolism can also lead to DCM. Mutations in
the TAZ/G4.5 gene encoding an acyltransferase involved in fatty acid metabolism have been asso-
ciated with Barth’s syndrome, an X-linked disorder characterized by infantile-onset DCM, skeletal
myopathy, short stature, neutropenia, and abnormal mitochondria, as well as with isolated cases
of X-linked DCM [51]. In addition to these defective nuclear loci, specific pathogenic mutations in
mtDNA have been implicated in DCM (often in conjunction with multisystemic disorders) and these
show maternal inheritance. Clearly, the wide spectrum of defective intracellular functions that can
lead to DCM suggest that multiple pathophysiological mechanisms are likely involved in triggering
this disorder, consistent with its frequently heterogeneous presentation.

A number of the forementoned genetic defects are associated with late-onset DCM and a higher
incidence of presentation in the elderly. In a large-scale mutation analysis of European patients
with DCM, carriers of mutations in the β-myosin heavy chain (MYH7) gene were significantly
older (mean age at diagnosis was 48 years) compared to carriers of mutations in the cardiac T
troponin (TNNT2) gene (mean age at diagnosis was 23 years) [68]. Moreover, several specific DCM-
associated mutations are associated with a milder presentation and increased disease presentation
with age. While mutations in the MyBP-C gene have been previously described in association with a
favorable clinical course and with late onset HCM, late-onset DCM has been reported in association
with an Arg820Gln mutation in the MyBP-C gene [69]. Similarly, carriers of the Arg71Thr mutation
in the SGCD gene encoding the cytoskeletal δ-sarcoglycan protein had a relatively mild phenotype
and a late onset of DCM [70].

Mutations in the DMD gene have been reported in both familial and sporadic cases of Duchenne
(DMD) and Becker (BMD) muscular dystrophies [71, 72]. DMD usually presents in early childhood
with progressive skeletal muscle weakness, mainly of the large proximal muscle groups, and loss of
ambulation generally by early adolescence with DCM and conduction defects tend to present late in
the disease with the majority of patients dying in their 20s, most commonly as a result of respiratory
failure. Individuals with DMD usually have frameshift or nonsense DMD mutations that result in
premature termination of translation, and a reduction or absence of dystrophin protein; typically,
patients with DMD lack any detectable dystrophin expression in their skeletal muscles.
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In contrast, BMD is a milder, allelic form of DMD with affected males presenting later in life,
exhibiting a milder course and display a high incidence of cardiac involvement despite their milder
skeletal muscle disease; the most common cause of death in BMD is HF. While clinical expression
occurs primarily in the young adult, expression including severe DCM has also been reported in the
older adult (>50 years old) [73, 74]. Subjects with BMD usually have DMD deletions that result in
truncation or reduced levels of expression of dystrophin; skeletal muscle from patients with BMD
contains dystrophin proteins of altered size and/or reduced abundance. Interestingly, female carriers
of DMD and BMD experience a high incidence of cardiac involvement, that progresses with age and
manifests primarily as cardiomyopathy.

A D626N mutation in the Cypher/ZASP encoding the Z-disc associated protein was found in
all affected individuals in a family and was associated with late-onset DCM [75]. This mutation
also proved interesting in that it alters the binding function of the Cypher/ZASP LIM domain and
increased its interaction with protein kinase C (PKC), suggesting an association between DCM and
an inherited abnormality involved in signal transduction.

Mutations in other signal transduction proteins appear to play a role in late-onset DCM. For
instance, in one family with a deletion of arginine 14 in the PLN gene, individuals did not present
with DCM until their seventh decade when they were only mildly symptomatic with congestive
HF [64]. While this finding suggests that PLN mutations should be considered as a contributory fac-
tor in the development of late onset cardiomyopathy, the finding that other heterozygous individuals
with the identical PLN Arg 14 mutation were reported to exhibit more severe disease at an earlier age
(i.e., left ventricular dilation, contractile dysfunction, and episodic ventricular dysrhythmias, with
overt HF by middle-age) suggests that other modulatory factors are likely involved in the expression
of the DCM phenotype [76].

Another intriguing development in the connection between genes involved in DCM and aging
phenotypes has emerged in the characterization of LMNA mutations affecting lamin A/C. In addition
to a variety of laminopathies including DCM along with neuropathy, lipodystrophy, limb girdle mus-
cular dystrophy (LGMD), and autosomal dominant Emery-Dreifuss muscular dystrophy (EDMD),
mutations in LMNA can result in premature aging syndromes or progeria. LMNA mutations have
been reported in segmental progerias: Hutchinson–Gilford Progeria Syndrome (HGPS) [77], and
Atypical Werner Syndrome [78]. The age of onset is quite different in these aging diseases. In
sharp contrast to Werner Syndrome, which becomes apparent at or shortly after puberty and early
adulthood, HGPS manifests early in childhood. Growth retardation can be observed by three to 6
months of age, with degenerative changes in cutaneous, musculoskeletal and cardiovascular systems
apparent shortly thereafter, baldness occurs by age 2 and median age of death is 13.5 years with
mortality primarily attributable to myocardial infarction or congestive HF. While many of the dis-
eases arising from LMNA mutations arise from dominant missense mutations (e.g., DCM type 1A,
LGMD) some are autosomal recessive (e.g., Charcot-Marie-Tooth-disease) and others sporadic (e.g.,
HGPS, EDMD); it is clear (although largely unexplained) that different mutations in the same gene
can lead to diverse dysfunctions with limited phenotypic overlap, with specific tissues targeted in
each pathology [79]. An important unanswered question is why defects in nuclear envelope proteins
that are found in most adult cell types should give rise to pathologies associated predominantly with
skeletal and cardiac muscle and adipocytes.

Interestingly among three different LMNA-mediated myopathies (i.e., EDMD, DCM and
LGMD), cardiomyopathy occurs with an underlying potential of sudden death due to cardiac
dysrhythmia. Moreover, the cardiac disease of LMNA mutated patients is often defined by conduc-
tion system and rhythm disturbances occurring early in the course of the disease, followed by DCM
and HF. One family comprised of members heterozygous for the same single nucleotide deletion in
exon 6 of the LMNA gene, showed different presentations in affected individuals, one with LGMD,
one with EDMD and another with DCM. The intrafamilial variability and mutational pleiotrophy
observed in this (and other studies) suggests that other modifying factors (genetic, environmental or
epigenetic) likely influence phenotypic expression [80].
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While over 20 LMNA mutations (primarily missense defects localized in exons 1 and 3) have
been reported to lead to autosomal dominant DCM (type 1A), evidence has been presented that
different LMNA mutations can have substantially different age-expression. Molecular analysis of
two 4-generation white families with autosomal dominant familial DCM and conduction system
disease revealed novel mutations in the rod segment of LMNA [81]. A missense mutation (nucleotide
G607A, amino acid E203K) was identified in 14 adult subjects of family A with cardiac disorder
primarily manifested as progressive conduction disease occurring in the fourth and fifth decades
with ensuing death by HF. In contrast, a nonsense mutation (nucleotide C673T, amino acid R225X)
was identified in 10 adult subjects of family B with progressive conduction disease occurring with an
earlier onset (third and fourth decades), accompanied by ventricular dysrhythmias, left ventricular
enlargement, and systolic dysfunction and death caused by HF or sudden cardiac death.

Given the multiplicity of lamin A/C intracellular functions, a clear picture of the pathogenic
mechanism by which LMNA mutations causes DCM (and conduction defects) is not yet evident
[79–82]. One attractive hypothesis suggests that defective lamin A/C undermines the structural
integrity of the nuclear envelope promoting a mechanical nuclear fragility and by its interactions
with the cytoskeletal desmin, results in a whole cell-mechanical vulnerability particularly notable
under conditions of constant mechanical stress typical of cardiac and skeletal muscle cells with resul-
tant impairment of force transmission and contractile function. Other viable pathogenic mechanisms
include loss or rearrangement of other LMNA-associated protein (e.g., emerin) and nuclear pore
modification, changes in heterochromatin relative to the nuclear lamina, and altered gene expres-
sion due to disrupted interaction with RNA polymerases and transcription factors. We discuss these
further in the section on animal models presented below.

Restrictive cardiomyopathy (RCM), the rarest form of cardiomyopathy, involves impaired ven-
tricular filling and reduced diastolic volume in the presence of normal systolic function, and normal
or near normal myocardial thickness. This condition is most frequently caused by pathological con-
ditions that stiffen the myocardium by promoting infiltration or fibrosis, including endomyocardial
disease, amyloidosis, sarcoidosis, scleroderma, storage diseases (e.g., hemochromatosis, Gaucher’s
disease, Fabry disease, glycogen storage disease), metastatic malignancy, anthracycline toxicity, or
radiation damage. Several of the infiltrative diseases resulting in RCM can be inherited, includ-
ing familial amyloidosis, hemochromatosis, Gaucher’s disease, and glycogen storage disease. Most
cases of congestive HF in the elderly are due to diastolic dysfunction with preserved systolic function
suggesting that RCM is an important entity [83].

Amyloidosis is the most prevalent underlying cause of RCM [84]. RCM in cardiac amyloidosis
results from replacement of normal myocardial contractile elements by infiltration and interstitial
deposits of amyloid, leading to alterations in cellular metabolism, Ca2+ transport, receptor regula-
tion, and cellular edema. Amyloid myocardium becomes firm, rubbery, and noncompliant, and can
also involve the cardiac conduction system presenting with different types of conduction defects and
dysrhythmias.

Familial amyloidosis, or hereditary amyloidosis, while overall less common than immunoglobin
amyloidosis (AL), is more frequently associated with RCM, and is most often caused by an
autosomal-dominant mutation in the serum protein transthyretin encoded by the TTR gene. This
gene encodes a protein containing 127-amino acid residues of four identical, noncovalently linked
subunits that dimerize in the plasma protein complex. Over 60 distinct amino acid substitutions
distributed throughout the TTR sequence have been correlated with an increased amyloidogenicity
of TTR [84]. The pattern of myocardial involvement varies according to the specific mutation and
has distinct age-expression. A large number of these mutations have been associated with late-onset
amyloid cardiomyopathy, as well as with polyneuropathy.

Patients with the Met 30 transthyretin variant, the most prevalent TTR mutation, primarily display
conduction defects and often require pacemaker implantation [85]. In early-onset cases (i.e., patients
younger than 50 years old), cardiac amyloid deposition was most prominent in the atrium and suben-
docardium but became evident throughout the myocardium in late-onset cases. The Tyr77 mutation,
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the second most prevalent TTR mutation was studied in a large family with 12 affected individuals
over 4 generations; the clinical phenotype is characterized by an initial and sometimes prolonged
carpal tunnel syndrome, beginning between the 6th and 7th decade, with subsequent RCM [86].
In addition, different ethnic groups have been shown to have varying degrees of susceptibility to
cardiac amyloid deposition, while other groups do not have cardiac involvement. Substitution of
isoleucine for valine at position 122 of the TTR gene has been reported to be more prevalent in
African-Americans (estimated to be present in approximately 4% of the Black population) [87],
and is also associated with the occurrence of late-onset RCM [88]. Molecular analysis has revealed
that this isoleucine for valine substitution shifts the equilibrium toward monomer (indicating lower
tetramer stability), and favors tetramer dissociation required for amyloid fibril formation resulting
in accelerated amyloidosis [89].

RCM can also be associated with an iron-overload cardiomyopathy that manifests systolic or
diastolic dysfunction primarily attributable to increased cardiac iron deposition, and occurs with
common genetic disorders such as hemochromatosis [90]. While the precise mechanism of iron-
induced HF has not yet been elucidated, the toxicity of iron in biological systems has largely been
attributed to its ability to catalyze ROS generation. Hereditary hemochromatosis is a common auto-
somal recessive disorder among Caucasians with the genotype at risk accounting for 1:200–400 indi-
viduals of Northern European ancestry. Clinical complications appear late in life and often include
cardiomyopathy (primarily but not necessarily restrictive) with development of subsequent conges-
tive HF limited to homozygotes. As with many cardiomyopathies, phenotypic expression of the
disease shows intrafamilial variabity, likely as a result of effects of modifier genes or environmental
factors. Hereditary hemochromatosis has been linked to pathogenic mutations of the gene coding for
HFE, an atypical HLA class I molecule on chromosome 6 (6p21.3), hemojuvelin (HJV or HFE2) on
chromosome 1 (most often associated with the juvenile form of hemochromatosis) and more rarely,
the gene coding for hepcidin (HAMP), on chromosome 19, and the gene encoding serum transferrin
receptor 2 [90, 91, 92]. Two missense mutations in HFE have been found to be responsible for
the majority of cases, C282Y and H63D; the C282Y mutation has a higher penetrance than the
H63D mutation, and appears to result in a greater loss of HFE protein function [90]. Iron-overload
in the heart resulting from HFE knockout in the mice can also lead to increased susceptibility to
myocardial ischemia/reperfusion injury as indicated by increased postischemic ventricular dysfunc-
tion, increased myocardial infarct size and myocyte apoptosis with the degree of injury significantly
elevated with high-iron diet [93].

Interestingly, while HFE mutations have also been reported to be involved in several age-related
chronic diseases such as Alzheimer’s disease and CAD, one study suggested that in some popula-
tions the same HFE mutations associated with CVDs paradoxically have also shown an increased
prevalence (in the heterozygous state) in centenarians (primarily women) suggesting a beneficial
role with respect to longevity [94]. This may be because individuals heterozygous for the C282Y
mutation tend to have slightly but significantly higher values for serum iron and transferrin satura-
tion and are therefore less likely to exhibit anemia because of iron deficiency. However, subsequent
studies have failed to replicate this relationship in other populations [95, 96].

Animal Models of Cardiomyopathy and HF

A rather diverse assortment of animal models have been developed to study the pathophysiology of
HF and cardiomyopathy as well as to test new therapeutic approaches to treat the complex syndrome
of HF. Several of these models have also provided increased data about the genes involved in these
diseases as well as providing significant information regarding their phenotypic expression in the
elderly.
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In particular, the effects of specific mutations on sarcomere and cytoskeletal structure and func-
tion, as well as on overall cardiac structure and function in vivo have been examined in genetically
engineered mouse models. A large number of transgenic studies have provided a wealth of informa-
tion including, the identification of new genetic targets, the confirmation of pathogenic mutations
described in clinical studies, and in some cases elucidation of the role of these specific pathogenic
mutations, and resultant proteins, in the progression of cardiac hypertrophy, fibrosis and onset of
cardiomyopathy (either hypertrophic or dilated). Several specific alterations in genes involved in
cytoskeletal and sarcomeric function, which generate cardiomyopathy (and often HF) in transgenic
mice, are presented in Table 7.7.

The age-specific phenotypic expression of specific sarcomeric protein mutations was compared
between heterozygous mice bearing a cardiac MHC missense mutation (α-MHC 403/+) and mice
bearing a cardiac MyBP-C mutation (MyBP-Ct/+) [97]. While both mutant strains exhibited pro-
gressive LV hypertrophy, by 30 weeks of age α-MHC403/+ mice showed considerably more LV
hypertrophy than MyBP-Ct/+ mice. Moreover, there was increased expression of molecular markers
of cardiac hypertrophy in hearts from 50 week-old α-MHC 403/+ mice while MyBP-C t/+ mice did
not demonstrate expression of these molecular cardiac markers until the mice were >125 weeks
old. Electrophysiological assessment also indicated that MyBP-C t/+ mice were not as likely to
have inducible ventricular tachycardia as α-MHC 403/+ mice and significant cardiac dysfunction was
noted in α-MHC 403/+ mice before the development of LV hypertrophy, whereas the cardiac function
of MyBP-Ct/+ mice was not impaired even after the development of cardiac hypertrophy. Although

Table 7.7 Selected mouse models of cardiomyopathy and HF – sarcomeric and structural genes

Gene (protein) Genetic Alteration Function Phenotype

α-MHC S532P + F764L
R403Q

Myosin heavy chain DCM, HCM

cMyBP-C Cardiac-specific KO;
Truncated
C-terminus

Cardiac myosin binding
protein C

HCM

cTnT R92Q, I79N Cardiac troponin T HCM
MLP Null Muscle LIM protein DCM
SGCD Null δ-sarcoglycan DCM, necrosis
Lamin A/C (LMNA) Null;

L85R + N195K
Nuclear membrane

protein
DCM

TIMP-3 Null Matrix
metalloproteinases
(MMP) inhibitor

DCM , hypertrophy

ABCA5 Null Lysosomal ABC
transporter

DCM

Desmin Null Cytoskeletal protein DCM, fibrosis
Plakoglobin Plakoglobin + /− Desmosomal protein ARVC
SERCA2a Gene-replacement

with SERCA2b
(> Ca2+ affinity)

SR Ca2+ transport
ATPase, calcium
cycling

HCM

N-cadherin (Cdh2) Cardiac-specific null
or overexpression

Cell adhesion molecule
in intercalated disc

DCM

Tmod Cardiac-specific
overexpression

Tropomodulin DCM

Calsarcin Null Sarcomeric Z-disc
protein

Accelerated CM in response to
pathological biomechanical
stress

RLC Cardiac-specific
expression of
E22K-RLC
mutation

Myosin regulatory
light-chain

Inter-ventricular septal
hypertrophy and enlarged
papillary muscles with no
filament disarray
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it is not yet clear as to the extent to which these murine models mimic their human counterparts of
familial HCM, both the use of electrophysiological and cardiac function studies may enable more
definitive risk stratification in older patients. Other studies with the R(403)Q mutation in cardiac
α-MHC murine model of familial HCM showed gender-specific differences with age [98]. Cardiac
hypertrophy was found to be significantly increased with age in female animals while male hearts
exhibited severe dilation by 8 months of age, in the absence of increased mass.

In addition to mutations in the sarcomere and cytoskeleton which mediate cardiomyopathy, we
have previously noted that mutations in the intermediate filament lamin proteins of the nuclear lam-
ina (lamin A/C) underlying the inner nuclear membrane are associated with clinical DCM with
conduction defects. A mouse line that might recapitulate this clinical phenotype was constructed
using homologous recombination and expressed the LMNA -N195K lamin A variant analogous to
the asparagine-to-lysine substitution at amino acid 195, which causes DCM in humans [99]. Several
phenotypes observed in the LmnaN195K / N195K mice were consistent with DCM including heart cham-
ber dilation, increased heart weight and interstitial fibrosis, upregulation of a fetal gene expression
profile and progressive conduction defects albeit neither apoptosis in the ventricles nor ventricu-
lar myocyte hypertrophy were detected. Also, similarly to the human disorder, an age-dependent
phenotypic progression was observed in the transgenic mouse. Despite a minor growth defect,
LmnaN195K / N195K mice initially appeared healthy, with no diminished activity levels or behavioral
defects, and were difficult to distinguish from littermates until just before their demise, which gen-
erally followed an acute period of deterioration. This tended to occur between 11 and 14 weeks of
age, with most mutant homozygous animals dying in that period (average, 12 week), none surviving
past 16 week. Similarly, although impulse propagation initially appeared normal, the conduction
system showed a deficit with increasing age. Interestingly, the LmnaN195K / N195K mice live twice as
long as Lmna null mice and show earlier mortality (3 months) compared to another Lmna mutant
model (H222P) (4–9 months) despite the fact that all three Lmna-deficient murine strains have
similar cardiovascular phenotypes (i.e., conduction defects, lack of hypertrophy, dilation of heart
chambers and nuclear shape defects). The LmnaN195K / N195K strain does not exhibit the multiple
tissue pathologies of the Lmna null mice nor the muscular dystrophy seen with the Lmna mutant
model (H222P) [100, 101].

It is well-known that diverse neurohormonal stimuli acting through a series of interwoven
signal transduction pathways contribute to pathological cardiac hypertrophy and HF. Many such
agonists act on the myocardium through cell surface receptors coupled with G-proteins to mobi-
lize intracellular Ca2+ with consequent activation of downstream kinases and the Ca2+ - and
calmodulin-dependent phosphatase calcineurin. In addition, MAPK signaling pathways are inter-
connected at multiple levels with intracellular Ca2+ [102]. β-adrenergic agonists also influence
cardiac growth and function through the generation of cAMP, which activates protein kinase
A (PKA) and other downstream effectors [103]. These signaling pathways target a variety of
substrates in the cardiomyocyte, including components of the contractile apparatus, intracellular
Ca2+, with consequent activation of downstream kinases, the Ca2+ channels and their regulatory
proteins.

Mutations in proteins involved in a number of signal transduction pathways in the heart have also
been found to lead to cardiomyopathy and HF in transgenic mice. A list of several identified gene
mutations in cardiac signaling proteins, which can lead to cardiomyopathy and their phenotypic
effects, is presented in Table 7.8. The functions of genes involved cover an extremely wide spectrum
ranging from kinases (e.g., p38 MAPK, DMPK, PKA, the receptor tyrosine kinase ErbB2, integrin-
linked kinase, ILK): growth factors (e.g., FGF-2), receptors [e.g., Angiotensin II type 2 receptor
(AT2R), Bradykinin B2 receptor, α-adrenergic receptor 1B (α-AR 1B), β1-adrenergic receptors
(e.g., β 2-AR, β 1-AR); transcription factors (e.g., CREB, CHF1/HEY2), G-proteins (Gsα), cave-
olins (e.g., CAV1, CAV3), calcium regulatory factors (e.g., calcineurin) and splicing factors (e.g.,
CELF, SC35).
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Table 7.8 Selected mouse models of cardiomyopathy and HF – signaling genes

Gene (protein) Genetic Alteration Function Phenotype

CAV-1 Homozygous null Caveolin signaling
proteins

HCM, DCM

CAV-3 Null, P 104 L Caveolin signaling
proteins

HCM

DMPK Overexpression Protein kinase HCM, fibrosis
p38 MAPK Cardiac-specific

dominant-negative
Mitogen-activated

protein kinase
HCM

AGT Null Angiotensinogen DCM
FGF-2 Null Fibroblast growth factor DCM
BK B2 receptor Null Bradykinin B2 signaling DCM
AT2R Cardiac-targeted

overexpression
Angiotensin II type 2

receptor
DCM

CHF1 (Hey2) Null HLH transcription
factor

DCM

Ena-VASP Cardiac-specific
dominant-negative

Vasodilator-stimulated
phosphoprotein

DCM, hypertrophy

CELF Cardiac-specific
dominant-negative

RNA binding proteins
involved in alternative
splicing

DCM, hypertrophy

ABCA5 Null Lysosomal ABC
transporter

DCM

α-AR 1B Cardiac-specific
overexpressiom

Alpha-adrenergic
receptor 1B

DCM

β2-AR Overexpression Beta2-adrenergic
receptor

DCM. HF

β1-AR Overexpression Beta1-adrenergic
receptor

DCM. HF

PKA Cardiac-specific
constitutive
expression-catalytic
subunit

Protein kinase A DCM

SC35 Cardiac-specific null Trans-acting splicing
factor

DCM

ErbB2 (Her2) Cardiac-specific
conditional mutant
allele

Receptor tyrosine kinase DCM

Calcineurin Cardiac-specific
expression of
constitutively active
gene

Calcium signaling
regulator

HCM/HF

CREB Cardiac-specific
dominant negative

Transcription factor DCM

ILK Cardiac-specific KO Integrin-linked kinase DCM, HF
iNOS Cardiac-specific

overexpression
Inducible nitric oxide

synthase
Cardiac fibrosis,

hypertrophy, and
dilatation and sudden
death

Gsα Cardiac-specific
overexpression

Stimulatory G-protein Hypertrophy, Fibrosis;
DCM in older mice

Interestingly, transgenic mice with cardiac-specific overexpression of the stimulatory GTP-
binding protein Gsα subunit exhibit increased cardiac contractility in response to β-adrenergic
receptor stimulation. However, with aging, these mice develop a cardiomyopathy which involves
induction of apoptosis of cardiac myocytes [104].
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Overexpression of the G-protein Gαq or constitutively active components of its signaling path-
way have been shown in transgenic studies to lead to increased cardiac mass, cardiomyocyte
hypertrophy, contractile dysfunction and ventricular remodeling. These studies also demonstrated
that massive cardiomegaly and extensive ventricular dilation were limited to animals with much
elevated levels of Gαq and that a relatively modest overexpression of Gαq produced features of
compensated LV hypertrophy with more extensive LV dilation and HF only arising as a conse-
quence of hemodynamic overload or neurohormonal stress (e.g., occurs with pregnancy) [105].
Mende et al. in studying a transgenic mouse line containing a constitutively active Gαq allele
(Gαq52) found that a cardiomyopathic phenotype including increased ventricular mass and dila-
tion was present by 10 weeks of age [106]. Moreover, undetectable levels of the constitutively
activated transgene product were found at 10 weeks suggesting that persistent expression of the
transgene was not required for the progression of the cardiomyopathic phenotype. Another trans-
genic mouse line containing an epitope-tagged Gαq 44 allele expressed a lower level of transgene
product, and ultimately displayed the same DCM phenotype with severely impaired left ventric-
ular systolic function (assessed by M-mode and 2D echocardiography), but with a much delayed
disease onset [107]. At 12–14 months, over 60% of mice with Gαq 44 still had normal cardiac
function and ventricular weight/body weight ratio but manifested increased phospholipase C (PLC)
levels compared to either wild-type mice or mice with the Gαq52 allele. This suggests that dif-
ferent Gαq alleles (in the same genetic background) can exert markedly different age-dependent
phenotypes including disease onset, that PLC activation is not correlated with Gαq-determined
phenotype and that environmental modifiers may be involved in the age-dependent phenotypic
expression.

Cytokine signaling and inflammation are well-recognized for their involvement in HF pathogen-
esis. Several important components of these signaling pathways are the IL-6 family of cytokines,
the extracellular gp130 receptor and the signal transducer and activator of transcription 3 (STAT3)
activated through gp130 – all of which have integral roles in cardiac myocyte survival and hyper-
trophy. Mice containing a cardiomyocyte-restricted deletion of STAT3 are significantly more sus-
ceptible to cardiac injury after doxorubicin treatment than age-matched controls [108]. Moreover,
suggestive of a potential role of STAT3 in protecting against inflammation-induced heart damage,
STAT3-deficient mice treated with lipopolysaccharide (LPS) displayed significantly more apoptosis
than their wild-type counterparts; cardiomyocytes with STAT3 deleted, secreted significantly more
tumor necrosis factor (TNF) in response to LPS and cardiomyocyte-restricted STAT3-deficient mice
exhibited a dramatic increase in cardiac fibrosis in aged mice. While no overt signs of HF were
present in young STAT3-deficient mice, heart dysfunction develops with advancing age. Therefore,
these studies reveal a crucial role for STAT3 in mediating cardiomyocyte resistance to inflammation
and other acute injury and in the pathogenesis of age-related HF.

It is well-recognized that the adult heart is strongly reliant on fatty acids as its key fuel supply and
a number of studies have shown that a variety of pathological conditions (e.g., cardiac hypertrophy)
can shift the utilization of metabolic substrates [109, 110]. It has been proposed that initially this
switch in metabolic substrate provides adequate energy to maintain normal cardiac function, how-
ever over time diastolic dysfunction and HF may arise associated with a depletion in high-energy
phosphates. Moreover, the functioning of mitochondrial bioenergetic pathways (e.g., TCA cycle,
FAO pathway and the ETC/OXPHOS) provides most of the cellular ATP necessary for contractile
and electrophysiological function. Results from both animal and human studies have confirmed that
a variety of cardiomyopathic disorders and HF can be an important consequence of compromised
mitochondrial bioenergetic function [109–114].

The creation of transgenic mice with altered expression of genes involved in carbohydrate, lipid
and mitochondrial metabolism has provided unique insights into the fine balance within the mouse
heart to maintain energy status and cardiac function, as well as to explore the cause–effect rela-
tionships between mitochondrial function and myocardial disease. A list of transgenic models of
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metabolic modification in the heart that are associated with cardiac dysfunction and/or HF phenotype
is shown in Table 7.9.

Loss-of-function model studies, which disrupt mitochondrial metabolism, can exhibit specific
cardiac phenotypes. Mouse models demonstrating a causal relationship between a mitochondrial
energetic defect and cardiomyopathy include the Ant1 null and the TFAM null mice [115, 116].

Table 7.9 Selected mouse models of metabolic genes involved in CM and HF

Gene (protein) Genetic Alteration Function Phenotype Refs

MTPα Null FAO; Mitochondrial
trifunctional protein

CM; sudden death 121

LCAD Global ablation FAO; long chain acyl-CoA
dehydrogenase

CM, ↑ myocardial
lipid + fibrosis

118

Frataxin Cardiac-specific KO Iron metabolism; FRDA CM, hypertrophy 122
TFAM/mtTFA Cardiac-specific KO Mitochondrial transcription

factor A
DCM, AV heart

conduction block
116

LpL Cardiac-specific LPL
with a GPI anchor

Lipoprotein lipase DCM; ↓ FAO; 123

PRKAG2 Cardiac-specific
overexpression of
N488I mutation

AMP kinase regulatory
subunit

LV hypertrophy,
ventricular
preexcitation and
sinus node
dysfunction.

124

Polymerase γ Cardiac-specific
knock-in mutation

Mitochondrial DNA
polymerase

DCM 125

Mito-CK Null Mitochondrial creatine
kinase

Increased LV dilation
and hypertrophy

117

AIF Cardiac-specific null Apoptosis inducing factor DCM 126
TrxR2 Cardiac-specific null Mitochondrial thioredoxin

reductase
Fatal DCM 127

MnSOD/SOD2 Null Mn superoxide dismutase DCM 128
PGC-1α Cardiac-specific

inducible
overexpression

Peroxisome
proliferator-activated
receptor gamma
coactivator-1α

Cardiomyopathy and
mitochondrial defects
only in adult not
neonate

129

5-HT2B
receptor

Cardiac-specific
overexpression

Serotonin receptor HCM with
mitochondrial
proliferation

130

OCTN2 Heterozygous carriers of
mutation

Carnitine transporter Age-associated CM
with lipid deposition,
hypertrophy

131

ANT1 Null Adenine nucleotide
translocator

CM, cardiac
hypertrophy with ↑
mitochondria

115

FATP1 Cardiac-specific
overexpression

Fatty acid transport protein
1

Lipotoxic
cardiomyopathy

132

PPAR-α Cardiac-specific
overexpression

Peroxisome
proliferator-activated
receptor-α

Diabetic CM with ↑
FAO, ↓ glucose
uptake + use, cardiac
hypertrophy

133

PPAR-δ Cardiac-specific null Peroxisome
proliferator-activated
receptor-δ

Lipotoxic CM with ↑
myocardial lipid,
dysfunction,
hypertrophy, HF

120

ACS Cardiac-specific
overexpression

Long chain acyl-CoA
synthetase

Cardiac lipid
accumulation +
hypertrophy, LV
dysfunction and HF

134
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The affected proteins are critically involved in mitochondrial bioenergetics; the adenine-nucleotide-
translocator (ANT) protein involved in mitochondrial nucleotide transport and the mitochondrial
transcription factor (TFAM/mtTFA) which plays a variety of roles in mtDNA function (e.g.,
gene transcription, mtDNA replication and maintenance) and in mitochondrial biogenesis. In addi-
tion, null mutation of mitochondrial creatine kinase can lead to LV dilation and hypertrophy [11].

Transgenic models of specific defects in the mitochondrial fatty acid oxidation (FAO) pathways
have also been established (also enumerated in Table 7.8). Two distinct mouse models with genetic
deletion of the second step in the mitochondrial FAO pathway, a fatty acid chain-length-specific
dehydrogenase enzyme (VLCAD and LCAD), display a cardiomyopathic phenotype [118, 119].
Furthermore, mice null for the PPAR-δ gene also exhibit diminished myocardial fat catabolic capac-
ity and mild cardiomyopathic phenotype that accompanies aging [120]. A null mutation in the
mitochondrial trifunctional protein (MTPα) encoding a multifunctional enzyme in the β oxidation of
fatty acids also results in cardiomyopathy and can lead to increased incidence of sudden death [121].

Several studies have shown that loss-of-function of critical mitochondrial antioxidant proteins
can lead to cardiac dysfunction and cardiomyopathy. Strains harboring null mutations in either the
Mn superoxide dismutase (MnSOD) or in TrxR2 encoding the mitochondrial thioredoxin reductase
exhibit DCM [127, 128]. Mouse strains with a null mutation in frataxin (FRDA), a mitochondrial
protein thought to be involved in regulating iron accumulation and flux and a regulator of oxidative
stress (OS), also develop cardiac hypertrophy and cardiomyopathy [122]. These strains appear to
reliably recapitulate Friedreich ataxia, a human disorder with both neuropathic (e.g., ataxia) and
cardiac involvement (e.g., HCM) caused by alterations in the gene for frataxin (most often trinu-
cleotide repeats).

In addition to transgenic models with loss-of-function, studies utilizing “gain of func-
tion”/overexpression of a transgene have provided insights into the relation between mitochondrial
dysfunction and cardiac dysfunction, particularly in cardiomyopathy associated with diabetes.
Transgenic mice with cardiac-restricted overexpression of PPAR-α (the MHC-PPAR-α mice)
exhibit increased expression of genes encoding enzymes involved in multiple steps of mitochondrial
FAO with strong reciprocal downregulation of glucose transporter (GLUT4) and glycolytic enzyme
gene expression [133]. This activation of FAO via the elevation of the cardiac PPAR-α/PGC-1α
mimics events occurring in the diabetic heart in which this metabolic shift is associated with high
levels of fatty acid import and oxidation and can eventually lead to pathological mitochondrial and
cardiac remodeling typical of diabetic cardiomyopathy. Echocardiographic assessment identified
LV hypertrophy and dysfunction in the MHC-PPAR-α mice in a transgene expression-dependent
manner. Sequential studies showed that both HF diet and insulinopenia induced further remodeling
accompanied by signs of HF.

Overexpression of several genes with roles in metabolic regulation also can lead to cardiomyopa-
thy, HF and hypertrophy in these mouse models. These include overexpression of genes involved in
fatty acid transport and utilization (e.g. ACS, FATP1) [133, 134], and of genes acting as global tran-
scription regulators of metabolic regulation (PGC-1) [129]. The latter gene is of particular relevance
with respect to aging since it appears to show little overall affect on the heart when overexpressed
in neonates, while overexpression in adult mice leads to extensive mitochondrial defects and car-
diomyopathy.

As we have repeatedly noted throughout this book, the age-mediated accumulation of ROS
and their potent damaging effects on cellular macromolecules (particularly mitochondrial) and
their function is particularly evident in aging cardiomyocytes, in the heart and appear also to be
involved in aging of the vasculature. Accumulating data have shown that mitochondrial defects
resulting in the accumulation of OS can lead to cardiomyopathy and HF [135]. Associated with
the cardiomyopathy resulting from murine knock-out of MnSOD, thioredoxin and TFAM genes
are increased levels of mtDNA damage and OS. While in some cases global overexpression of
antioxidants have not proven able to reverse the OS and aging-mediated dysfunction in the heart,
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recent studies have demonstrated that cardiac targeted-overexpression of the antioxidant catalase can
successfully interfere with aging-mediated cardiac dysfunction. The previously discussed findings
of Schriner demonstrated that overexpression of catalase targeted to the mitochondria increased
overall mouse longevity, diminished OS and mitochondrial protein and mtDNA damage, and
delayed the onset of aging-mediated cardiac pathology [136]. Similar findings including signifi-
cantly diminished levels of protein carbonyls, advanced glycation end-products (AGE) and of age-
induced mechanical defects in myocyte contractility and increased life span have been demonstrated
by Ren et al. in mice with cardiac-specific catalase overexpression [137]. Recent evidence from
this group suggests that catalase overexpression exerts its attenuation of aging-induced contractile
defect and cardiomyocyte relaxation dysfunction in part by improving intracellular Ca2+ cycling
in particular restoring expression levels of the Na+/Ca2+ exchanger (NCX) and the Kv1.2 K+

channel [138].
In addition to the wealth of molecular information concerning age-mediated cardiomyopathy and

HF which has emerged from mouse transgenic models, studies with genetic models highlighting the
involvement of specific genes in cardiomyopathic and HF pathways have also been provided by other
species including rat, rabbit, hamster and even the fly Drosophila [139]. Studies with aging sponta-
neously hypersensitive (SHR) strains and with a rat strain prone to HF (SHHF) rats have contributed
greatly to the understanding of signaling pathways involved in HF including generalized activa-
tion of the renin-angiotensin-aldosterone, endothelin, and ANP systems [140, 141]. For instance,
left ventricular homogenates from SHHF rats, exhibited marked increases in Ca2+-dependent NOS
activity with age accompanied by enhanced expression of endothelial NOS (eNOS), a change not
seen in SHR or wildtype rats [142]. In addition, the SHR strains have provided a useful model of the
transition from stable compensated hypertrophy to decompensated HF in the context of aging and
have allowed the identification of programmatic changes in myocardial gene expression including
increased expression of genes encoding elements of the ECM associated with this transition [143].
Moreover, pharmacological treatments that prevent matrix gene expression in the SHR heart have
been shown to improve myocardial function and survival, albeit with limited success in reversing
myocardial tissue dysfunction [140].

Similarly, studies in cardiomyopathic-prone strains of hamsters have been shown to mimic
many of the modifications occurring in otherwise healthy aged mammalian hearts [144]. These
strains also exhibit age-associated changes in the ECM. Several hamster strains including CHF147
present progressive DCM due to a large deletion of the δ-sarcoglycan (δ-SG) gene that leads to
HF [145, 146]. These strains have been useful in both elucidating the changes leading to car-
diomyopathy and HF and in testing strategies for reversing this cardiac dysfunction. In addition
to its hereditary origin in these strains, HF can be aggravated by treatment with catecholamines
and ameliorated by the administration of some kinds of β-antagonist both in genetic cardiomyo-
pathic hamsters and in humans. Moreover, short-term treatment with recombinant human IGF-1
slows down the evolution of the DCM in the CHF147 hamster while not significantly increasing
IGF-1 serum levels and significantly increased overall CHF147 survival [147]. In addition, δ-SG
null cardiomyopathic hamsters fed from weaning to death with an alpha-lipoic acid (ALA)-enriched
diet had significantly increased viability with marked preservation of myocardium structure and
function and attenuation of myocardial fibrosis. At the cellular level, ALA treatment resulted in
an increased eicosapentaenoic/arachidonic acid ratio with preserved plasmalemma and mitochon-
drial membrane integrity, maintenance of proper cell/extracellular matrix contacts and signaling,
as well as a normal gene expression profile (in terms of myosin heavy chain isoforms, ANP
TGF-β1) and limited development of fibrotic areas within ALA-fed cardiomyopathic hearts [148].
In the TO-2 strain of hamsters with DCM, gene therapy for DCM was successfully achieved
by intramural delivery of a δ-SG gene in a recombinant AAV vector into the cardiac apex and
left ventricle and significantly improved the morphological and physiological deterioration of the
heart [149].
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Conclusion

The increased use of gene profiling in hearts from subjects with age-associated diseases such as
cardiomyopathy and HF has begun to define a molecular signature of cardiac dysfunction whose
component elements can be informatively compared between diseases, various populations (e.g.,
ethnic/racial, gender), a variety of treatment regimens (e.g., LV assist devices, pharmacological
treatments) and of course, age. Efforts are also being undertaken to define a proteomic profile of age-
associated cardiac disease, albeit as we have previously noted, for numerous pragmatic reasons most
studies have chosen to target and define limited proteomes (e.g., mitochondrial/organelle-specific,
specific classes of protein-modification).

While a number of polymorphic gene variants of candidate-genes in association with age-
mediated cardiac diseases have been identified (as discussed in several chapters of this volume),
in general, these findings have been extraordinarily difficult to replicate and there are increasing
indications that modifying genes and/or environmental and epigenetic factors markedly influence
the effects of these genes on the expression of cardiac disease and cardiac phenotype. Newer tech-
niques of gene mapping including very powerful haplotype mapping may be increasingly applied
in defining the genes involved in susceptibility and progression of these diseases in the elderly.
Similarly, new techniques are urgently needed and will undoubtedly be developed to elucidate gene-
environmental interactions.

In the dawning era of genomic- and post-genomic medicine, although there has not been
widespread practical use of genomic information in everyday practice, there are many examples of
how this information is beginning to transform the way we look at disease states in terms of diagno-
sis, prognosis, and treatment. The gathered experience with molecular analysis of other non-cardiac
diseases will be helpful in developing information to be applied to the management of HF including
diagnosis, prognosis, and treatment response. We are in agreement with McLean et al. [150] that this
information may not only be clinically useful but also helpful in advancing the research and discov-
ery of new drugs and translational medicine. Therefore, new genomic technologies and information
should enhance our understanding of HF and cardiomyopathies, in particular the cardiomyopathy of
aging.

Many pharmacodynamic studies have focused on primarily healthy older people; however, the
pathophysiology of CVDs, including HF in the elderly is different than in younger people, and
this may change the pharmacodynamic response and therapeutic outcome. Although, most of the
clinical trials of HF have recruited younger men (younger than 65 years old) with systolic dys-
function secondary to ischemic heart disease, in clinical practice, HF is often a syndrome of older
women with diastolic dysfunction, perhaps secondary to systemic hypertension. This difference
in the pathophysiology of the disease in aging may explain why the survival benefits seen with
angiotensin-converting enzyme inhibitors and β-blockers in younger adult are reduced in older peo-
ple, particularly older women [151, 152]. Certainly, the primary goal of pharmacogenomics of HF,
will be to increasingly effectuate a personalized medicine defining the most effective treatment plan
(e.g., drug regimens and dosage) to treat disease in patients of specific genetic backgrounds, and
ages. Great progress is being made in that direction.

Summary

• Heart failure (HF) is predominantly a clinical syndrome of aging, with prevalence increasing
from nearly 1% in the population age <50 to over 10% in persons over the age of 80, with 80%
of hospitalizations for HF found in patients over age 65.
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• HF in the elderly is frequently multi-factorial in etiology with common etiologies including
hypertensive heart disease, coronary artery disease (CAD), age-related diastolic dysfunction,
valvular heart disease and cardiomyopathy.

• Factors that commonly precipitate or contribute to exacerbation of HF in the elderly include
myocardial ischemia, dietary sodium excess, non-compliance with medications, volume overload
owing to excess fluid intake, dysrhythmias (especially atrial fibrillation), intercurrent infections
and fever, anemia and various drugs and toxins including alcohol and antidysrhythmic agents.

• While exertional dyspnea, orthopnea, lower extremity edema and impaired exercise tolerance are
cardinal symptoms of HF, with reduced physical activity often found in increasing age, exertional
symptoms become less prominent.

• A prominent feature that distinguishes HF in the elderly from the younger individuals is a much
higher frequency of HF occurring in the absence of systolic dysfunction i.e., diastolic HF or HF
with preserved systolic function.

• Elderly patients with HF often have atypical clinical presentation, not found in younger patients,
with cognitive impairment, defective short-term memory, and executive dysfunction and these
features have been associated with non-adherence to treatment, accelerated functional decline,
and mortality.

• Approaches to HF treatment in the elderly include pharmacotherapy, cardiac resynchronization
therapy (CRT) with or without concurrent use of implantable cardioverter defibrillator (ICD) and
heart transplantation for end-stage disease.

• Numerous genes mutations have been identified as a common etiological factor in the more preva-
lent varieties of cardiomyopathy, HCM and DCM, and also in the more rarely found phenotypes
such as RCM and ARVD/ARVC.

• Numerous genetic defects have also been implicated in the pathogenesis of metabolic cardiomy-
opathies (often associated with extra-cardiac presentations) including the mitochondrial car-
diomyopathies as well as the cardiomyopathy associated with diabetes.

• Defects in genes encoding sarcomeric and cytoskeletal proteins have been linked to the
progression of HCM a number of which display age-mediated expression. Defects in non-
sarcomeric/non-cytoskeletal genes have also been associated with familial and sporadic HCM
including defects in metabolic regulatory genes (PRAKG2), signaling proteins (caveolin) and
nuclear membrane proteins (Lamin A/C).

• Defects in genes encompassing a wide range of function have been identified associated with
dilated cardiomyopathy; a number of the associated defects show increased expression in the
elderly.

• Studies with transgenic animals (primarily mice) and genetic models in the rat and hamster have
provided informative models of cardiomyopathy and HF which recapitulate clinical phenotypes.
Both loss-of-function and gain-of-function models have been used to examine the role of defec-
tive metabolic, intracellular signaling and cardiomyocyte contractile and structural components
and pathways that can lead to cardiac dysfunction, a number with specific aging-related pheno-
typic expression.

• In addition to providing information concerning the pathogenesis, these animal models have often
proved useful as substrates for testing treatments of HF.
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Chapter 8
Atherosclerosis, Hypertension and Aging

Overview

Aging is an independent risk factor for the development of atherosclerosis and CAD as well as for
essential primary hypertension. In this chapter we present a discussion of the molecular genetic
elements thus far identified in these diseases and what is known thus far in terms of their inter-
action with environmental determinants affecting their phenotypic expression. We present a brief
review of the involvement of these genetic and environmental factors in the pathogenesis of the
atherosclerotic disease, as well as their increased application in the identification and development
of reliable biomarkers for more effective diagnostic evaluation and their impact on clinical medicine.
We also survey the clinical issues these age-associated disorders present including present and future
treatment modalities with particular focus where possible on the elderly.

Introduction

Aging is an independent risk factor for the development of atherosclerosis [1], a vascular abnor-
mality that plays a significant role in the development of many cardiovascular disorders includ-
ing Coronary Artery Disease (CAD). With advancing age, a series of structural, architectural and
compositional modifications take place in the vasculature as we have discussed in Chapter 5. The
diameter of the vessels tends to increase, and thickening of intimal and medial layers is often
observed [2]. In the subendothelial space, blood-derived leukocytes and an increased amount of
“activated” Smooth Muscle Cells (SMCs) are present. Extracellular matrix (ECM) accumulates and
becomes particularly rich in glycosaminoglycans. Collagen content increases, while elastin fibers
appear progressively disorganized, thinner, and fragmented. These changes in the architecture of
the vessel wall, sometimes referred to as “the vasculopathy of aging” [2], are likely to be the conse-
quence of adaptive mechanisms to maintain normal conditions of flow, mechanical stress and/or wall
tension. Although many of these features are similar to the histological findings of the atheroscle-
rotic vessels, atherosclerosis and age-related “vasculopathy” are likely to be distinct phenomena.
Nonetheless, several experimental observations in animal models suggest a special link between “the
vasculopathy of aging” and atherosclerotic disease, and suggest a particular predisposition of the old
vessel to develop the atherosclerotic lesion. Compared to vessels from young animals, older ones
show a greater reactivity to mechanical injury and to chronic insults. This may reflect changes in the
biology of the vessels that are “intrinsic” to the aging process. Indeed, as we have previously noted,
aging affects the function and responsiveness of the endothelium and vascular SMCs. Endothelial
permeability is increased with age, while ability to produce vasoactive substances declines. SMCs
from older individuals show a growth advantage over the young ones, and display an increased
ability to migrate toward chemoattractants. Moreover, the accumulation of Advanced Glycation
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End products (AGEs) occurring with aging can trigger a series of cellular events, such as cellular
Oxidative Stress (OS), expression of leukocyte adhesion molecules, endothelial transmigration of
monocytes, and SMC chemotaxis, all considered important pre-lesional events in the atherogenesis
process. Although atherosclerotic lesion formation resulting from age-induced modifications has not
been directly demonstrated, the changes occurring with aging are likely to accelerate the develop-
ment of the atherosclerotic plaque and contribute to increased severity of vascular disease in the
elderly.

Animal experiments have demonstrated that aging predisposes the vasculature to advanced
atherosclerotic disease and vessel injury and that this predisposition is a function of age-associated
changes in the vessel wall itself, as discussed in previous paragraph and in Chapter 5 [1, 2] Because
vascular SMCs play important roles in the pathogenesis of many vascular disorders, identifying
age-associated differences in the way these cells respond to extracellular stimuli has been an
area of active research. The most notable differences in intracellular signaling between vascular
SMCs isolated from young and old animals are related to the control of cell migration through the
calcium/calmodulin-dependent protein kinase II (CamKII) pathways and the accelerated transition
of older vascular SMCs from the contractile to the synthetic phenotype [2, 3]. These differences
may be due to alternative signaling pathways revealed by the inability of older cells to respond to
inhibitors, such as transforming growth factor (TGF)-β1, or to altered interactions with the extra-
cellular matrix resulting from age-associated shifts in integrin expression or changes in the matrix
composition of blood vessels. The exact role that these alterations have in explaining age-associated
differences in the response of the vessel wall to injury and its increased susceptibility to developing
advanced atherosclerotic lesions remains to be determined.

Atherosclerosis is a complex disease caused by multiple genetic and environmental factors and
gene-environment interactions involving diverse physiological processes and a wide spectrum of cell
types and organs even beyond the vasculature [4]. Molecular mechanisms of atherosclerosis involve
lipid metabolism, inflammatory signaling and thrombosis as well as immunity and OS. Risk factors
involved in these areas such as dyslipidemia and diabetes, pro- and anti-coagulant factors have pro-
vided information about genes, which play a significant role in establishing the risk of developing
atherosclerosis. Over 100 genes have been identified thus far that influence the development of
atherosclerotic lesions underlining the complex and polygenic nature of this disorder. While the
genetic differences contributing to CAD and atherosclerosis are greatest in lipid metabolism as we
shall shortly discuss, a large array of candidate genes has been examined in population-association
studies. A number of these genes have common variations with significant (and convincing) associ-
ation to CAD. A partial list of candidate genes is presented in Table 8.1.

While common atherosclerosis is primarily polygenic, critical molecular information concern-
ing its pathogenic mechanism has been gleaned from rare monogenic forms of atherosclero-
sis and thrombosis [5]. Rare monogenic forms of dyslipidemia lead to atherosclerosis including
familial hypercholesterolemia (FH), hypertriglyceridemia, Tangier disease, Fish-eye disease and
sitosterolemia. These atherosclerotic disorders comprise single gene traits inherited in a Mendelian
fashion as an autosomal dominant or recessive or X-linked disorder and are primarily a result of
changes in specific lipoprotein content, metabolism and/or function. For instance, FH an autoso-
mal dominant disorder characterized by elevated cholesterol, and premature CAD, provided strong
evidence for the association between blood lipids and atherosclerosis, and is the result of muta-
tions that affect the low-density lipoprotein receptor (LDLR) responsible for the binding of LDL, a
cholesteryl-rich particle containing the apoB100 lipoprotein, and control of plasma LDL levels [6].
Over 800 LDLR mutations have been identified that alter LDLR function by a variety of mecha-
nisms, including its synthesis, transportation, affinity to bind LDL-cholesterol (LDL-C), internaliza-
tion, recycling and degradation of the receptors. Familial hypercholesterolemia can also arise from
mutations in apoB the major protein of LDL [7], from mutations in the PCSK9 gene encoding neural
apoptosis- regulated convertase 1 (NARC-1), a member of the proteinase K family of subtilases [8],
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Table 8.1 Candidate genes associated with CAD and atherosclerosis

Gene

Apo A-I (APOA1)
Apo A-V (APOA5)
ApoB (APOB)
ApoE (APOE)
Liver x receptor (LXR)
Myocyte enhancer factor 2A (MEF2A)
Lymphotoxin-α (LTA)
Endothelial nitric oxide synthase (eNOS)
Angiotensin-converting enzyme (ACE)
Cholesteryl ester transfer protein (CETP)
Paraoxonase-1 (PON1)
Lipoprotein lipase (LPL)
Upstream transcription factor-1 (USF-1)
Peroxisome proliferator-activator receptor-γ (PPAR-γ)
Plasminogen activator inhibitor (PAI)
Methylenetetrahydrofolate reductase (MTHFR)
5-lipoxygenase activating protein (ALOX5AP)
5-lipoxygenase (5-LO); also 5-LOX
Hepatic lipase
LDL receptor (LDLR)
Phosphodiesterase 4D (PDE4D)

from mutations in the ARH gene encoding an adaptor protein containing a phosphotyrosine bind-
ing domain targeting a specific motif (NPXY) in LDLR resulting in a autosomal recessive disor-
der [9, 10], and as a recessive deficiency of CYP7A1 encoding cholesterol 7-hydroxylase, the first
enzyme in the classical pathway for bile acid biosynthesis [11].

In addition to the important demonstration that increased plasma LDL-C levels arising from these
disorders is involved in atherosclerosis, the atherogenic potential of LDL has been further suggested
by numerous animal studies implicating circulating lipoproteins which strikingly resemble human
LDL in producing atherosclerosis [12], by epidemiological studies in which LDL-C was indepen-
dently associated with CAD [13], by pathological studies which have detected LDL in atheroscle-
rotic lesions and plaques [14], as well as by studies showing a positive correlation between LDL
levels and disease severity [15].

However, while these monogenic disorders and the genes involved have clearly demonstrated
the effects of endogenously increased LDL on the evolution of atherosclerosis, most studies con-
cur that excess serum LDL in individuals from western countries is largely related to environ-
mental factors such as diet as compared to changes in HDL which are primarily genetic [16]. It
is noteworthy that increased serum LDL and cholesterol levels have been reported in the elderly
and have been in part attributed to the effects of aging-increased obesity (which stimulates hep-
atic overproduction of VDL and LDL) [17], aging-mediated downregulation of hepatic LDLR
expression [18], and in postmenopausal women, the loss of estrogen-mediated stimulation of LDLR
expression [15]. Interestingly, the rate at which the LDL-C concentration increases in women begins
to accelerate between 40 and 50 years of age, and by 55–60 years, its concentration exceeds that
in men [19].

In addition to atherosclerosis stemming from the accumulation of the “bad” cholesterol lipopro-
teins (i.e., aberrant LDL levels), reduced HDL levels have also been associated with atherosclerosis,
particularly in several rare monogenic disorders. Tangier disease (TD) is an autosomal co-dominant
disease characterized by the absence of HDL and very low plasma levels of apoA-I resulting in
premature CAD. TD is caused by mutations in the ATP binding cassette transporter (ABCA1) gene
encoding an integral membrane protein with 12 transmembrane domains involved in cholesterol
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and phospholipid efflux at the membrane [20–23]. In the absence of the ABCA1 transporter, free
cholesterol is not transported extracellularly. Another rare autosomal dominant disorder effecting
HDL levels called Fish eye disease [24, 25], arises from a deficiency in lecithin: cholesterol acyl-
transferase (LCAT). LCAT encodes a protein involved in the synthesis of HDL3 from pre-lipoprotein
A-I and its conversion to HDL2 cholesterol and its deficiency leads to premature CAD, proteinuria,
anemia and renal failure.

The antiatherogenic effects of HDL have been largely attributed to several well-documented
HDL functions. These include the capacity of HDL to transport cholesterol from the periphery
to the liver termed reverse cholesterol transport and thereby prevent cholesterol deposition in the
arterial wall. Moreover, HDL has potent anti-oxidative, antithrombotic (i.e., inhibition of platelet
activation and platelet aggregation) and anti-inflammatory properties. Apolipoprotein A-I (apo A-I),
the major protein component of HDL, is associated with two antioxidant enzymes on HDL, paraox-
onase and platelet-activating factor acetylhydrolase (also known as plasma lipoprotein-associated
phospholipase A2, Lp-PLA2 [26, 27], which help diminish the formation of the highly atherogenic
oxidized LDL, reducing its proatherogenic potential. Moreover, HDL has been implicated in down-
regulating the expression of cellular adhesion molecules (e.g., VCAM, ICAM and E-selectin) and
cytokines (e.g., IL-8) involved in inflammatory events in leukocyte-mediated CAD. HDL also pre-
vents endothelial apoptosis by mediating inhibition of caspase activation and prevents subsequent
endothelial apoptosis as well as activates the protein kinase Akt, a mediator of antiapoptotic signal-
ing. Both protein components of HDL (such as apolipoprotein A-I) and its lipid components (such
as, lysosphingolipids) appear to mediate the antiatherogenic and anti-aging effects of HDL.

In the general population, declining HDL-C levels with aging have been attributed in part to
increased body mass and menopause [28]. In addition, in recent studies of subjects older than 75
years, HDL-C levels, rather than total or LDL-C, were associated with increased mortality from
ischemic coronary disease and stroke with these CVD events rising as the HDL-C levels fell [29, 30].
Interestingly, HDL has been shown to be not only a risk factor for CAD but also for frailty and
disability in the elderly.

Studies of HDL-C levels in centenarian subjects have produced conflicting data, some reporting
similar levels to middle-aged adults [31], others describing a decline in HDL-C levels [32]. Several
studies using a variety of analytical techniques ranging from gel electrophoresis and ultracentrifu-
gation to NMR spectroscopy have demonstrated that the predominance of the larger, more lipid-rich
HDL2 subclass is a reproducible phenotype among centenarians [31–33]. Barzilai et al. also reported
that the offspring of centenarians had an intermediate HDL particle size (between control and the
centenarian groups) suggesting that these lipoprotein phenotypes might have a genetic basis [31].
Interestingly, Middelberg et al. in an analysis to gauge the genetic and environmental influences on
serum lipid levels in premenopausal and postmenopausal women found that environmental influ-
ences on HDL levels tend to be significantly greater in premenopausal women and less so in older
postmenopausal women who displayed greater genetic variance and were more impacted by genetic
influences [34]. Furthermore, in a subsequent longitudinal study from this research group examining
lipid levels in 415 twins followed over 10–17 years, multivariate modeling analysis suggested that
more than one genetic factor influenced HDL and LDL components of cholesterol over time, and
that different genes may affect the risk profile at different ages [35].

A number of molecular genetic studies have sought to demonstrate a significant association
between genes involved in HDL metabolism, atherosclerosis and longevity. One pivotal candidate
gene which has been the focus of several studies is the CETP gene encoding the cholesteryl ester
transfer protein, a carrier protein involved in reverse cholesterol transport that mediates the transfer
of cholesteryl esters from HDL to apoB-containing lipoproteins. The CETP gene is known to have
many polymorphic variants (i.e., SNPs), which have been associated with altered CETP activity
and plasma HDL-C concentrations. Mutations in CETP causing CETP deficiency have been demon-
strated to lead to increased plasma HDL-C in Japanese subjects [36, 37]. Although some of these
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studies have shown that CETP deficiency can be associated with enhanced longevity, others have
suggested a more complex picture. For instance, Hirano et al. reported in a study of 201 individuals
with high HDL-C levels that reduced CETP function in conjunction with reduced hepatic lipase
activity is associated with an increased risk for CAD [38]. This suggested that the metabolic setting
of the individual might, at least in part, determine the ultimate effect of CETP on atherosclero-
sis. Although the role of CETP in atherosclerosis is not well defined and is likely dependent on
the metabolic, genetic, and environmental context, an increasing number of potential therapies to
treat atherosclerosis have centered on CETP as a therapeutic target to raise HDL-C levels [39].
For instance, the CETP inhibitor, Torcetrapib, when tested in human subjects provided a 50–100%
increase in HDL-C [40].

Studies of different CETP alleles in centenarians also have emerged with a rather complex
picture with respect to CETP’s effect on longevity. In a study of Japanese centenarians, although
heterozygous CETP deficiency and the B2 allele of the Taq1B polymorphism were consistently
associated with higher plasma HDL-C levels both in centenarians and controls, the allelic frequen-
cies of those CETP polymorphisms did not differ between the two groups [41]. In contrast, in a
case control study of 213 Ashkenazi Jewish probands with exceptional longevity (mean age, 98.2
years) and their offspring (n = 216; mean age, 68.3 years) compared to 253 age-matched con-
trols, a I1405V mutation in CETP resulting in increased size of HDL particles in both the very
old parents and their offspring was reported [31]. In addition, a significantly higher frequency of
homozygosity for the 405 valine allele of CETP (VV genotype) was found in the probands and
their offspring compared to the controls. One obvious difference between the effects of these two
diverse findings is the ethnic background suggesting the potential involvement of modifier genes;
another variable that needs to be assessed is diet. Interestingly, this same CETP polymorphic 405
valine variant when examined in Japanese men with hypertriglyceridemia, was found to be asso-
ciated with increased prevalence of CAD despite elevated HDL-C, again suggesting that CETP
can either be pro-or antiatherogenic, depending on the metabolic setting as well as the genetic
background [42].

Similarly, studies with variants of the gene for lipoprotein lipase (LPL), a pivotal enzyme involved
in regulating lipolysis of triglyceride-rich lipoproteins, assessed in Japanese centenarians have also
found that despite a significant association of LPL(−/−) genotype with significantly higher HDL-C
concentration, which was specific to centenarians (and not found in controls), there was no discern-
able association between this genetic polymorphism and longevity [41].

In addition, environmental factors including acute phase reactants such as C-reactive protein
(CRP) have also been reported to be linked with HDL-C levels in both aging and in atheroscleo-
sis [43]. An inverse relationship between CRP levels with HDL was reported in 3 elderly cohorts
(aged 75, 80, and 85 years; n=455) of the population-based Helsinki Ageing [44]. Lower levels
of HDL-C in a group of 75 Japanese centenarians were associated with decreased serum albumin,
elevated CRP and IL-6 levels, and cognitive impairment [45]. In addition, analysis of a cohort of
130 subjects (average age 81 years) found increased circulating levels of tumor necrosis factor-α
(TNF-α) and CRP and lower levels of HDL-C compared to a young adult control group. In the
group with the highest TNF-α levels, a significant proportion had atherosclerosis [46].

Strandberg et al. have reported that treatment of 60 hypercholesterolemic coronary patients with
hypolipidemic 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor (statin)
found that LDL-C was substantially decreased and HDL-C increased during statin treatment [44].
Moreover, CRP levels decreased significantly during treatment, and were significantly associated
with changes in HDL-C but not with changes in LDL-C; these results are consistent with indica-
tions that HDL has anti-inflammatory properties. While other large-scale studies have found that
statin treatment impacted CRP levels, a significant association between CRP and HDL-C levels has
not been replicated suggesting that statin effects on HDL and CRP may operate by independent
mechanisms [47–49].
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Lipoprotein Oxidation and Modification

Damage to endothelium structure and function is widely considered to be among the primary causes
of atherosclerosis leading to the subsequent combination of inflammation, cell death, cell prolif-
eration, fibrosis, and eventual calcification which contribute to the formation of an atheromatous
plaque, which with stenosis or rupture, develops a thrombus resulting in clinical sequelae including
myocardial infarction (MI). Possible causes of endothelial dysfunction injury leading to atheroscle-
rosis include elevated and modified LDL, hypertension, smoking, diabetes mellitus, elevated plasma
homocysteine, infectious microorganisms such as Chlamydia pneumoniae, and various combina-
tions of these or other factors [50]. A pivotal factor in the initial endothelial damage is the infiltration
of oxidized LDL (oxLDL) into the arterial endothelium. In addition, oxLDL appears to play a role
in the chemotactic attraction of macrophages and their transformation into foam cells to form the
developing atherosclerotic lesion (“the fatty streak”). Taken together, this is indicative that lipopro-
tein oxidation plays a central role in atherogenesis.

While the role of oxLDL is central in atherogenesis, there is little indication that aging itself
modulates oxLDL levels. Mosinger reported an increase in oxLDL in post-menopausal compared
to pre-menopausal women although no age-related effect was seen with men [51]. While increased
plasma oxLDL has been found in a study of healthy elderly individuals with high risk for CAD [52],
no consistent association of oxLDL has been reported in the limited studies available with aging [53].
Moreover, isolated LDL obtained from elderly healthy individuals (65–74 years) compared to young
controls (18–30 years) revealed a decreased susceptibility to in vitro oxidation in the aged group with
an increased lag time and decline in the maximal rate of LDL oxidation [54].

Oxidation of LDL phospholipids containing arachidonic acid result in the production of spe-
cific proinflammatory oxidized phospholipids. One type of phospholipid oxidation product mimics
the structure of the potent inflammatory mediator platelet-activating factor (PAF), and these oxi-
dation products activate the PAF receptor found on platelets, monocytes and leukocytes and can
lead to platelet aggregation. Production of such PAF mimetics is not regulated thereby leading to
aberrant inflammatory cell function. Moreover, production of nitric oxide (NO) in vascular SMCs,
and PAF along with other phospholipid oxidation products has been detected in atherosclerotic
lesions [55, 56]. Oxidation of phospholipid moieties as well as targeted amino acid residues (e.g.,
lysine) in the apolipoprotein B-100 component of LDL are largely generated by oxidants produced
in the arterial wall and in macrophages by cell-associated lipoxygenase and myeloperoxidase. The
phosphatidylcholine (PC) group is one of several active components of lipoproteins targeted by
oxidation.

The integral role of oxLDL in the genesis of atherosclerosis also has been corroborated by
molecular studies in animal models as well as by human genetic analysis. A number of studies
have focused on paraoxonase (encoded by PON1 and PON2), a serum esterase associated with
plasma HDLs which confers protection against atherosclerosis by reducing pro-inflammatory
oxidized LDLs and hydrolyzing lipid peroxides. Transgenic mice containing a knock-out of
serum paraoxonase (PON1) were more susceptible to atherosclerosis than their wild-type litter-
mates when fed a high-fat, high-cholesterol diet [57]. Conversely, overexpression of protective
genes such as PON1 in apoE deficient mice markedly reduced atherosclerosis [58]. Recent
studies with one month old rabbits fed a high-fat diet which normally display enhanced LDL
oxidation and the development of atherosclerotic lesions found that the local overexpression
of PON1 (as a Sendai virus gene construct) in the arteries attenuated OS, thereby inhibiting
the atherosclerotic process [59]. In this model, PON1 overexpression greatly reduced levels
of the lectin-like oxidized LDL receptor-1 (LOX-1), thereby inhibiting macrophage accu-
mulation, intimal thickening and atherosclerotic plaque formation in the vascular lumen as
well as reducing OS levels in treated arteries as confirmed by 4-hydroxy-2-nonenal (HNE)
staining.
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Analysis of human PON1 and PON2 gene polymorphisms and their relationship with atheroscle-
rotic disease, CAD and coronary outcomes like MI have shown a significant association in a
number of studies in specific populations. Two genetic polymorphisms in PON1 (Leu55Met and
Gln192Arg) and one in PON2 (Ser311Cys) have been reported to be associated with CAD risk
in several case-control studies [60–65], albeit several of these were limited to CAD in patients
with type 2 diabetes [60, 61], or were in Japanese subjects [61, 64, 65] and Asian-Indians [62].
For instance, a study of a Japanese population including 431 control subjects, 210 CAD patients,
and 235 ischemic stroke patients found that the R192 allele frequency was significantly higher
in CAD and ischemic stroke patients than in control subjects and was an independent determi-
nant even when confounding influences of other risk factors were controlled for by multivariate
analysis [65]. This finding was not replicated in other populations including Italian, Turkish, and
Chinese[ 63, 66–69].

In a study investigating the association between PON polymorphic variants and the severity of
CAD as determined by the number of diseased coronary artery vessels in 711 subjects (589 whites
and 122 blacks) from the Women’s Ischemia Syndrome Evaluation (WISE) study, those subjects
with significant CAD (≥ 50% stenosis) were further classified into groups with one-, two-, or three-
vessel disease if any of the three coronary arteries had diameter stenosis ≥ 50% [70]. No significant
association was found between the PON polymorphisms and stenosis severity in either white or
black women. However, when data were stratified by the number of diseased vessels, the frequencies
of the PON1 codon 192 Arg/Arg and of the PON2 codon 311 Cys/Cys genotypes were significantly
higher in the group with three-vessel disease than in the other groups (those with one-vessel and
two-vessel disease).

A number of studies have also reported a significant association of specific PON1 polymorphisms
with the risk of MI [71–73]. In a study designed to test whether the PON1-192 polymorphism
modulates the MI risk associated with low HDL-C concentrations with 280 MI patients and 396
control subjects, Senti et al. reported a significant decline of PON1 activity levels with advancing
age in subjects carrying the low-activity PON1-192 QQ genotype particularly in MI patients [72].
In an analysis of the entire study population, middle-aged and older subjects exhibited MI risks
of 1.89 and 2.69 respectively, compared with young subjects. These risks increased to 2.41 and
4.39, respectively, in the older QQ homozygotes in comparison with younger QQ homozygotes,
decreased to 1.53 and 2.08, respectively, in QR heterozygotes, and also declined to 1.95 and 0.51
in RR homozygotes who were middle-aged and older, respectively, compared with younger RR
carriers. These data indicated that the effect of PON1-192 genotypes on the association of increased
age and MI risk was gene-dosage related, with lower PON1 activity levels as a function of age
in subjects homozygous for the Q allele and suggested that MI risk increases with advancing age,
principally among subjects carrying the low-activity QQ genotype.

Other recent studies have further implicated the PON gene cluster (i.e., including PON1 and
PON2) as a susceptibility locus for MI in specific ethnic populations (e.g., Pakistani, Chinese)
and suggested that the susceptibility is largely modulated through gene-gene and gene-environment
interactions including the involvement of smoking [73, 74]. In addition, in an analysis of 618 CAD
subjects, there were more carriers of the PON2 311Cys variation among those who had suffered a MI
than among those who had not, and the risk of MI appeared to be influenced by gene-environmental
interaction between PON2 Ser311Cys and smoking [75].

Numerous studies have reported that oxLDL is recognized by both the innate and adaptive
immune systems of animals and humans. Immune responses to oxLDL including the production
of both IgM and IgG autoantibodies are thought to play a key role in the activation and regulation
of the inflammatory processes that are featured at different stages in atherogenesis. While there are
conflicting findings on whether the immune response to oxidized LDL is predominantly pro- or
antiatherogenic in clinical settings in relation to endothelial dysfunction, subclinical atherosclerosis
and cardiovascular events, a number of animal studies have indicated that immunization with oxLDL
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induces antibody formation (both IgG and IgM) with a beneficial role in stemming atherosclerosis
development [76].

Increasing evidence indicates that oxLDL plays an important role in endothelial dysfunction.
OxLDL induces endothelial injury; inhibits apoptosis, monocyte adhesion, and platelet aggregation;
and inhibits endothelial nitric oxide synthase (eNOS) expression/activity, all of which contribute to
the atherosclerotic process. OxLDL-induced ROS formation, largely through activation of NADPH
oxidase, but also through uncoupling of endothelial NOS and through direct ROS release, also con-
tributes to endothelial dysfunction. Recent evidence suggests that oxLDL also impacts endothelial
mitochondrial metabolic and apoptotic function [77], and that endothelial mitochondria may also
contribute to the deleterious effects of oxLDL, since mitochondria as a significant source of ROS
can increase ROS production in response to lipid oxidation products such as oxLDL [78]. Therefore
while enhanced OS is one factor triggering formation of oxLDL, oxLDL itself has been identified
as a potent stimulus for vascular ROS formation, potentially causing a vicious circle [79].

Several receptors for oxLDL have been found on endothelial cells. Molecular analysis has
resulted in the identification and cloning of the gene for the endothelial lectin-like oxLDL receptor
LOX-1 involved in the uptake of oxLDL into endothelial cells [80]. In vitro studies have shown that
this lectin-like receptor is transcriptionally upregulated by proinflammatory cytokines (e.g., TNF-α),
OS, angiotensin II, shear stress and oxLDL itself. The expression of this receptor in concert with
oxLDL leads to induction of adhesion molecule expression, activation of nuclear factor-κB (NF-κB)
through increased ROS, endothelial apoptosis and decrease of NO release typical of endothelial dys-
function. In vivo studies have demonstrated that this receptor is highly expressed in the blood vessels
of animals and in humans with hypertension, diabetes mellitus and atherosclerosis. In addition to
binding oxLDL, LOX-1 also binds binds apoptotic cells, activated platelets through the interaction
with anionic phospholipids and bacteria. Other endothelial scavenger receptors have been identified
by expression cloning using modified LDL as a ligand. One characteristic that almost all of these
“scavenger receptors” share is the ability to bind with high affinity to a broad spectrum of structurally
unrelated ligands. One such protypical receptor includes CD36, a multiple ligand receptor, which
binds to oxLDL, thrombospondin, erythrocytes infected with Plasmodium falciparum, long-chain
fatty acids, and Gram-negative and Gram-positive bacteria [81].

Inflammation and Atherosclerosis

The endothelial dysfunction that arises from injury leads to a series of compensatory responses
that can substantially alter the normal homeostatic properties of the endothelium, such as modify-
ing its adhesiveness with respect to leukocytes or platelets, as well as its permeability. The injury
also induces the endothelium to form vasoactive molecules, cytokines, and growth factors. If the
offending agents are not effectively neutralized or removed, the inflammatory response may continue
indefinitely [50]. This inflammatory response stimulates the migration and proliferation of vascular
SMCs that become embedded within the area of inflammation to form an intermediate lesion. If
these responses continue unabated, they can result in artery wall thickening, which compensates by
gradual dilation, so that up to a point, the lumen remains unaltered, leading to vascular remodeling.
Monocyte-derived macrophages and specific subtypes of T lymphocytes also largely mediate this
response [82].

Continued inflammation results in increased numbers of macrophages and lymphocytes, which
both emigrate to and multiply at the lesion. Activation of these cells leads to the release of numerous
hydrolytic enzymes, cytokines, chemokines, and growth factors, which further induce damage and
can eventually lead to necrosis. The accumulation of mononuclear cells, migration and proliferation
of vascular SMCs, and the formation of fibrous tissue promote a further enlargement and restructur-
ing of the lesion, enabling the generation of a fibrous cap that overlies a core of lipid and necrotic
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tissue. When, at some point, the artery can no longer compensate by dilation, the atherosclerotic
lesion may become occlusive compromising blood flow.

LDL modified by oxidation (oxLDL), glycation, aggregation, association with proteoglycans,
or incorporation into immune complexes is a important stimulus for injury to the endothelium as
described above as well as to underlying smooth muscle. In addition, it is well established that
modified lipoproteins interface with monocytes and macrophages, which are also fundamentally
implicated in atherogenic pathogenesis. Monocytes evolve into macrophages in the vascular wall.
LDL particles entrapped in an artery, often undergo progressive oxidation and are targeted by scav-
enger receptor on the surfaces of macrophages. LDL internalization leads to the formation of lipid
peroxides with the subsequent accumulation of cholesteryl esters, resulting in the formation and
activation of foam cells. It has been proposed that the removal and sequestration of modified LDL
likely represents an intrinsic, protective role of the macrophage in the inflammatory response to min-
imize the effects of modified LDL on vascular endothelial cells (ECs) and SMCs. Moreover, oxLDLs
stimulate macrophage replication as well as their migration and recruitment into the atherosclerotic
lesion in part by upregulating the expression of genes for macrophage colony-stimulating factor
(MCSF) [83], and monocyte chemotactic protein (MCP) [84]. In vitro studies suggest that after
binding to scavenger receptors, modified LDL induces the expression of inflammatory cytokines
such as interleukin-1 thereby promoting a vicious circle of inflammation, of lipoprotein modifica-
tion, and further inflammation in the artery [85]. Continued exposure to MCSF permits macrophages
to survive in vitro and possibly to multiply within the lesions.

It is noteworthy that both early and later stages in the atherosclerotic development involve the
recruitment of inflammatory cells from the circulation and their transendothelial migration, medi-
ated in part by a variety of cellular adhesion molecules, which are expressed in the vascular EC as
well as on circulating leukocytes in response to inflammatory stimuli [86]. EC adhesion molecules
including selectins, intercellular adhesion molecules, and vascular-cell adhesion molecules serve as
receptors for glycoconjugates and integrins present on monocytes and T cells. Molecules associated
with the migration of leukocytes across the endothelium act in conjunction with chemoattractant
molecules (such as MCP1 generated by the endothelium, SMCs, and monocytes) as well as oxLDL,
interleukin-8, platelet-derived growth factor (PDGF), MCSF, and osteopontin to attract monocytes
and T cells into the artery. A number of selectins (i.e., P, E and L) and their ligands are involved in the
tethering of leukocytes on the vascular wall. Intercellular adhesion molecules (ICAMs) and vascular
cell adhesion molecules (VCAM-1), as well as some of the integrins, induce firm adhesion of inflam-
matory cells at the vascular surface. Interestingly, the expression of specific adhesion molecules
(e.g., VCAM-1, ICAM-1 and L-selectin) in ECs has been consistently observed in atherosclerotic
plaques, and in some cases has been demonstrated to be regulated by properties of blood flow (e.g.,
decreased shear stress and increased turbulence) [87]. Several common polymorphisms have been
identified in the genes encoding the different adhesion molecules, but their association with CAD
has not yet been demonstrated [88].

Several chemokine factors are responsible for the chemotaxis and accumulation of macrophages,
lipid-laden monocytes, T lymphocytes and SMCs in fatty streaks. Activation of monocytes and
T cells leads to the upregulation of receptors on their surfaces, including molecules that bind
selectins, integrins that bind adhesion molecules, and receptors that bind chemoattractant molecules,
interactions which profoundly contribute to localizing the lesion and defining the extent of the
inflammatory response.

With its array of receptors including Toll-like receptors (TLRs) and scavenger receptors (SRs)
that recognize in addition to oxLDL, a broad spectrum of molecular patterns commonly found
on pathogens, the macrophage is a principle effector cell in mediating innate immunity which is
characteristically antigen- and memory-independent which often constitutes a first line of defense
to microbial infection. A list of several ligands and pattern-recognition receptors in macrophages
is shown in Table 8.2. Another multi-ligand scavenger receptor present in monocytes/macrophages,
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Table 8.2 Ligands for pattern recognition receptor

Ligand Scavenger receptor (SR) Toll-like receptor (TLR)

LPS SR-A TLR2, TLR4
Lipoteichoic acid SR-A TLR2, TLR4
Acetyl-LDL SR-A, MARCO, SR-B, FEEL ?
Oxidized LDL SR-A, CD36, SR-PSOX, LOX-1, SR-B TLR4
AGE SR-A, CD36, LOX-1, SR-B, FEEL
Anionic phospholipids SR-B, CD36,
HSP60 ? TLR2, TLR4
CpG DNA ? TLR9
Extra domain A of fibronectin (EDA) TLR4
Cellular ligands
Aged/apoptotic cells LOX-1, SR-A, SR-B, CD36
Bacteria LOX-1, SR-A, MARCO, SR-PSOX TLR2, TLR6, TLR4
Activated platelets LOX-1, SR-A

the membrane glycoprotein CD36 binds ligands such as oxLDLs, long-chain fatty acids, collagen,
thrombospondin 1, apoptotic cells, anionic phospholipids, and Plasmodium falciparum-infected ery-
throcytes and has been suggested (though not proven) to be a factor in atherosclerosis [89].

A family of mammalian TLRs has recently been identified as a key component of pathogen-
associated molecular pattern recognition machinery including the recognition of a large repertoire
of microbial pathogens [90]. A variety of bacterial and fungal components are known TLR ligands,
including peptidoglycan for TLR2, lipopolysaccharide (LPS) for TLR4, flagellin for TLR5, and
unmethylated CpG motifs in bacterial DNA for TLR9 (a cytosolic rather than a plasma-membrane
associated TLR). In addition, the binding of the TLRs to oxLDL (but not unmodified LDL) is also
accompanied by upregulated TLR4 expression in macrophages in vitro [91]. Whereas binding of
the recognized particles to SRs leads to endocytosis and lysosomal degradation, engagement of
TLR transmits transmembrane signals that activate NF-κB [92], and MAPK pathways [93]. TLR
binding induces the expression of a wide variety of genes such as those encoding proteins involved
in leukocyte recruitment, ROS production, and phagocytosis. Activation of TLRs can also elicit the
production of cytokines that augment local inflammation. Finally, TLR ligation may also directly
induce apoptosis [94].

It is noteworthy that ECs also express TLRs and SRs, which upon binding the appropriate lig-
and, induce the expression of leukocyte adhesion molecules, iNOS2, endothelin, interleukin-1, and
other inflammatory molecules. Their activation causes leukocyte recruitment, increased permeabil-
ity, edema, and other characteristic features of inflammation.

Pathogenic microorganisms such as Chlamydia pneumoniae, cytomegalovirus, and Helicobacter
pylori have been detected with high frequency in atherosclerotic lesions and have been demon-
strated to aggravate atherosclerosis in experimental models [95]. However, since neither infection
or TLR expression is sufficient to induce atherosclerosis in animal models, these data suggest that
the role that microbes and/or TLR signaling play in atherogenesis is unlikely to be causative [96].
However, several lines of evidence suggest the potential involvement of TLR in atherosclerosis.
Semiquantitative PCR and immunohistochemical analyses have demonstrated the expression of
TLR1, TLR2, and TLR4 was markedly enhanced in human atherosclerotic plaques [97]. While
a number of molecular genetic studies have identified several polymorphic variants in the TLR
gene with significant association with atherosclerosis [98–100], other studies have not replicated
this association [101–103]. Initial studies found that common, missense mutations in TLR4 (i.e.,
Asp299Gly and Thr399Ile) affecting the extracellular domain of the toll-like receptor 4 receptor
were hyposensitive in response to LPS in either homozygous or heterozygous patients [104]. Evi-
dence from a population-based epidemiologic study also found that subjects carrying the Asp299Gly
were less susceptible to carotid artery atherosclerosis [99]. Studies have also reported that this TLR4
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polymorphism provides protection from carotid and femoral artery atherosclerosis [99, 100] and
acute coronary events [105] as well as significantly greater benefit from statin (i.e., pravastatin)
therapy [106]. Moreover, several studies are in agreement that specific TLR polymorphic variants
are a significant risk factor in coronary restenosis more so than atherosclerosis [102, 104, 107].

In addition to plasma membrane receptors, another type of receptor (present in macrophages as
well as in other complicit cell-types), the nuclear receptors have been increasingly recognized as
players in atherosclerogenesis. The induction and modulation of both lipid metabolism and inflam-
matory pathways in activated macrophages by these global regulators of transcription are central to
the pathogenesis of atherosclerosis [108]. Nuclear receptors including the peroxisome proliferator-
activated receptor gamma (PPAR-γ) and liver X receptors (LXRs) and their ligands mediate the
upregulation of expression of genes involved in oxidized lipid uptake (e.g., CD36) and cholesterol
efflux in macrophages [109–111]. For instance, a conserved LXR response element was identified
by Lafitte et al. in the promoter of the gene for human apoE, a critical macrophage secretory product
which plays a protective effect against the development of atherosclerosis, primarily through its
ability to promote lipid efflux [109]. Demonstration that the nuclear receptors LXRα and LXRβ
and their oxysterol ligands are key regulators of apoE expression in both macrophages and adipose
tissues was also confirmed using murine gene knockouts; the ability to regulate apoE expression
in adipose tissue and peritoneal macrophages by oxysterols and synthetic ligands was markedly
reduced in LXRα−/− or LXRβ−/− mice and entirely abolished in double knockout strains. Initial
studies demonstrated that oxLDL activated macrophage PPAR-γ dependent transcription increased
uptake of oxLDL via induced CD36 and that PPAR-γ levels were expressed at high levels in foam
cells from atherosclerotic lesions suggesting a potential role in atherogenesis [112, 113]. How-
ever, subsequent evidence from the studies of Chawla et al. suggested that the nuclear receptor
PPAR-γ orchestrates a complex physiologic response to oxLDL that involves lipoprotein particle
uptake into macrophages, processing, and cholesterol removal through induction of the transporter
ABCA1 [110]. Ligand activation of PPAR-γ initiated a transcriptional cascade which led to pri-
mary induction of LXRα and to the coupled induction of ABCA1 expression resulting in enhanced
cholesterol efflux and removal from macrophages. Transplantation of PPAR-γ null bone marrow into
LDLR−/− mice resulted in a significant increase in atherosclerosis, consistent with the hypothesis
that the regulation by this nuclear receptor is protective in vivo. This was confirmed by studies
of Li et al. using LDL-R deficient mice, in which treatment with the PPAR-γ -specific thiazoli-
denedione (TZD) agonist rosiglitazone strongly inhibited the development of atherosclerosis despite
increased CD36 scavenger receptor expression in the arterial wall [114, 115]. Interestingly, agonists
of PPAR-β failed to prevent atherosclerotic lesion in this mouse model. Other studies demonstrated
that activators of both PPAR-α and PPAR-γ induced ABCA1 gene expression as well as increased
apoAI-induced cholesterol efflux from normal macrophages [111].

The nuclear receptors have also been implicated in negatively modulating macrophage inflam-
matory gene expression [116, 117]. In vitro studies demonstrated that LXR ligands inhibit the
expression of inflammatory mediators such as inducible nitric oxide synthase (iNOS), cyclooxy-
genase (COX)-2 and IL-6 in response to bacterial infection or LPS stimulation. In vivo, LXR ago-
nists inhibited inflammatory gene expression in the aortas of atherosclerotic mice. Similarly, TZDs
inhibit the expression of inflammatory mediators including iNOS, TNF-α and MMP9 as well as
gelatinase B and scavenger receptor A genes in macrophages. PPAR-γ inhibits gene expression in
part by antagonizing the activities of the transcription factors AP-1, STAT and NF-κB. The mech-
anism by which the ligand-bound PPAR-γ normally an activator of transcription is converted to
a promoter-specific repressor of NF-κB target proinflammory genes that regulate inflammation is
not completely understood. However, recent evidence has implicated the ligand-dependent targeting
of specific lysine residues on PPAR-γ ligand-binding domain by sumoylation, a post-translational
modification by which small ubiquitin-like modifiers (SUMO) are covalently conjugated to a target
protein as a potential mechanism. Sumoylation at lysine 365 of PPAR-γ leads to the recruitment
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and stabilization of the nuclear corepressor (N-CoR) at the promoter sites of proinflammatory genes
thereby repressing their transcription [118]. The removal of N-CoR/ histone deacetylase-3 (HDAC3)
complexes from gene promoters required for gene activation, a process normally mediated by the
ubiquitylation/19S proteosome machinery is impeded by the binding of sumoylated PPAR-γ to these
N-CoR/ HDAC3 complexes preventing their dissolution and therefore target genes are maintained
in a repressed state through stimulation of the ABCA1 pathway.

The Cap of the Atherosclerotic Lesion and its Rupture

Erosion or uneven thinning and rupture of the atherosclerotic lesion’s fibrous cap can lead to MI.
This often occurs at the shoulders of the lesion site where macrophages enter, accumulate, and are
activated, and where apoptosis may occur [119]. Degradation of the fibrous cap, which is primarily
composed of type I and III collagen may result from the increased expression, and activity of met-
alloproteinases such as collagenases, elastases, and stromelysins. Recent studies have confirmed the
presence of both the collagenolytic matrix metalloproteinase MMP-8 protein and its mRNA within
unstable carotid atherosclerotic plaques collected from 159 patients undergoing carotid endarterec-
tomy [120]. Cathepsins, and mast cell proteases can also impair the integrity of the fibrous cap by
degrading its collagen cap.

Activated T cells may stimulate metalloproteinase production by the macrophages in the lesions,
promoting plaque instability. Proinflammatory cytokines can regulate the release of these matrix-
degrading proteinases. Moreover, LPS, TNF-α, IL-1, and interferon-γ, all induce tissue-factor
(TF) procoagulant gene expression in human ECs. The production of TF procoagulant and other
hemostatic factors, is considered to be a principal factor in the thrombosis of the atherosclerotic
lesion [121].

Stable advanced lesions usually have uniformly dense fibrous caps. More vulnerable atheroscle-
rotic plaques that might be the site of future acute coronary events tend to have a large lipid core,
are rich in TF, with an abundance of inflammatory cells including macrophages and have a thin
fibrous cap [121]. Plaque rupture and thrombosis may be responsible for as many as 50% of cases of
acute coronary syndromes (ACS) and MI. At autopsy active inflammation is generally evident in the
accumulation of macrophages at sites of plaque rupture. In terms of detection, the potentially more
dangerous rupture-prone lesions tend to be small and nonocclusive and thus may be difficult to detect
by angiography. Since detection of vulnerable plaques (which tend to be multiple) often occurs late
in the course of disease after symptoms have presented, much effort has been directed at finding
non-invasive imaging modalities including computed tomography (CT) and magnetic resonance
imaging (MRI) for early detection to predict plaque vulnerability before irreversible damage has
occurred and in defining markers of atherosclerotic disease [122]. Macrophage accumulation may
be associated with increased plasma concentrations of both fibrinogen and CRP, two markers of
inflammation thought to be early signs of atherosclerosis; other early markers including endothelial
dysfunction [123] are discussed in the following section.

Biomarkers

The levels of specific oxidized lipids in plasma and lipoproteins may serve as useful markers of
the susceptibility to atherogenesis. The generation of monoclonal antibodies recognizing distinct
oxidation-specific epitopes has allowed the development of sensitive and specific assays to mea-
sure circulating oxidized LDL. Clinical studies have revealed that circulating oxLDL is associated
with preclinical atherosclerosis, coronary and peripheral arterial atherosclerosis, ACS and vulner-
able plaques [124]. Another associated marker is the plasma lipoprotein-associated phospholipase
A2 (Lp-PLA2), also known as platelet-activating factor acetylhydrolase. Lp-PLA2 is produced by
inflammatory cells primarily of myeloid origin and is highly expressed in vulnerable plaques. It
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is thought that the specific targeting of polar phospholipids in oxidized LDL may be contributory
to the formation of downstream intermediates (e.g., lysophosphatidylcholine) that mediate plaque
vulnerability by promoting proinflammatory cell phenotype and macrophage death [125]. Further-
more, it is noteworthy that Lp-PLA2 was the first biomarker for predicting stroke risk associated with
atherosclerosis and was recently approved by the United States Food and Drug Administration [126].

As noted above, vascular cells and the vascular endothelium are early targets of oxLDL damage
disrupting vascular homeostasis as the endothelium provides a host of vasoprotective effects, such as
vasodilation, suppression of SMC growth, and inhibition of inflammatory response largely mediated
by the production of the endogenous vasodilator NO. Gathering evidence suggests that endothelial
dysfunction constitutes an early marker for atherosclerosis and can be detected before structural
changes to the vessel wall are apparent on angiography or ultrasound [127].

Gene Expression Profiling and Atherosclerosis

To understand fundamental pathobiological mechanisms in atherogenesis and to develop and target
new therapies, information on gene expression patterns (atherogenomics) and protein expression pat-
terns (atheroproteomics) are crucially needed. Unlike the relatively availability of tumor samples for
gene expression analysis by the oncologist, access to disease-associated cardiovascular tissues from
patients is generally more limited and initially proved to be an impediment to this type of analysis.
A large number of profiling studies have been performed in animal models. Csiszar et al [128, 129]
using gene expression profiling of rat coronary arteries suggested that aging alters gene expression
with a significant shift towards induced proinflammatory, cytokine expression resulting in the upreg-
ulation of TNF-α, several interleukin genes (IL-1β, IL-6, and IL-17), IL-6Rα and caspase 9 and the
decreased bioavailability of NO, changing vascular cell phenotypes with respect to function, poten-
tial inflammation and increased cell death. However, the approach of whole-mount lesions is prob-
lematic since arterial tissue is a very heterogeneous collection of cells and localization of expressed
transcripts or proteins to certain cell types using in-situ hybridization or immunohistochemistry may
be a useful adjunct in these studies [130]. The isolation of single cells or small cell populations with
the aid of laser microdissection can also be helpful in defining and localizing expression patterns
within a atherosclerotic lesion. For instance, Tuomisto et al. used laser microdissection to isolate
macrophage-rich shoulder areas from human lesions for profiling gene expression compared to nor-
mal intima [131]. Many inflammatory mediators, such as interleukins and their receptors, colony
stimulating factor receptors and integrins (i.e., CD11a/CD18 integrins) were upregulated as were
calmodulin, NOS, and extracellular superoxide dismutase (EcSOD). Moreover, overexpression of
HMG-CoA reductase in macrophage-rich lesion areas may explain some beneficial effects of statins.

Fewer global gene profiling studies have been performed in tissues and cells derived from
patients [132–135]. For instance, one recent assessment of the potential of published expression
data, compared the data focusing on a CC chemokine gene cluster between 18 murine and human
gene expression profiling studies. This analysis concluded that an adequate comparison is mainly
hindered by the incompleteness of available data sets, and suggested that further improvement in
experimental design, statistical, and bioinformatical analysis are sorely needed as are greater access
to data sets [136]. However, several creative approaches to gene profiling in human atherosclero-
sis have produced interesting findings and this research approach has become substantially more
robust. For instance, studies with gene arrays have begun to provide a valuable approach for
analysis of atherosclerotic plaque composition and for the identification of candidate markers of
plaque progression. In a recent study to identify differences in gene expression between stable and
unstable segments of plaque obtained from the same patient, human carotid endarterectomy speci-
mens were analyzed which were segmented and macroscopically classified using a morphological
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classification system [137]. Using Affymetrix gene chip analysis, two analytical methods were com-
pared, an intraplaque and an interplaque analysis, revealing 170 and 1916 differentially expressed
genes, respectively with 115 genes identified from both analyses. The differential expression of eigh-
teen genes not associated previously with plaque instability was found in stable and unstable regions
of the same atherosclerotic plaque; genes affected included the metalloproteinase, ADAMDEC1
(approximately 37-fold), retinoic acid receptor responder-1 (approximately 5-fold), and cysteine
protease legumain, a potential activator of MMPs and cathepsins (approximately 3-fold). In addition,
matrix metalloproteinase-9 (MMP-9), cathepsin B and legumain were also confirmed at the protein
level.

Seo et al. examined a collection of human aorta samples containing varying degrees of atheroscle-
rosis in order to identify gene expression patterns predictive of disease state or potential suscepti-
bility [138]. An analysis of minimally compared to severely diseased sections identified a molec-
ular signature comprising a set of 208 genes whose expression patterns provided the power to
discriminate and predict disease states in these aorta samples as well as the extent or severity
of the lesion. These genes encode proteins previously suspected to play a role in atherosclero-
sis including apoE, osteopontin, and the oxidized LDL receptor 1 (olr1) and genes not previ-
ously directly associated with atherosclerosis with functions involved in cell cycle regulation and
inflammatory response such as capg, gm2 ganglioside activator protein, matrix metalloproteinase
(MMP) 9 (mmp9), and chemokine (C-C motif) receptor-like 2 (ccrl2). CapG is a key regulatory
protein for actin and membrane phospholipids within migrating phagocytes, gm2 involved in cell
proliferation, adhesion, and chemotaxis, MMP vascular remodeling of the extracellular matrix and
ccrl2 encodes a receptor for monocyte chemotactic protein 1 (MCP1) involved in vascular infil-
tration by monocytes and intimal hyperplasia. In a second analysis comparing gene profiling in
proximal and distal sections of the thoracic aorta, a potential surrogate of disease susceptibility,
a group of 28 genes were identified that provided the predictive power in the analysis includ-
ing superoxide dismutase 3 (sod3) and protein C receptor (procr), previously associated with
atherosclerosis. Most of the genes identified were involved with regulation of transcription and
signal transduction such as homeobox-containing genes and gata2. Homeobox genes, particularly
the C class, have been associated with the increased and decreased expression of ICAM-1 while
gata2 is known to mediate VCAM induction in response to thrombin, estrogen, and glucocorti-
coids.

In another study, a comprehensive analysis of gene expression of coronary atherosclerosis was
undertaken using 51 coronary artery segments isolated from the explanted hearts of 22 cardiac
transplant patients and subjected to extensive histological grading according to American Heart
Association guidelines prior to hybridization analysis of isolated RNA with a customized 22-K
oligonucleotide microarray [139]. This study also made novel use of a systems biology/gene ontol-
ogy approach to examine pathway interactions based on connectivity (determined by information
from the published literature), and ranking (as determined by the significance of differentially reg-
ulated genes in the network) resulting in the identification of highly connected “nexus” genes that
represent potential candidates for therapeutic targeting and follow-up studies. A critical observation
emerging from this study indicated that loss of differentiated SMC gene expression is the primary
expression signature of disease progression in atherosclerosis.

Another approach has utilized gene expression analysis of specific cell types derived from
patients, eliminating some of the difficulties encountered by dealing with heterogenous tissue sam-
ples to be discussed in Chapter 13. One tact has been to compare gene expression profiles of
primary cultured ECs from human saphenous vein (SVEC), coronary artery (CAEC) or exposed
to atherogenic stimuli (including oxLDL, IL-1β or TNF-α) [140]. This study revealed that a dif-
ferent inherent gene expression program in arterial as compared to venous ECs likely underlies
differences in atherosclerotic disease susceptibility. Over 285 genes, representing a broad spectrum
of atherosclerosis-related pathways including responses to proliferation, oxidoreductase activity,



Introduction 253

antiinflammatory responses, cell growth, and hemostasis functions were more highly expressed in
untreated SVEC compared to untreated CAEC. In addition, treatment of these cell types with oxLDL
induced dramatically greater gene expression responses relating to adhesion, proliferation, and apop-
tosis pathways in CAEC compared with SVEC, while in contrast, IL-1β and TNF-α activated similar
gene expression profiles in both CAEC and SVEC.

Several profiling studies have focused on vascular SMCs and their role in atherosclerosis. Pro-
filing analysis of cultured human vascular SMCs using serial analysis of gene expression (SAGE)
technology revealed that SMCs treated with an atherogenic stimulus displayed 105 tags induced
and 52 tags repressed greater than fivefold [141]. Among the induced set was the gene for the plas-
minogen activator inhibitor-2 which had not been associated with atherosclerosis before, and was
subsequently localized to atherosclerotic lesions. Zhang et al. compared gene expression profiles
in cultured normal human medial vascular SMCs and vascular SMCs from primary atherosclerotic
plaques or in stent stenosis (ISS) sites [142]. Specific groups of genes were found to be overex-
pressed in ISS and plaque vascular SMCs, including cell cycle regulatory proteins and cell matrix
and contractile proteins in an analysis verified by Northern blot, rt-PCR and in situ hybridization
analyses. ISS vascular SMCs exhibited a stable gene expression profile reflecting an intimal pattern,
intermediate between that found with normal medial and primary plaque vascular SMCs. Jang et al.
[143] stimulated vascular SMCs with TNF-α resulting in upregulation of plasminogen activator
inhibitor-2, osteoblast-specific factor 2 and cyclin-dependent kinase 3 while the subsequent addition
of the antioxidant α-lipoic acid attenuated their expression.

Other studies have found that uptake of aggregated LDL by cultured aortic SMCs as well as expo-
sure of SMCs to the short-chain acyl ceramide derivative N-hexanoyl-D-sphingosine (C6-ceramide)
upregulated death-associated protein (DAP) kinase, a positive mediator of apoptotic cell death both
at the mRNA and protein level [144]. Overexpression of DAP kinase (approximately 5-fold) in
atherosclerotic plaques was also found in an analysis of transcript levels of 205 apoptosis-related
genes in human carotid endarterectomy specimens as compared to nonatherosclerotic mammary
arteries. Studies of Blaschke et al. [145] with microarray profiling of human coronary vascular
SMCs treated with CRP revealed that CRP induced caspase-mediated apoptosis in combination
with marked upregulation of the transcript for the growth arrest- and DNA damage-inducible gene
153 (GADD153), a gene involved in growth arrest and apoptosis in vascular and nonvascular
cells. The CRP-mediated regulation of GADD153 mRNA expression in vascular SMCs was shown
to occur primarily at the post-transcriptional level by mRNA stabilization. A functional role for
GADD153 in CRP-induced cell death was supported by the demonstration of reduced CRP-induced
apoptosis in these cells by small interfering RNA (siRNA) specifically targeted to GADD153,
and by the specific localization of GADD153 to apoptotic vascular SMCs in human coronary
lesions.

The role of apoptosis and apoptosis-related genes in atherosclerotic lesions is not entirely straight-
forward. Functional studies have demonstrated that a subset of cells derived from discrete foci within
human atherosclerotic lesions (including SMCs) are resistant to antiproliferative and proapoptotic
effects of several stimuli including TGF-β1, hydrocortisone and fas ligation compared to cells
from the adjacent media [146–148]. Gene expression analysis has shown that TGF-β-resistant cells
exhibited selective loss of Type II receptor expression, which could be partially corrected by retro-
viral transfection of Type II receptor cDNA [146], while hydrocortisone-resistant cells exhibited
selective reduction of the glucocorticoid receptor at both the transcript and protein level primarily
localized to the fibrous region of the lesion [147]. Microarray profiling of fas-resistant compared
to fas-sensitive cells revealed differential expression of a set of genes including STATs, caspase
1, cyclin D1, Bcl-xL, VDAC2, and BAD [148]. Western blot analysis of sensitive and resistant
LDC clonal lines corroborated increases in cyclin D1, STAT6, Bcl-xL, and BAD, with decreased
expression of caspase 1. One possible explanation for this cell heterogeneity within plaques is that
the apoptotic-resistant phenotype may contribute to plaque stability, vascular repair and the slow
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proliferation of resistant cell subsets, while sensitive cells within the lesion may be involved in
plaque rupture and infarction.

Interestingly, an exaggerated neointimal formation developed in response to mechanical injury,
a pathologic hallmark of obliterative vascular disease including primary atherosclerosis, has been
described in the aging mouse in association with an increased resistance of vascular SMCs to apop-
tosis in response to nitric oxide and serum starvation [149]. In addition, aging murine vascular
SMCs expressed higher levels of PDGFR-α and greater proliferative response (4-fold increase) to
PDGF-BB, compared with young vascular SMCs. The mechanism coupling specific transcriptional
expression to the similar phenotypes in vascular aging and atherosclerosis needs to be further delin-
eated particularly in the human.

As a tissue surrogate, freshly isolated blood mononuclear cells from patients undergoing carotid
endarterectomy due to atherosclerotic stenosis and from matched healthy subjects were profiled.
Transcript levels of the Finkel-Biskis-Jenkins osteosarcoma (FOS) gene in circulating monocytes
were found to positively correlate with atherosclerosis severity in patients as well as selectively
declined with 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor (statin) therapy in
healthy subjects [150].

Increased insight into the complicity of specific global regulators on human atherosclerosis and/or
CAD has been obtained from studies focusing on their specific expression in blood mononuclear
cells from patients, correlated with patient data including lipid levels and severity of disease. While
expression levels of genes coding for PPARs (α, γ), CD36, and LDLR showed correlation with
the severity of coronary atherosclerosis, the expression level of LXRα exhibited a marked negative
correlation with the severity of coronary atherosclerosis in subjects with or without hypercholes-
terolemia suggesting that it may exert a protective effect against the development of CAD [151].

Further studies have also begun to examine how gene profiles may vary in response to diet
and specific pharmacological treatments and may be a useful adjunct in tailoring individual ther-
apies [152]. For instance, as we have previously noted statins have various pleiotropic effects on
the treatment of atherosclerosis that are not related to their lipid-lowering effects. In oxidized
LDL-treated macrophages, gene profiling revealed that statins can attenuate the oxLDL-mediated
increase in the expression of the scavenger receptor CD68 and fatty acid binding protein 4 as well
as reducing the expression of HDL-binding protein, apolipoprotein E, and matrix metalloproteinase
9 [153]. Statins also affect genes involved in coagulation, vascular constriction and cell growth in
a cell-type-specific manner in vascular ECs and SMCs [154]. In cultured human umbilical vein
endothelial cells (HUVECs), they induced integrin β4 and thrombomodulin profoundly while in
cultured human coronary artery SMCs, statins induced thrombomodulin and urokinase inhibitor,
and potently suppressed the cysteine-rich angiogenic inducer 61 and cyclin B. Many genes related
to the cell cycle and/or growth were also regulated in HUVECs and SMCs by the statins.

Therapeutic Approaches

While the complex interactions and balance between proinflammatory and anti-inflammatory cel-
lular and molecular elements constitute a significant component in the evolution of the atheroscle-
rotic plaque with a great deal remaining to be learned, these elements also offer potential targets
for treatment or stemming disease progression. For instance, several studies have suggested that
the reduction of oxidized lipids promoted by the administration of apolipoprotein A-I and apoA-I
mimetic peptides may have therapeutic potential [155, 156]. In animals with hypercholesterolemia,
antioxidants can reduce the size of the atherosclerotic lesions, and also can reduce the presence
of fatty streaks. The latter observation suggests that antioxidants have an anti-inflammatory effect,
perhaps by preventing the upregulation of adhesion molecules by monocytes. Antioxidants can also
increase the resistance of human LDL to oxidation generated ex vivo in proportion to the vitamin
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E content of the plasma. Another potential approach that has gained credence in animal studies is
the use of antibodies directed against oxLDL using either active (vaccines) or passive (antibodies)
immunization. Studies performed in atherosclerosis-prone mice have shown that both peptide-based
vaccines and recombinant IgG targeting epitopes in oxidized LDL significantly reduce atheroscle-
rosis [157]. While in vitro studies have shown that antioxidants (e.g., β-carotene, vitamin C and
vitamin E) can interfere with selected pathomechanisms of atherosclerosis with protective effect and
several animal studies have confirmed such a protective effect in vivo (especially after administra-
tion of high doses of vitamin E), most placebo-controlled randomized clinical studies for primary or
secondary atherosclerotic prevention have failed to show a protective effect even after administration
of high doses. Only in subsets of patients with high levels of OS or depletion of natural antioxidant
defense systems and at high risk for atherosclerosis has a beneficial effect been suggested [158–160].

The use of statin treatment has been shown to provide endothelial stabilization although its
mechanisms are not yet clear. The stabilization of endothelial function could result from elevated
eNOS activity, reduced ROS production, inhibition of oxLDL action, increased LDL resistance to
oxidation, or other undetermined mechanisms [161, 162]. Multiple studies investigating the role of
high-dose statin therapy have reinforced the notion that statins have anti-inflammatory and anti-
oxidant properties that go well beyond their lipid-lowering effects [163].

Several lipoprotein-modifying agents have either been recently released, or are still in various
phases of development in atherosclerotic intervention. These include agents that reduce LDL-C
levels by mechanisms other than HMG-CoA inhibition (such as cholesterol absorption inhibitors,
Acyl-CoA cholesterol acyl transferase inhibitors, sterol-regulating binding protein cleavage activat-
ing protein ligands, microsomal triglyceride transfer protein inhibitors, LDL receptor activators and
farnesoid X receptor antagonists) and agents that raise HDL-C or improve cholesterol efflux (such
as CETP inhibitors, retinoid X receptor selective agonists, specific PPAR agonists and estrogen
like compounds) [164]. Dissecting the primary mechanism by which these approaches act is often
difficult. For instance, it is known that CETP inhibition increases HDL-C and reduces LDL-C levels
coincident with beneficial increases in both HDL and LDL particle size [165]. Moreover, CETP
inhibition has been recently shown to increase antioxidant enzymes associated with HDL, and is
associated with decreased LDL oxidation. This is consistent with CETP lipid transfer activity and
its role in reverse cholesterol transport.

Another tactic for intervention employs blocking key aspects of inflammatory pathway including
the chemokine receptors involved in leukocyte migration and recruitment from the microcirculation
into the inflammatory tissues [166]. For example, blockade of CXC chemokine receptor 2 (CXCR2)
implicated in numerous inflammatory disorders substantially reduces leukocyte recruitment, tissue
damage and mortality. Selective CXCR2 inhibitors are now being tested in clinical trials [167].

Another viable target for therapy that is being vigorously pursued is the use of high-affinity
ligands such as the thiazolidinedione class of drugs to treat atheromatous lesions. It is also notewor-
thy that PPAR-γ agonism has been found to be an important target in the therapeutic treatment of
metabolic syndrome-related conditions [168].

The Role of Altered Immunity in Atherosclerosis in Aging

In 1975, Pierre Grabar proposed that age-associated increase in serum autoantibodies was stimu-
lated by “senescent” epitopes that marked molecules and cells for immune elimination in order to
maintain molecular and cellular homeostasis [169]. As we have previously noted, there is consid-
erable evidence that cellular immunity influences the development and progression of atheroscle-
rosis [170]. The concept of protective autoimmunity against atherosclerosis was suggested by an
earlier clinical report that post-traumatic splenectomy significantly increased the risk of humans
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dying from ischemic heart disease [171]. A more recent report indicates that splenectomy also
increases atherosclerosis in ApoE-deficient mice and this enhanced development of atherosclerosis
could be prevented by transferring syngeneic splenic B cells to splenectomized Apo-E-deficient
mice [172]. ApoE-deficient animals are known to have high levels of oxLDL and to have B1 cells
that produce anti-oxLDL autoantibodies. These B1 cells are found in the spleen and high titers
of IgG autoantibodies to oxLDL developed in splenectomized mice reconstituted with splenic B
cells. Such autoantibodies have been shown to inhibit the uptake of oxLDL by macrophages, a
key step in atherogenesis, and protect animals from atherosclerosis. The autoantibodies to oxLDL
produced by splenic B1 cells express the T15 idiotype and the same unmutated S107 and Vk22 vari-
able genes for the heavy and light chain, respectively, expressed by natural anti-phosphorylcholine
(PC) antibodies [173]. Although T15 anti-PC antibodies can be induced by pneumococci and are
known to protect mice against pneumococcal infection, their appearance in serum of mice reared in
germ-free conditions implies that their development can also be stimulated by non-bacterial deter-
minants. Thus, T15 antibodies recognize not only the PC epitope on pneumococci but also oxLDL
and oxidized molecules on the membranes of apoptotic ECs. Even though the immune response to
foreign antigens decreases with age, the number of anti-PC antibody forming B cells increases with
age, despite the fact that the stimulus for this antibody was thought to be foreign bacteria [174].
However, with the recent recognition that the appearance of anti-PC antibodies occurs in germ-free
animals and can be driven by autologous oxidized epitopes on LDL or cell membranes, it suggests
that the age-associated increase in anti-PC antibodies may reflect the increase of an autoantibody.
However, the genes that code for the anti-PC antibodies are different in young versus old mice. The
vast majority of anti-PC antibodies produced in young mice express the T15 idiotype while in old
mice only a small minority of anti-PC antibodies expresses the T15 idiotype.9 Thus the impaired
production of T-15 idiotype anti-PC antibodies may contribute to the increased susceptibility of old
mice to both atherosclerosis and pneumococcal infection. The same amount of anti-PC antibody
produced by old mice does not protect naïve young mice from challenge with pneumococci as well
as anti-PC antibody from young mice [175]. The age-associated impairment in protection by anti-
PC antibody from pneumococcal challenge appears to be due to the lower affinity of the non-T15
compared to T15 anti-PC antibody for the pneumococci. Whether the affinity of non-T15 idiotype
antibody is also lower than T15 idiotype antibodies for oxLDL is not known; such a finding might
explain an age-associated decline in autoantibody-mediated protection from atherosclerosis.

Acute Coronary Syndrome in the Elderly

Elderly persons and women are generally underrepresented in randomized controlled trials and
recent data have suggested that attempts at making cardiovascular trials more inclusive by including
the elderly appear to have had limited success [176]. As expected, the prevalence of CAD is very
high in elderly patients [177, 178]. Elderly patients with ACS including unstable angina and non-ST
segment myocardial infarction (NSTEMI) have a very high prevalence of coronary risk factors [179].
Age ≥75 years constitutes one of the seven prognostic variables in the Thrombolysis In Myocardial
Infarction (TIMI) risk score [180]. In general, the management of ACS in the elderly patients should
not differ a great deal from that the younger patients in terms of management according to contem-
porary management guidelines [181, 182].

A prospective study was conducted in 177 consecutive patients aged 70–94 years, hospitalized for
ACS [179, 183]. The 177 patients included 91 women and 86 men. Unstable angina was diagnosed
in 95 of the 177 (54%) elderly subjects, NSTEMI in 61 (34%) and ST-segment elevation myocardial
infarction (STEMI) in 21 (12%). All 177 elderly patients underwent coronary angiography and
the coronary anatomy of these elderly subjects is summarized in Table 8.3. Significant obstruc-
tive CAD was present in 87%, non-obstructive CAD in 11% and no CAD in 2%. Coronary
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Table 8.3 Prevalence and severity of coronary artery disease in elderly subjects hospitalized with acute coronary
syndrome∗

Women (n = 91) Men (n = 86)

Obstructive CAD 73 (80%) 81 (94%)
Nonobstructive CAD 15 (17%) 4 (5%)
No CAD 3 (3%) 1 (1%)
1-vessel CAD 26 (29%) 25 (29%)
2-vessel CAD 23 (25%) 17 (20%)
3-vessel CAD 24 (26%) 39 (45%)
Left Main CAD 2 (2%) 8 (9%)
Left anterior descending or diagonal CAD 53 (58%) 65 (76%)
Left circumflex or obtuse marginal CAD 41 (45%) 53 (62%)
Right CAD 48 (53%) 56 (65%)
∗Adapted from Am J Cardiol 2002; 90:1145–1147.

revascularization was performed in 56% of women, 52% of men, 52% of whites and 64% of African
Americans.

Current medical management of STEMI includes intensive antithrombotic therapy, such as
clopidogrel, enoxaparin, or unfractionated heparin. The choice of therapy has recently been influ-
enced by the Enoxaparin and Thrombolysis Reperfusion for Acute Myocardial Infarction Treatment
(ExTRACT) – Thrombolysis in Myocardial Infarction (TIMI) 25 study [184]. This trial compared
enoxaparin versus unfractionated heparin (UFH) as adjunctive therapy for fibrinolysis in STEMI.
At 30 days, death or MI was significantly reduced with enoxaparin, as was death, MI, or urgent
revascularization; nonfatal MIs were reduced 33% in the enoxaparin group. ExTRACT-TIMI 25 also
showed a modest increase in major bleeds associated with enoxaparin (1.4–2.1%) but no increase in
intracranial hemorrhages, which occurred in about 0.7% of the patient population. For every 1,000
patients treated with enoxaparin, there would be 28 fewer major cardiovascular events at the cost of
four additional major bleeds and no increase in nonfatal intracranial hemorrhage compared to UFH.
However, enoxaparin reportedly increases the risk of major bleeding and intracranial hemorrhage in
elderly patients (> 75 years of age) [185].

ExTRACT-TIMI 25 devised a specific regimen that adjusted the enoxaparin dosing strategy
according to patient age and renal function [186]. For patients younger than 75 years of age, enoxa-
parin (or matching placebo) was given as a fixed 30 mg IV bolus followed 15 minutes later by
a subcutaneous injection of 1.0 mg/kg, with injections administered every 12 hours. For patients
at least 75 years of age, the IV bolus was eliminated and the subcutaneous dose was reduced to
0.75 mg/kg every 12 hours. For the first two subcutaneous injections, a maximum of 100 mg (for
patients <75 years old) or 75 mg (for those at least 75 years old) was administered. To reduce the risk
of bleeding, the IV bolus was omitted for patients who received open-label UFH (at least 4000 U)
within 3 hours before randomization. Moreover, for patients with an estimated creatinine clearance
of <30 ml/min, the dose was modified to 1.0 mg/kg every 24 hours. The double-blind subcutaneous
injections of enoxaparin or matching placebo were to continue until hospital discharge or for a
maximum of 8 days (whichever came first). This modified dosing regimen led to a similar reduction
in death and MI in the elderly patients compared to younger patients. The number of patients needed
to treat to prevent an event was also similar in both groups: 50 patients in the 75 years group versus
67 patients in the group that was 75 years of age or older.

As in the case of STEMI, the elderly are often excluded from clinical trials of non-ST-segment
elevation (NSTE)-ACS and are underrepresented in clinical registries. To explore the treatment
and outcomes of patients with NSTE-ACS age ≥ 90 years, investigators used data from the CRU-
SADE registry to study 5,557 patients with NSTE-ACS age ≥ 90 years and compared their base-
line characteristics, treatment patterns, and in-hospital outcomes with a cohort age 75–89 years
(n = 46,270) [187]. Compared with the younger patients, the older elderly were less likely to
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be diabetic, smokers, or obese. Among patients without contraindications, the older elderly were
less likely to receive glycoprotein IIb/IIIa inhibitors and statins during the first 24 hours and were
less likely to undergo cardiac catheterization within 48 hours. The older elderly were also more
likely to die (12.0% vs. 7.8%) and experienced more frequent adverse events (26.8% vs. 21.3%)
during the hospitalization, differences that persisted after adjustment for baseline patient and hospital
characteristics. Increasing adherence to guideline-recommended therapies was associated with both
increased bleeding and a graded reduction in risk-adjusted in-hospital mortality across both age
groups (Fig. 8.1). These findings therefore underscore the importance of optimizing care patterns
for even the oldest patients with NSTE-ACS, while exploring novel approaches to reduce the risk of
bleeding in this rapidly expanding patient population.

Myocarditis in the Elderly Population

Myocarditis is an uncommon heart disease. There is general consensus from experimental studies
that autoimmune mechanisms follow viral infection, resulting in inflammation and necrosis of the
myocardium [188]. In humans, ongoing myocardial inflammation may result in dilated cardiomy-
opathy (DCM), restrictive cardiomyopathy, or acute left ventricular (LV) failure without dilata-
tion (fulminant myocarditis) [189]. Myocarditis is histologically characterized by both an active
inflammatory cellular infiltrate within the myocardium and associated myocyte necrosis (the Dallas
pathologic criteria) [190]. Although many clinicians and pathologists consider the Dallas crite-
ria restrictive, this classification has established uniform histologic criteria for diagnosis and has
reduced the wide variation in reported rates of this disease. Although the inflammatory infiltrate is
lymphocytic in more than 90% of cases, eosinophilic infiltration or giant cell formation may occa-
sionally be seen. The clinical features of myocarditis are quite varied, ranging from asymptomatic
electrocardiographic abnormalities observed during viral Coxsackie B outbreaks in the community

Fig. 8.1 Relationship between in-hospital mortality across each age group with increasing adherence to recommended
therapies from the CRUSADE registry
(Adapted from J Am Coll Cardiol 2007;49:1790–7).



Introduction 259

to severe DCM with fulminant HF leading to death or need for cardiac replacement therapy [191].
Myocarditis may also cause ventricular dysrhythmias or heart block or mimic acute MI [192]. Both
acute and chronic DCM may result from inflammatory heart disease. The histological differentiation
of myocarditis from idiopathic DCM remains problematic, because several published series suggest
no difference in long-term prognosis, regardless of the presence or absence of myocardial inflam-
mation. Nonetheless, some clinicians believe that myocarditis is a potentially reversible form of
cardiomyopathy and continue to perform endomyocardial biopsy searching for its presence. Contro-
versy also continues to surround the best approach to the management of patients considered having
myocarditis and thus far controlled trials have failed to demonstrate any significant benefits from
immunomodulatory therapy [189].

Recent population-based studies suggest that the proportion of deaths caused by myocarditis
appears to be higher in children and younger adults than in older patients. To study the incidence of
fatal myocarditis in the general population, one study retrospectively collected all death certificates
recording myocarditis as the underlying cause of death in Finland in 1970–1998 [193]. The incidence
of myocarditis and its proportion of all deaths were calculated from 141.4 million person-years and
1.35 million deaths. Myocarditis was recorded as the underlying cause of death in 639 cases. The
death certificate-based incidence was 0.46 per 100,000 person-years, and it caused 0.47 of 1,000
deaths. The incidence of 0.51 in males was higher than the incidence of 0.42 in females, the odds
ratio being 1.34. Importantly, the proportion of deaths caused by myocarditis was highest (up to six
of 1,000 deaths) in children and adults aged less than 45 years, when compared to older patients.
Because previous histopathologic reanalysis showed that only 32% of cases fulfilled the Dallas
criteria, these investigators estimated the incidence of histopathologically certain fatal myocarditis
to be 0.15 per 100,000. The death certificate-based incidence of fatal myocarditis was found to be
0.46 per 100,000, and the histopathologically corrected incidence was 0.15 per 100,000.

Hypertension in the Elderly

Hypertension is an increasing clinical and public health problem worldwide [194, 195]. Increasing
age is a major risk factor for developing hypertension, and is also a strong confounder of its inde-
pendent influence on cardiovascular and renal events. This growing group of relatively active and
healthy elderly people is at high risk for hypertension, its treatment, and its adverse consequences,
including stroke and HF. In the analysis of nearly a million individuals in 61 epidemiological studies
followed for an average of 13.3 years, those with blood pressures (BPs) in the highest decile had
roughly the same risk of death from either coronary heart disease or stroke as people who were 20
years older, but who had BPs in the lowest decile [196]. In Framingham the Heart Study, the lifetime
risk for 55- or 65-year-old men or women to develop hypertension was 90% [197]; among those
who survived to ages 65–89 years, systolic BP elevations were found in 87% of the hypertensive
men and 93% of the hypertensive women. In an analysis of the Framingham data set, classification
of hypertensive people over age 60 years into the appropriate BP stages was done correctly in 99%
of the cases using only the systolic BP; diastolic BP was much less useful (at 47%) [198]. These
data highlight the great public health importance of systolic BP, particularly among those older
than about 53 years. In these older individuals, systolic BP is a much better predictor of hyperten-
sive target-organ damage and future CV and renal events than is diastolic BP [199, 200]. Overall,
each 20 mm Hg increase in systolic BP doubles the risk of CV death [201]. Systolic BP is less
likely to be controlled than diastolic [202], according to NHANES data from both 1999–2000 and
2001–2002, 65% of those with treated but uncontrolled hypertension in the US are 60 years of age
and older [203]. Antihypertensive drug therapy is effective in reducing the risk of CV events across
the full age range, including individuals older than 80 years [204, 205].
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The public health problem of isolated systolic hypertension has been addressed in part by clinical
trials that expressly enrolled individuals with only elevated systolic BP. The first of these was the
Systolic Hypertension in the Elderly Program (SHEP), which randomized 4736 people >65 years of
age to initial treatment with low-dose chlorthalidone or placebo. The primary end point was fatal or
nonfatal stroke, which was 36% lower in those treated with chlorthalidone, despite a 44% prevalence
of antihypertensive drug therapy by the end of the study among those assigned to placebo [206]. All
subtypes of stroke were equally prevented, and there was evidence that achieving a lower systolic
BP (<150 mm Hg) was more effective than leaving the BP higher (<160 mm Hg) [207]. Cardio-
vascular events were also significantly reduced (by 25%), as well as HF (by 49%) [208]. Placebo-
controlled clinical trials involving older patients with isolated systolic hypertension in Europe [209]
and China [210] yielded remarkably similar results regarding stroke reduction. A meta-analysis of
15,693 older patients with isolated systolic hypertension in 8 clinical trials against placebo lasting
(on average) 3.8 years was published in 2000 [211]. The average age of the patients was 70 years, and
the initial BP (174/83 mm Hg) was lowered, on average by 10.4/4.1 mm Hg with active treatment.
The investigators concluded that active drug therapy had significant benefits; stroke was reduced
by 30%, all cardiovascular events by 26%, MIs by 23%, and all-cause death by 13%. Subgroup
analyses of more recent clinical trials including Losartan For Endpoint reduction (LIFE) [212] and
the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) [213]
are consistent with these estimates.

Because no large-scale clinical trial has yet been done in hypertensive people >80 years of age,
the best available data come from a meta-analysis of all 1670 hypertensive patients in seven clinical
trials that compared active drug therapy versus placebo or no treatment [214]. Octogenarians com-
prised 13% of the overall population in these trials, averaged 83±3 years of age. Patients had an
average BP of 180/84 mm Hg at enrollment and 70% were women. In this meta-analysis, there were
57 strokes and 34 deaths among 874 actively treated patients, compared with 77 strokes and 28 stroke
deaths among 796 controls, representing 1 nonfatal stroke prevented for about 100 patients treated
each year. In terms of relative risk, active drug therapy significantly reduced strokes by 34%, HF by
39%, and major CV events by 22%. Non-significant differences were also found for coronary events
(reduced by 22%), but mortality and cardiovascular death were higher, by 6% and 1%, respectively
(Fig. 8.2).

The outcome benefits of drug therapy for hypertension may be different in the elderly when
compared to younger subjects. Early clinical trials in hypertension enrolled very few individuals
over 80 years of age. An earlier study analyzed 13 trials involving 16,564 elderly persons aged
60 years and older and compared therapeutic benefits of medications (e.g., β-blockers or diuretics)
with effects in younger subjects [215]. There were 13 trials involving 16,564 elderly persons (age
60 years and older), 6 of which proved to be high quality. The prevalence of cardiovascular risk
factors, CVD and competing comorbid diseases was lower among trial participants than the general
population of hypertensive elderly persons. When the six large high-quality trials were combined,
trial results showed 43 subjects (95% confidence interval [CI], 31–69) and 61 subjects (95% CI,
39–141) needed to be treated for 5 years to prevent one cerebrovascular event and one coronary
heart disease event, respectively. Including the other seven trials did not change the results signifi-
cantly. Only 18 subjects (95% CI, 14–25) needed to be treated to prevent one cardiovascular event
(cerebrovascular or cardiac). Twelve trials in primarily younger and middle-aged adults involved
approximately 33,000 persons. For all outcomes except cardiac mortality, two to four times as many
of the younger subjects as the older subjects needed to be treated for 5 years to prevent morbid
and mortal events. No significant effect on cardiac mortality was seen among younger subjects,
while 78 older subjects (95% CI, 50–180) needed to be treated to prevent a fatal cardiac event.
Thus, randomized trials suggested that treating healthy older persons with hypertension is highly
efficacious. Five-year morbidity and mortality benefits derived from trials are greater for older than
younger subjects.
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Fig. 8.2 Meta-analysis of 1670 hypertensive subjects >80 years of age from 7 clinical trials
∗ρ < 0.05, CV: Cardiovascular; CHD: Coronary heart disease; HF: Heart failure.

The Hypertension in the Very Elderly Trial (HYVET) is a randomized, double-blind, placebo-
controlled trial designed to assess the benefits of treating over 2000 very elderly patients with hyper-
tension [216]. HYVET will compare placebo with a low dose diuretic (indapamide sustained release
1.5 mg daily) and additional angiotensin-converting enzyme (ACE) inhibitor (perindopril) therapy
if required. The primary endpoint will be incident fatal and non-fatal stroke during 5 years of follow
up. The HYVET pilot trial recruited 1283 patients with systolic and diastolic BPs exceeding 160/95
mm Hg, ≥80 years of age, and randomized them to either a diuretic (usually bendroflumethiazide;
n=426), an ACE inhibitor (usually lisinopril; n=431), or placebo (n=426). Mean age was 84 years;
and 63% were women. The initial BP was 181/100, but the average follow-up was only 1.1 years.
Preliminary results have been presented but not yet published. The results of the meta-analysis by
Staessen et al. indicate that the number of deaths and cardiovascular deaths were slightly lower with
ACE inhibitor treatment (27 and 22, respectively) than with diuretic treatment (30 and 23) [217].
These data, however, are still very preliminary.

A large body of data has been gathered from 5710 patients ≥ 80 years of age in the INdividual
Data ANalysis of Antihypertensive (INDANA) meta-analysis, ALLHAT, and HYVET pilot to pro-
vide an initial estimate of the impact of antihypertensive therapy in the elderly, but the results have
not been commingled. The results in octogenarians in the last 2 studies have not yet been published,
and the number and outcomes are still not in the public domain. When the 2953 patients in the main
HYVET trial have completed the follow up, the number will be 5053. Given the current data, it is
unlikely that antihypertensive drug treatment will be associated with a significant difference in all-
cause mortality among subjects ≥ 80 years of age. Nevertheless, currently available meta-analyses
do suggest that antihypertensive drug therapy results in a significant prevention of stroke and HF, 2
events of primary concern to many elderly individuals.

Genetics and Environmental Factors in Essential or Primary Hypertension

A number of family and epidemiological studies support the view that hypertension arises from
a complex interplay between genetic and environmental factors including dietary sodium intake,
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excess alcohol consumption and body weight and obesity [218–220]. A substantial body of evidence
supports the concept that lifestyle modification including increased physical activity, a reduced salt
intake, weight loss, moderation of alcohol intake, increased potassium intake, and an overall healthy
dietary pattern can effectively lower blood pressure. Evidence that there are genetic components
which contribute to blood pressure variation has come from family segregation analysis and twin
studies which show that between 30 and 60% of blood pressure variation is determined by genetic
factors. The interaction of environmental factors with genetic factors has not yet been determined
but may contribute to the overall expression and penetrance of specific gene action on the develop-
ment of hypertensive phenotypes. Exposure to both acute and chronic environmental stresses may
impact genes underlying the physiological systems mediating the stress response of heart, vascu-
lature, and kidney (i.e., the sympathetic nervous system, renin-angiotensin-aldosterone system and
sodium reabsorption, and the endothelial system) as well neural and hormonal pathways (e.g., the
parasympathetic nervous system, the serotonergic system, and the hypothalamus-pituitary-adrenal
axis) confering enhanced susceptibility to the development of essential hypertension [218].

A critical factor in the development of essential hypertension is age; in western countries, hyper-
tension is prevalent in the elderly. This may relate to any of several of the aforementioned environ-
mental factors (e.g. diet, stress) since the elderly from primitive societies do not exhibit increased
blood pressure [221], and immigrants from rural areas who formally showed no age-related increase
in blood pressure develop hypertension when placed in urban Westernized settings [222].

In addition to aging impacting hypertension, there is some evidence suggesting that the reverse
also may be true-that hypertension impacts aging. Studies of Taddei et al. have suggested that hyper-
tension causes premature aging of endothelial function in humans primarily involving dysfunction of
the nitric oxide pathway and production of cyclooxygenase-dependent vasoconstrictors, and thereby
causing age-related impairment of endothelium-dependent vasodilation [223]. In addition, studies
of Hamet et al. suggested that cardiovascular cells from hypertensive animals are subject to accel-
erated turnover as indicated by the altered half-life of DNA, potentially leading to their accelerated
aging [224]. Other studies have demonstrated altered organ-specific apoptosis (i.e., increased in
the heart) and remodeling in genetic models of hypertension [225]. In addition, Imanishi et al.
have provided evidence that endothelial progenitor cell (EPC) senescence is accelerated in both
experimental hypertensive rats and patients with essential hypertension. EPC senescence detected by
acidic β-galactosidase staining in both hypertensive rats and patients was accompanied by reduced
telomerase activity [226]. To what extent this hypertension-induced EPC senescence affects the
process of vascular remodeling remains unclear. Also, recent studies have also found that decreased
activity of the antioxidant mitochondrial MnSOD enzyme (SOD2) in transgenic mice resulted in
increased OS in association with salt-sensitive hypertension and accelerated renal senescence [227].

Identification of Primary Risk Genes and Candidate Genes
in Essential Hypertension

Genome-wide screens have revealed a number of chromosomal regions, which likely harbor candi-
date genes involved in hypertension. Several candidate genes have been suggested by these studies
including the angiotensin II type I receptor gene on chromosome 3, the β2 adrenergic receptor and
the lipoprotein lipase (LPL) gene on chromosome 8. Unfortunately, there has been little common-
ality or overlap thus far indicating the involvement of specific candidate genes among different
genome studies [228].

The analysis of candidate genes by case association study has been applied to assess whether
a suspected genetic variant is significantly present more commonly in individuals with raised
blood pressure compared to normotensive subjects. A diverse range of genes that constitutes viable



Introduction 263

candidates for affecting blood pressure if mutated or variant has emerged from physiological studies
in both rodents and man (shown in Table 8.4).

Several studies (including meta-analyses) have reported that variation in the angiotensinogen
gene (AGT) particularly in the case of a coding polymorphism (Met235Thr) is significantly associ-
ated with essential hypertension [229, 230]. A mutation (G-6A) residing in the AGT promoter region
affecting AGT transcription in vitro also has been associated (independently of the Met235Thr
variation) with essential hypertension [231]. The level of association has been found to vary with
sex (increased in females) and with specific ethnic groups [232, 233]. Conflicting data have been
found in studies concerning the association of hypertension with specific variants of the ACE
gene, another important component in the renin-angiotensin pathway [234, 235]. A moderate
level of linkage of hypertension with ACE was found to be dependent in one study on sex (e.g.,
present in males) [234] or dependent on several contexts that included ethnicity, gender and body
weight [235].

Polymorphic variants of the β2-adrenergic receptor subtype have been reported [236], and stud-
ies have showed a suggestive association with essential hypertension but these findings vary with
the populations studied [237]. A chromosomal locus of 5q containing the ADRβ2 gene has shown
suggestive linkage with essential hypertension and further supports its status as a viable candidate
gene for hypertension susceptibility [238].

In summary, while a number of studies have demonstrated some preliminary positive relationship
between specific candidate gene variants in association with essential hypertension, the findings have
frequently not been replicated in different populations; only angiotensinogen and the β2 adrenergic
receptor variants have consistently been shown to have a mild hypertensive effect. No candidate gene
has yet been implicated with a major effect on the risk of human essential hypertension. Moreover,
it is noteworthy that where effects have been found, most studies have suggested the interaction of
the candidate gene with factors including genetic background, and other factors (e.g., body weight
and diabetes).

Thus far, genome-scan data support the notion that essential hypertension is polygenic how-
ever limited data are presently available for delineating the actual number of genes involved, or
for elucidating specific gene-gene interactions and/or gene-environment interactions involved in

Table 8.4 Candidate genes in primary hypertension

Renin-angiotensin
Angiotensinogen (AGT)
Renin
ACE
AT1R
Sympathetic Nervous System
Adrenergic receptors (ADRβ2, ADRβ3)
Endothelin system
ET-A
ET-B
ET-1
NO Pathway
eNOS
iNOS
Adducin
Natriuretic Peptides and their receptors
ANP
BNP
NPRA
NPRB
NPRC
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hypertension phenotype. Several studies have recently suggested that blood pressure is governed
by multiple genetic loci each with a relatively modest effect [239, 240]. The number of human
hypertension loci has recently been proposed to be in the order of tens of genes each with a relatively
modest effect on hypertension in the population at large (e.g., relative risk of 1.2–1.5) [241, 242].
In contrast, dramatic progress has been made in our understanding of several forms of secondary
hypertension in which a number of single-genes and defined mutations have been implicated.

Conclusion

In this chapter, we surveyed much of the current literature to provide the reader with an overall
perspective concerning the pathogenesis and treatment of these chronic cardiovascular diseases in
which age has been clearly identified as a risk factor. In doing so, we presented both findings from
molecular and clinical studies to attempt to highlight the most critical components and pathways
involved. The polygenic nature of both diseases as well as the important contribution of numerous
environmental factors has made the precise evaluation of specific component’s roles challenging
and clearly much remains to be learned in both the realms of gene-gene and gene-environment
interactions. Findings with genomics, proteomics and gene expression profiling have continued to
reveal critical insights relevant to both the roles of aging, genes and environment in these disorders
and will continue to refine our understanding of how diet, exercise and pharmacological intervention
can most effectively be applied to treatment and potential reversal of these diseases and should
provide impetus for a more personalized approach to medicine. Increasing information in these
areas will undoubtedly impact the approaches to treatment and earlier diagnosis allowing the elderly
to enjoy their later years with a higher quality of life.

Summary

• With advancing age, a series of structural, architectural and compositional modifications takes
place in the vasculature including vessel diameter increase, thickening of intimal and medial lay-
ers, increased content of blood-derived leukocytes and “activated” smooth muscle cells (SMCs)
in the subendothelial space, accumulation of extracellular matrix (ECM) particularly rich in gly-
cosaminoglycans, with increased collagen content and with progressively disorganized, thinner,
and fragmented elastin fibers.

• Animal experiments have demonstrated that aging predisposes the vasculature to advanced
atherosclerotic disease and vessel injury and that this predisposition is a function of age-
associated changes in the vessel wall itself.

• Compared to vessels from young animals, older ones show a greater reactivity to mechanical
injury and to chronic insults.

• Atherosclerosis is a complex disease caused by multiple genetic and environmental factors and
gene-environment interactions involving diverse physiological processes and a wide spectrum of
cell types and organs even beyond the vasculature.

• Molecular mechanisms of atherosclerosis involve lipid metabolism, inflammatory signaling and
thrombosis as well as immunity and oxidative stress (OS). Risk factors involved in these areas
such as dyslipidemia and diabetes, pro- and anti-coagulant factors have provided information
about genes, which play a significant role in establishing the risk of developing atherosclerosis.

• Over 100 genes have been identified that influence the development of atherosclerotic lesions
underlining the complex and polygenic nature of this disorder.

• Rare monogenic forms of atherosclerosis resulting from dyslipidemias have allowed the identifi-
cation of genes and pathways involved some which play a role as well in more common form(s)
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of atherosclerosis, and have clearly demonstrated the effects of endogenously increased LDL on
the evolution of atherosclerosis.

• Most studies concur that excess serum LDL in individuals from western countries is related to
environmental factors such as diet as compared to changes in HDL, which are primarily genetic.

• Endothelial cell (EC) dysfunction injury is an early event leading to atherosclerosis and is pro-
moted by elevated and modified LDL, hypertension, smoking, diabetes mellitus, elevated plasma
homocysteine, infectious microorganisms such as Chlamydia pneumoniae, and various combina-
tions of these or other factors,

• Oxidized LDL (oxLDL) is a pivotal factor in the initial endothelial damage by its infiltration
into the arterial endothelium, and also involved in recruitment and activation of inflammatory
elements including monocytes and macrophages into the atherosclerotic lesion.

• The role of inflammatory and immune pathways and common elements (e.g., TLR, inflammatory
genes, CRP) in both longevity and atherosclerosis may provide further insights concerning the
relationship between age and atherosclerosis susceptibility.

• A number of markers of inflammation, lipid dysfunction and endothelial dysfunction have
become increasingly useful as reliable biomarkers of atherosclerosis.

• Gene expression profiling has begun to provide insights into the elements (and sequence of
events) involved in the pathogenesis of atherosclerosis, as well as potential landmarks for diag-
nosis and therapeutic management, and delineating critical targets for therapeutic intervention.

• Age is an independent and critical factor in the development of essential/primary hypertension, a
polygenic disorder with a variety of environmental determinants including diet (especially salt),
body mass/obesity.

• A variety of genes involved in arterial remodeling pathways, intracellular signaling and the renin-
angiotensin pathways have been identified which have modest effects at best on the development
of hypertension and which are often modulated by environmental factors and population-specific
indicating the presence of substantial gene-gene (e.g., modifier genes) and gene-environment
interactions in defining hypertensive phenotype.

• Hypertension may also cause accelerating aging including endothelial and endothelial progeni-
tor cell (EPC) senescence and increased apoptosis and cell death leading to arterial and cardiac
remodeling.
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Chapter 9
Metabolic Syndrome, Diabetes and Cardiometabolic
Risks in Aging

Overview

Two related chronic disorders metabolic syndrome and diabetes can present with significant
microvascular and macrovascular complications including CAD, hypertension and atherosclero-
sis leading to increased morbidity and mortality in the elderly. While genetic, epigenetic and
environmental factors have been shown to underlie the etiology and progression of both these
increasingly epidemic disorders, a clear-cut and complete understanding of their precise role in
disease pathogenesis still remains undefined. Molecular analysis has begun to identify the generally
polygenic elements that constitute susceptibility risk and protective factors in both these disorders.
These studies have lead to increased focus on to the role(s) that vascular inflammation, altered
transcriptional programming and disturbed intracellular/metabolic signaling play in these disorders,
elements that are also markedly impacted upon in the elderly. This approach may lead to facilitate
earlier diagnosis of these disorders, improved treatment via more effective drugs and gene and
cell-based therapies and eventually to potential prevention or attenuation by gene profiling and
appropriate counseling.

Introduction

The metabolic syndrome (MetSyn) is a term used to describe a clustering of metabolic risk factors
that have been found to occur in an individual more than by chance alone. This clustering of cardio-
vascular risk factors has become much more prevalent in the general population and appears to be
associated with an increasingly sedentary society and a global epidemic of obesity and diabetes [1].
The following are the components of this syndrome:

– insulin resistance
– central obesity
– atherogenic dyslipidemia
– hypertension

It is now recognized that there are many other conditions and findings associated with this syn-
drome such as renal disease, elevation in inflammatory markers, and polycystic ovarian syndrome.
Moreover, MetSyn is characterized by chronic inflammation and thrombotic disorder contributing
to endothelial dysfunction and, subsequently, to accelerated atherosclerosis and coronary artery
disease (CAD). Underlying the pathological link of metabolic syndrome to these cardiovascular
diseases (CVDs) is the inflammation in the vasculature accompanied by atherogenic dyslipidemia
including the combination of hypertriglyceridemia, low levels of high-density lipoprotein cholesterol
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(HDL-C), and a preponderance of small, dense low-density lipoprotein (LDL) particles, critical
components of the syndrome. Furthermore, it has become increasingly recognized that a primary
factor by which obesity acts as a central component in the development of MetSyn is the production
by adipose cells of bioactive substances that directly influence insulin sensitivity and vascular injury.
Given that many of the components of the syndrome are also recognized cardiovascular risk factors,
it is not surprising that individuals with MetSyn have up to a five-fold increased risk of developing
early atherosclerotic heart disease [2], and hence the term cardiometabolic risks.

The Metabolic Syndrome and the Concept of Cardiometabolic Risks

Although it has just been in the past decade that the concept of a “metabolic syndrome” has been
popularized, components of this syndrome have been described for close to a century. Previous
names used to describe this condition include Syndrome X [3], insulin resistance syndrome [4],
hypertriglyceridemic waist [5] and the deadly quartet [6]. One of the first physicians to describe
features of the syndrome was Kylin, who in 1923 described the coexistence of hypertension, dia-
betes and hyperuricemia, and proposed there was a common mechanism for the development of
these conditions. A number of years later, Vague first described an association between upper body
adiposity (android phenotype) and the development of diabetes, hypertension, gout and atheroscle-
rosis. In 1988, Reaven hypothesized that insulin resistance was the common etiological factor in this
clustering of metabolic disorders and referred to it as Syndrome X [4]. He also pointed out that these
patients were at increased risk for the development of atherosclerosis.

In recent years, there have been different criteria proposed for diagnosing an individual with the
metabolic syndrome, as illustrated in Table 9.1.

While these definitions all have common elements that include parameters for obesity, hyperten-
sion, dyslipidemia and impaired glucose tolerance, there are significant differences between them.
The World Health Organization (WHO) was the first group to formally define this syndrome in
1998 [7]. Similar to the European Group for Insulin Resistance (EGIR) definition [8] and the Amer-
ican Academy of Clinical Endocrinologists (AACE) definition [9], the WHO definition mandates
that patients must demonstrate evidence of insulin insensitivity to meet their criteria for the MetSyn.
Unlike the WHO definition that includes patients with overt diabetes, the latter two definitions do
not apply to patients once they develop type-2 diabetes.

Other diagnostic criteria have been proposed that do not mandate insulin insensitivity to be
present in order to be diagnosed with the metabolic syndrome, including definitions from the
National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) [10] and the
International Diabetes Federation (IDF). While the NCEP ATP III allows any 3 of 5 diagnostic
criteria to be present, the IDF requires the demonstration of central obesity in addition to two other
criteria. In addition, the IDF have recommended different waist measurements to define abdominal
obesity based on ethnic background. For example, for individuals of European origin, waist cir-
cumferences ≥ 94 cm in men and ≥ 80 cm in women should be used to define abdominal obesity.
Asian populations (excluding Japanese) should use waist circumference thresholds ≥ 90 cm and
≥ 80 cm for men and women respectively. For Japanese, they recommend using a waist circumfer-
ence ≥ 85 cm in men and ≥ 90 cm in women respectively.

The American Heart Association (AHA) and the National Heart, Lung and Blood Institute
(NHLBI) have published new criteria for the diagnosis of the metabolic syndrome that largely uses
the NCEP ATP III definition, with some minor modifications (included in Table 9.1) [11]. The
major difference here is a lower threshold for impaired fasting glucose, which corresponds to the
AHA criteria for impaired fasting glucose. Therefore, using this definition, patients meet the criteria
for the metabolic syndrome if any 3 out the 5 criteria are met. A caveat to this is for individuals
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Table 9.1 Criteria used in clinical diagnosis of metabolic syndrome

Clinical
measure

WHO 1998 IDF 2005 NCEP ATP III
2003/AHA/NHLBI 2004

AACE 2003 EGIR 1999

Insulin
resis-
tance

Any 1 of the
following:

• Type 2 diabetes
(T2D)

• Impaired fasting
glucose (IFG)

• Impaired glucose
tolerance (IGT)
plus any 2 of the
following

None None IGT or IFG
plus any
of the
following

Plasma insulin
>75th
percentile plus
any 2 of the
following

Body
weight

BMI >30 kg/m2 or
waist:hip ratio:

>0.9 in men
>0.85 in women

Waist
circumference-
ethnicity
specific (plus
any 2 of the
following)

Waist circumference-
≥102 cm (≥40 ") in men;
≥88 cm (≥35 ") in women;

BMI >25
kg/m2

Waist
circumference
≥94 cm in
men or ≥80
cm in women

Lipid TG
>150 mg/dl
HDL-C
<35 mg/dl in men
<39 mg/dl in
women

TG
>150 mg/dl
HDL-C
<40 mg/dl in
men
<50 mg/dl in
women

TG
≥150 mg/dl
HDL-C
<40 mg/dl in men
<50 mg/dl in women or on
drug treatment for elevated
TG or HDL-C

TG
>150 mg/dl
HDL-C
<40 mg/dl
in men
<50 mg/dl
in women

TG
>150 mg/dl
HDL-C
<40 mg/dl in
men
<50 mg/dl in

women
Blood

Pres-
sure
(BP)

≥140 mmHg
systolic BP; ≥90
mmHg diastolic
BP or on drug
treatment for HT

≥130 mmHg
systolic BP;
≥85 mmHg
diastolic BP

≥130 mmHg systolic BP;
≥85 mmHg diastolic BP
or on drug treatment for
HT

≥130
mmHg
systolic
BP; ≥85
mmHg
diastolic
BP

≥140 mmHg
systolic BP;
≥90 mmHg
diastolic or on
drug treatment
for HT

Glucose Fasting plasma
glucose ≥110
mg/dl; IGT, IFG
or T2D

Fasting glucose
≥100 mg/dl

≥100 mg/dl or on drug
treatment for elevated
glucose

IGT or IFG
(but not
diabetes)

IGT or IFG (but
not diabetes)

Other risk
factors

Urinary albumin
excretion rate 20
μg/min or albu-
min:creatinine
ratio 30 mg/g

Family history of T2D, HT
or CVD, polycystic ovary
syndrome; Sedentary
lifestyle, age, ethnic
groups having high risk
for T2D or CVD

TG, triglyceride; HDL-C, high density lipoprotein cholesterol; HT, hypertension; BMI, body mass index;T2D, type 2
diabetes; IFG, impaired fasting glucose; IGT, impaired glucose tolerance.

of Asian descent or with other conditions associated with the metabolic syndrome not included in
the standard definition (for example polycystic ovary disease, elevated C-reactive protein > 3 mg/L,
fatty liver, elevated total apolipoprotein B). If these individuals have a moderately increased waist
circumference (94–101 cm for men, 80–87 cm women) and 2 additional ATP III/AHA criteria,
consideration should be made to manage them in the same fashion as people with 3 ATP III/AHA
risk factors.

The association of visceral adipose tissue with incident MI in older men and women was evalu-
ated in the Health, Aging and Body Composition Study [12], in which 1,116 men and 1,387 women
aged 70–79 years were followed. Analysis of the 71 myocardial infarction (MI) events observed
in elderly men revealed no association between incident MI and the adiposity or fat distribution
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variables. However, for elderly women, visceral adipose tissue was an independent predictor of MI,
hazard ratio (HR) 1.67, 95 % confidence interval (CI) 1.28–2.17. No association was found between
body mass index or total fat mass and MI events in elderly women. Furthermore, the association of
visceral adipose tissue with MI in women was independent of HDL-C, interleukin-6 concentration,
hypertension, and diabetes.

While the adverse effects of classical risk factors such as hypercholesterolemia, hypertension and
smoking are relatively well understood, increased understanding of the pathophysiology of CVD
has revealed new cardiovascular risk factors. Among these, abdominal obesity, low HDL-C, hyper-
triglyceridemia and the hyperglycemia associated with insulin resistance are all recognized criteria
for the diagnosis of MetSyn. However, a range of important novel risk factors or risk markers for
CVD is also associated with the metabolic syndrome, although not yet included within its defini-
tion. These include chronic, low-grade inflammation, and disturbances in the secretion of bioac-
tive substances from adipocytes (“adipokines”) that influence cardiovascular structure and function.
Adipokines that are elevated in abdominally obese subjects include pro-inflammatory molecules
such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) which play a critical role in
macrophage infiltration in atherosclerosis, reduce insulin sensitivity of adipocytes and can impact
the production of other inflammatory mediators including C-reactive protein (CRP) by the liver.
In contrast, another adipokine, adiponectin which is reduced in obese individuals particularly with
intra-abdominal obesity has a variety of cardioprotective actions including improving insulin sen-
sitivity and glycemic control, and several anti-atherogenic actions such as inhibition of endothelial
activation, reduced conversion of macrophages to foam cells, and inhibition of the smooth muscle
proliferation and arterial remodeling featured in atherosclerotic plaque development [13].

The cardiometabolic risk factors associated with MetSyn, whether included within its diagnostic
criteria or not, do contribute to the progression of atherosclerotic cardiometabolic disease and rep-
resent an important clinical entity inadequately addressed by current therapies. Clinicians therefore
need to extend routine systematic assessment from cardiovascular risk to cardiometabolic risk—that
is, risk for developing CVD and/or diabetes—and increase the understanding of the basic mecha-
nisms that regulate energy balance and metabolic risk factors.

The Effects of CB1 Blockade on Cardiometabolic Risk

The endocannabinoids are endogenous lipids capable of binding to two cannabinoid receptors (CB),
CB1 and CB2. These receptors belong to the G protein–coupled superfamily and were discovered
during investigation of the mode of action of delta9-tetrahydrocannabinol, an exogenous cannabi-
noid and an important component of Cannabis sativa, which they bind with high affinity [14].
CB1 is widely distributed in the Central Nervous System (CNS) including the hypothalamic nuclei
which are involved in the control of energy balance and body weight, as well as in neurons of the
mesolimbic system believed to mediate the incentive value of food [14], and is also expressed in
peripheral tissues [14]. On the other hand, CB2 is mainly expressed in immune cells and does not
appear to play a role in food intake [15]. At around the same time as CB1and CB2 was cloned, CB1
endogenous ligands, named endocannabinoids, were identified and synthesized. The most important
are anandamide and 2-arachidonoylglycerol (2-AG) [16]. The discovery of specific receptors and
their endogenous ligands therefore support the existence of an endogenous cannabinoid system.
Endogenous cannabinoids are lipids synthesized and released from neurons in response to membrane
depolarization. Following their release, their rapid inactivation is induced by specific enzymes [17].
Therefore, the endocannabinoid system serves as a general stress-recovery system.

Strong evidence exists that has helped establish the role of CB1 receptors in hunger-induced
food intake and energy balance. For example, CB1 activation may restore feeding in satiated ani-
mals [18], whereas CB1 receptor blockade decreases the rates of responding to food [19]. Recent
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data from animal models have provided solid evidence that genetically-induced obesity is accompa-
nied by chronic and intense activation of the endocannabinoid system [20]. Moreover, CB1 is also
present in peripheral organs, including adipose tissue and gastrointestinal system, major organs in
the regulation of energy metabolism [13, 21]. Indeed, CB1 receptor deficient mice have reduced
body weight, fat mass and activation of metabolic processes that are independent of reduced food
intake [22]. Furthermore, these CB1 receptor-deficient mice are resistant to diet-induced obesity
and the development of what in humans would be regarded as MetSyn [23]. CB1 receptor blockade
provides a novel approach to the management of multiple cardiometabolic risk factors by addressing
abdominal obesity and directly improving lipid and glucose metabolism and insulin resistance. The
discovery of rimonabant [24], the first specific CB1 receptor blocker, made it possible to understand
the many facets of the endocannabinoid system and set the stage for the development of novel
pharmacotherapeutic approaches to treat obesity.

Clinical Management and Trials with Metabolic Syndrome

The RIO programme enrolled over 6,600 subjects in an investigation of the impact of rimonabant on
cardiometabolic risk factors in an overweight/obese population. RIO-North America [25] and RIO-
Europe [26] were two-year studies that enrolled patients with body mass index (BMI) ≥30 kg/m2,
or BMI >27 kg/m2 with comorbid factors, such as hypertension and dyslipidemia. RIO-Lipids was
a one-year study designed to evaluate rimonabant in patients with untreated dyslipidemia [27]. In
addition, RIO-Lipids included measurement of additional parameters related to atherosclerotic risk,
including adiponectin levels, LDL particle size and density and CRP levels. RIO-Diabetes was a
one-year study conducted in overweight/obese patients with type-2 diabetics treated with metformin
or sulfonylurea [28]. The design of RIO-North America differed from the other RIO trials, in that
a second randomization was included after year one, with patients subsequently randomly allocated
to continue their original study therapy or switch to placebo. In this way, this trial evaluated the
effects of rimonabant on the change in cardiometabolic factors at one year, the maintenance of
these effects in the second year and the impact of discontinuing the drug. All 4 trials in the RIO
program utilized a randomized, double-blind, placebo-controlled, parallel group, fixed dose design.
A single-blind placebo run-in of four weeks, accompanied by a mild hypocaloric diet (600 kcal/day
energy deficit diet) preceded randomization which was maintained. In RIO-Europe and RIO-North
America, patients were randomized to receive placebo, rimonabant 5 mg, or rimonabant 20 mg
in 1:2:2 ratios. Patients in RIO-Lipids and RIO-Diabetes were also stratified before randomization
according to their triglyceride levels and antidiabetic treatment, respectively. Randomization to the
three treatment groups in these trials was carried out in a 1:1:1 ratio. Efficacy endpoints included
weight change (primary endpoint for RIO-North American and RIO-Europe), waist circumference
(WC), a marker of intra-abdominal adiposity, effects on lipids (e.g., HDL-C, triglycerides), glycemic
parameters and prevalence of MetSyn as defined by NCEP/ATPIII criteria. Majority of patients were
female in RIO-North America and RIO-Europe, while men and women were equally represented
in RIO-Lipids and RIO-Diabetes. Close to 90 % included in the 4 studies had abdominal obesity,
defined as a WC >102 cm (40”) for men and >88 cm (35”) in women, i.e. the diagnostic criterion
for abdominal obesity by NCEP/ATP III. In addition, in RIO Diabetes the patients had an average
glycosylated hemoglobin (HbA1c) of 7.5 % at screening. The presence of multiple cardiometabolic
risk factors was common at baseline in participants in the RIO programme [25]. Over half of the
populations of RIO-North America, RIO-Europe and RIO Diabetes had elevated lipids at baseline.
One quarter and two thirds of the patient populations had hypertension. A high proportion of the
overall study population had NCEP/ATPIII defined MetSyn at baseline (from nearly 35 % in RIO
North America to nearly 80 % in RIO Diabetes population) indicating the presence of multiple
cardiometabolic risk factors.
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Fig. 9.1 Effect of rimonabant on MetSyn in 3 RIO clinical studies
The graph shows the decline in patients’ body weight (in kg) in placebo-treated (P) and in patients treated with 20 mg
rimonabant(R) over a 52-week period in 3 independent RIO clinical trials, including the RIO European (RE), the RIO
Lipid (RL) and the RIO North American (RN) studies.

Results of RIO-North America, RIO-Europe and RIO-Lipids have been published, [25–27] and
the primary results can be summarized as depicted in Figs. 9.1 and 9.2. In obese subjects, CB1
receptor blockade with rimonabant resulted in:

– significant reductions in waist circumference and body weight
– significant improvement in metabolic profile including:

– increased HDL-C and decreased triglyceride levels
– improved insulin sensitivity
– improvement in HbA1c in type-2 diabetes
– significant decrease in the percent of subjects with MetSyn

– improvement in other metabolic and cardiovascular risk factors including:
– increased adiponectin
– decreased CRP
– improved small dense LDL particles profile

Cardiometabolic Risk Factor in the Elderly

Much less is known regarding cardiometabolic risks or the MetSyn in the elderly as few studies have
compared cardiometabolic risks and their impact between the young and the elderly. Conceivably, in
general the pathogenesis of the MetSyn in the elderly should be comparable to that in younger sub-
jects although there may be physiological alterations specific to the elderly that render these people
more prone to the development of MetSyn while on the other hand the impact of cardiometabolic
risks clinical outcome may also be different.
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Fig. 9.2 Rimonabant effects on selected MetSyn parameters
Shown are changes in waist circumference (cm), serum HDL-cholesterol level (HDL-C in % change), serum
triglyceride level (in % change) and systolic blood pressure (in mm Hg) obtained in 4 different RIO clinical studies
as indicated in the legend.
∗indicates p < 0.05; ns indicates non-significant changes compared to placebo.

Endogenous Sex Hormones and Metabolic Syndrome in the Elderly

Decline of both testicular and adrenal function with aging causes a decrease in androgen concen-
trations in the male [29]. Evidence from several studies has suggested that sex steroid hormones
are related to type-2 diabetes and vascular disease in elderly men [30, 31]. To study the association
between endogenous sex hormones and characteristics of the MetSyn, 400 independently living
men between 40 and 80 year of age were enrolled in a cross-sectional study in the Netherlands [32].
Serum lipids, glucose, insulin, Total Testosterone (TT), Sex Hormone Binding Globulin (SHBG),
estradiol (E2), and dehydroepiandrosterone sulfate (DHEAS) were measured. Bioavailable Testos-
terone (BT) was calculated using TT and SHBG. Body height, weight, waist-hip circumference,
blood pressure, and physical activity were assessed, smoking and alcohol consumption were esti-
mated from self-report and insulin sensitivity was calculated. The MetSyn was defined according to
the NCEP ATP III definition. Multiple logistic regression analyses demonstrated an inverse relation-
ship according to 1 standard deviation (SD) increase for circulating TT, BT, SHBG, and DHEAS
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with MetSyn. Adjusted mean for BT levels for 0, 1, 2, and 3 or more risk factors were 8.5, 8.3, 8.2,
and 7.6 nmol/L, respectively. The number of risk factors increased with lower circulating T, SHBG,
and DHEAS levels and with higher E2 levels. Exclusion of subjects with prevalent diabetes and CVD
did not change the observed estimates. Linear regression analyses showed that higher TT, BT, and
SHBG levels were related to higher insulin sensitivity. These findings therefore suggest that higher
testosterone and SHBG levels in aging males are independently associated with a higher insulin
sensitivity and reduced risk of the MetSyn, independent of insulin levels and body composition
measurements, suggesting that reduced sex hormones may play a role in the development of MetSyn
in elderly men.

Leptin and Metabolic Syndrome in the Elderly

Since leptin has been shown to be linked to adiposity and insulin resistance in middle-aged individ-
uals, studies have recently been initiated to examine the relationship between leptin and MetSyn in
the elderly [33, 34]. A recent study evaluated a potential independent relation between leptin and
the components of the MetSyn in 107 women aged 67–78 years with BMI ranging from 18.19 to
36.16 kg/m2 [33]. In all participants, BMI, waist and hip circumferences, body composition deter-
mined by dual energy X-ray absorptiometry, fasting, and 2-hour glucose, lipids, insulin, homeostasis
model assessment of insulin resistance (HOMA), systolic (SBP) and diastolic blood pressure (DBP)
and leptin levels were measured.

Significant correlation was found between leptin, BMI, waist circumference, fat mass, DBP, SBP,
cholesterol, triglycerides, insulin, and HOMA. After adjusting for age and waist circumference, and
for age and fat mass, leptin was significantly related to insulin levels, HOMA, and cholesterol. In a
stepwise multiple regression analysis using insulin levels or HOMA as dependent variables and age,
waist circumference, fat mass, leptin, blood pressure, cholesterol, and triglycerides as independent
variables, leptin entered the regression first, waist circumference second, and age third. Their data
demonstrate that leptin is related to indices of adiposity in elderly women, and leptin is significantly
associated with insulin levels, HOMA, and cholesterol, independent of age, body fat, and fat distri-
bution. Leptin, waist circumference, and age together explained 31 % and 33 % of insulin levels and
HOMA variance, respectively, in healthy elderly women.

In a study of 452 Italian men aged 65 and older enrolled in the Invecchiare in Chianti (InCHI-
ANTI) study, levels of a number of hormones including testosterone, SHBG, DHEAS, cortisol and
leptin were assessed for their relationship/association with MetSyn [34]. MetSyn as defined by the
ATP III criteria was present in roughly 16 % (73 men) and exhibited an inverse association with
SHBG and total testosterone levels, and a positive association with leptin (i.e., Log leptin was sig-
nificantly associated with each component of MetSyn). Other hormones assessed such as cortisol,
DHEAS, free and bioavailable testosterone, and IGF-1 were not found to be associated with MetSyn
in this cohort of elderly males.

Metabolic Syndrome and Oxidative Stress in the Elderly

Oxidized LDL (oxLDL) has been shown to play an important role in the pathogenesis of atheroscle-
rosis [35]. The generation of oxLDL arising from the oxidation of both lipid and protein compo-
nents of LDL is primarily attributed to the triggering of inflammatory pathways in several vascular
cell types. While obesity and dyslipidemia are particularly strong predictors of levels of oxLDL
in middle age individuals [36], a relationship of oxLDL with MetSyn in elderly individuals and
consequences with respect to incident CVD events has only recently been addressed. OxLDL was
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measured in plasma from 3,033 elderly participants in the Health, Aging, and Body Composition
study, to determine whether an association exists between MetSyn and oxLDL and to assess the risk
for CAD in relation to MetSyn and levels of oxLDL [37]. The presence of MetSyn was associated
with higher levels of oxLDL primarily due to a higher fraction of circulating oxLDL, even after
adjustment for LDL-C. Compared with those not having MetSyn, individuals with MetSyn had
twice the odds of having high oxLDL (>1.90 mg/dl) after adjusting for age, sex, ethnicity, smoking
status and LDL-C. Among those participants who had MetSyn at study entry, incidence of future
CAD events were 1.6-fold higher, after adjusting for age, sex, ethnicity, and smoking status. While
oxLDL was not an independent predictor of total CAD risk, those individuals with high oxLDL had
a significantly greater disposition to MI. Accordingly, MetSyn, a risk factor for CAD, is associated
with higher levels of circulating oxLDL that are associated with a greater disposition to atherothrom-
botic events.

Cardiac Remodeling and Insulin Resistance in the Elderly

An association between MetSyn, particularly the insulin resistance component, and left ventric-
ular hypertrophy (LVH) has been appreciated for some time, albeit primarily in middle-aged
men [38, 39]. These associations were examined in a cohort of 475 elderly Swedish men (including
157 hypertensives) over 70 years of age, followed over a 20 year period using echocardiography, oral
glucose tolerance test (OGTT), hyperinsulinemic euglycemic clamp, lipid and 24-hour ambulatory
blood pressure monitoring [40]. Analysis of the relationship between components of the insulin
resistance syndrome and left ventricular geometric parameters indicated that LV relative wall thick-
ness (RWT) was significantly related to clamp insulin sensitivity index, fasting insulin, 32–33 split
proinsulin, triglycerides, nonesterified fatty acids, OGTT glucose and insulin levels, waist-to-hip
ratio, body mass index, 24-hour blood pressure, and heart rate as shown in Table 9.2. On the
other hand, only 24-hour systolic blood pressure (directly), heart rate and OGTT 2-hour insulin

Table 9.2 Relationship between components of insulin resistance syndrome and parameters of left ventricular
geometry

Relative wall thickness LV mass index

r P r P

24-hour SBP 0.22 <0.0001 0.15 0.001
24-hour DBP 0.21 <0.0001 0.09 0.052
24-hour heart rate 0.17 0.0003 −0.14 0.003
Insulin sensitivity index −0.14 0.002 0.07 0.15
Fasting plasma glucose 0.08 0.08 −0.06 0.22
OGTT 2-hour glucose 0.13 0.005 −0.06 0.20
Fasting immunoreactive insulin 0.05 0.24 20.04 0.35
OGTT 2-hour immunoreactive insulin 0,07 0.10 20.1 0.03
Fasting specific insulin 0.11 0.02 0.009 0.57
Fasting proinsulin 0.07 0.14 0.03 0.47
Fasting 32–33 split proinsulin 0.1 0.03 0.11 0.12
Waist-to-Hip ratio 0.15 0.001 0.02 0.73
Body mass index (BMI) 0.17 0.0002 0.001 0.99
Serum non-esterified fatty acids 0.14 0.002 20.08 0.1
Serum triglycerides 0.11 0.01 0.07 0.12
Serum total cholesterol 0.04 0.33 0.02 0.71
LDL cholesterol 0.02 0.61 0.008 0.86
HDL cholesterol 0.02 0.62 −0.03 0.49

(adapted from Sundstrom et al. 2000) [40]
Significance differences of P<0.05 are shown in bold
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(both inversely) were significantly related to LV mass index (LVMI). Moreover, neither RWT nor
LVMI was significantly related to serum levels of total cholesterol, LDL-C, HDL-C, fasting plasma
glucose, immunoreactive insulin, proinsulin, 2-hour immunoreactive insulin level, or the AUC of
immunoreactive insulin at the OGTT.

Comparing subjects with various LV geometry (i.e., normal, concentric remodeling and concen-
tric and eccentric hypertrophy) revealed that several components of the insulin resistance syndrome
differed significantly between the 4 left ventricular geometric groups. In particular, the values of 24-
hour heart rate, waist-to-hip ratio, BMI, and 2-hour OGTT glucose level, were significantly higher
and clamp insulin sensitivity index was significantly lower in the concentric remodeling geometry
group than in the normal LV geometry group. In addition the 24-hour blood pressure (both SBP and
DBP) was significantly higher in the concentric hypertrophy group than in the normal LV geometry
group. These data therefore indicate that a number of the components of the MetSyn are related to
thick LV walls and concentric remodeling but less so to LV hypertrophy in elderly men.

Cardiometabolic Risk Factors and Cardiovascular Disease in the Elderly

The association between MetSyn components and the prevalence of ischemic heart disease were
investigated in a cross-sectional, community-based study of subjects aged 50–89 years (1015 men,
1259 women) [41]. In both sexes, significant positive associations were found between ischemic
heart disease as defined by resting electrocardiographic criteria and factors including age, sys-
tolic blood pressure, fasting and post-challenge hyperglycemia, total cholesterol/HDL-C ratio, and
triglycerides, whereas an inverse association with HDL-C was noted. Using factor analysis per-
formed separately for each sex, three uncorrelated principal components were identified in both
men and women, which contribute to the association between MetSyn variables and ischemic heart
disease.

These components include a central metabolic factor (comprised by BMI, fasting and nonfasting
serum insulin, and dyslipidemia including high serum triglycerides, and low HDL-C), a glucose
factor (including both fasting and nonfasting plasma glucose and which was independent of insulin
as represented in the metabolic factor), and a blood pressure factor (including both SBP and DBP).
In this cross-sectional study, all three factors were significantly and independently associated with
ischemic heart disease as was age. Moreover, in a multivariate logistic regression model with age
and sex, all three factors were significantly associated with ischemic heart disease as defined by
electrocardiogram criteria. These results suggest that in elderly subjects, the metabolic syndrome
can increase the risk of ischemic heart disease acting through different risk factors and by multiple
mechanisms, and that factor analysis may simplify the complex cluster of inter-related variables,
reducing the overall number of factors involved and making them more interpretable, with no sig-
nificant loss of predictive value

Metabolic Syndrome, Diabetes and Cognitive Decline in the Elderly

In the elderly, the complexity of the elements of the cardiometabolic risks may be of extra concern;
namely the potential for cognitive decline [42, 43]. In elderly subjects, elevated glucose levels have
not only been linked to the development of retinopathy, neuropathy, and nephropathy, but also to a
decline in cognitive abilities [44]. For example, in an analysis of a change in cognitive performance
among older adults according to glucose tolerance status it was found that older women with diabetes
mellitus had a 4-fold increased risk of a major cognitive decline on a verbal fluency test after 4 years
compared with nondiabetic women [45]. In an analysis of data from a 4-year randomized trial of
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raloxifene among 7,027 osteoporotic postmenopausal women (mean age, 66.3 years), women with
diabetes (n = 267) or with impaired fasting glucose (IFG), n = 290, showed an almost two-fold
decline in cognitive function compared to women with normal glucose levels [46]. Furthermore,
the results of longitudinal studies suggest that diabetes is an independent risk factor for cognitive
decline and dementia [47, 48]. In a prospective population-based cohort study among 6,370 elderly
subjects, followed for 2 years (on average), diabetes mellitus almost doubled the risk of dementia and
Alzheimer disease [48]. Interestingly, patients treated with insulin were at highest risk of dementia.

In addition, recent brain imaging studies using magnetic resonance imaging (MRI) have shown
that both lacunar and cortical infarctions were more common and cortical atrophy more pronounced
among elderly diabetic patients supporting the notion that the increased risk of cognitive decline and
dementia in elderly subjects with diabetes is due to dual pathology, involving both cerebrovascular
disease and cortical atrophy [49]. Similar findings of an increased association of type 2 diabetes
with markers of brain aging detectable by MRI, including infarcts, lacunes, and white matter hyper-
intensities as markers of vascular damage and hippocampal atrophy as markers of neurodegenera-
tion were recently reported in a population of older Japanese men (described further below) in the
Honolulu-Asia Aging Study [50]. Subjects with type 2 diabetes had a moderately elevated risk for
lacunes and hippocampal atrophy and had a two-fold increase in risk for both hippocampal atrophy
and lacunes/infarcts compared with those without type 2 diabetes.

Therefore, investigators have found a significant link between the presence of type 2 diabetes
or pre-diabetes and an elevated risk for cognitive impairment and dementia in elderly populations.
While several studies have demonstrated that older women are particularly targeted, others have
shown that elderly males are also significantly affected. Studies with co-twin control method have
been shown to improve on traditional case-control approaches by controlling for within-twin pair
similarities of genetic and early environmental influences. Cognitive decline was studied over a
12-year period in members of the National Academy of Sciences-National Research Council Twin
Registry of World War II male veterans, with respect to potential association of diabetes, hyper-
tension, hypercholesterolemia, and elevated BMI [51]. Difference in cognitive decline within twin
pairs discordant for the vascular risk factors were assessed while controlling for baseline differences
in education, smoking, and alcohol history. Among twin pairs discordant for diabetes (n = 177), the
diabetic twins significantly declined cognitively compared to their nondiabetic co-twins (p = 0.018).
Moreover further analyses showed that this was in large part due to greater decline among older men
(age 76–84 years). Interestingly, cognitive change was not significantly different between members
of pairs discordant for hypertension (n = 326), hypercholesterolemia (n = 282), or elevated BMI.
This study based on the analysis of male twin pairs who share similar genetic and early environmen-
tal risks for cardiovascular risk factors confirmed that diabetes is associated with greater cognitive
decline, particularly among the oldest men.

The Honolulu-Asia Aging Study (HAAS) examined the long-term association between the car-
diometabolic syndrome at middle age and the risk of dementia in old age [52]. The HAAS was
based on a cohort of Japanese-American men followed since 1965. The original cohort included
8006 Japanese-American men who were born between 1900 and 1919 and were living on the island
of Oahu, Hawaii, in 1965. Cardiometabolic risk factors were assessed at baseline when the men
were aged 45–68 years. Screening for dementia took place in 1991–1993, when the men ranged in
age from 71–93 years. Of the 4678 men who were still alive at that time, 3734 (80 %) participated in
the dementia prospective case-finding cohort. Cardiovascular metabolic risk factors were measured
at baseline (1965) and included the following: BMI, subscapular skinfold thickness (in millimeters),
diastolic and systolic blood pressure, random post-load glucose, random triglycerides, and total
cholesterol, and Z scores were calculated for these seven factors. Dementia was diagnosed in 215
men, according to international criteria, and was based on a clinical examination, neuropsychologi-
cal testing, and an informant interview. The relative risk of dementia was assessed after adjustment
for age, education, occupation, alcohol consumption, and cigarette smoking. The z-score sum was
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higher in demented subjects than in non-demented subjects, indicating a higher risk factor burden;
per SD increase in the z-score sum, the risk of dementia was increased by 5 %. The z-score sum was
specifically associated with vascular dementia but not with Alzheimer’s disease. Findings from the
HAAS therefore suggested that the clustering of cardiometabolic risk factors increased the risk of
dementia primarily of vascular origin.

To examine the issue of whether the presence of the MetSyn, using NCEP ATP criteria, accel-
erates the rate of cognitive decline and the emergence of dementia in the elderly and whether this
association is mediated by inflammation, Yaffe and colleagues [53] conducted a 5-year prospective
observational study that included 2632 elderly subjects (mean age 74 years), 1016 of whom met the
criteria for MetSyn [53]. Association of the MetSyn and high inflammation, defined as above median
serum level of IL-6 and CRP, was examined with changes in cognition assessed by the Modified
Mini-Mental State Examination (3MS) at 3 and 5 years. When compared with those without MetSyn,
elderly subjects with MetSyn accompanied by high levels of pro-inflammatory markers manifested
a 20 % increased risk for cognitive impairment. Elevated blood levels of IL-6 and CRP supported
the significant interaction between the presence of inflammation and MetSyn in the development
of cognitive impairment. Subjects with MetSyn and evidence of high inflammation experienced a
66 % increase in risk for cognitive impairment, when compared with subjects without MetSyn. In
contrast, the risk for cognitive impairment in subjects with MetSyn and low levels of inflammation
was similar to that seen in subjects without MetSyn. These findings support the hypothesis that the
MetSyn contributes to cognitive impairment in elders, primarily in individuals with high levels of
inflammation.

Several possible mechanisms may explain the association between the MetSyn and cognitive
decline including micro- and macro-vascular disease, inflammation, adiposity and insulin resis-
tance [43]. To examine whether markers of inflammation are associated with cognitive decline in
well-functioning African-American and white elderly subjects, 3,031 African-American and white
men and women (mean age 74 years) enrolled in the Health, Aging, and Body Composition Study
were studied [54]. Serum levels of IL-6, CRP and plasma levels of TNF-α were measured at base-
line; cognition was assessed with the 3MS examination at baseline and at follow-up. Participants in
the highest tertile of IL-6 or CRP performed significantly lower on baseline and follow-up 3MS and
declined over the >2 years compared with those in the lowest textiles. After multivariate adjustment,
3MS scores among participants in the highest tertile of IL-6 and CRP were similar at baseline but
remained significantly lower at follow-up. Those in the highest inflammatory marker tertile were
also more likely to have cognitive decline compared with the lowest tertile for IL-6 and for CRP. It
appears that serum markers of inflammation, especially IL-6 and CRP, are prospectively associated
with cognitive decline in well-functioning elderly subjects lending further support to the hypothesis
that inflammation is contributory to cognitive decline in the elderly. A recent longitudinal study by
these investigators with a large cohort of 1624 elderly Latinos has revealed that those subjects with
MetSyn at baseline (over 44 % of this cohort) showed a significant decline in cognitive function over
a 3 year period [55]. This association was especially pronounced in participants with MetSyn also
exhibiting a high serum level of inflammation. Interestingly, individual components of MetSyn were
not associated with cognitive decline indicating that a composite measure of MetSyn is a greater risk
for cognitive decline than its individual components. If MetSyn is associated with increased risk of
developing cognitive impairment, regardless of mechanism, then early identification and treatment
of these individuals might offer avenues for disease course modification.

MetSyn interacts with other conventional cardiovascular risk factors. ERIC-HTA was a cross-
sectional, multicenter study carried out in primary care, on non-diabetic hypertensive patients aged
55 or older aimed to assess the relationship among MetSyn, target organ damage and established
CVD [56]. In 8331 non-diabetic hypertensive patients (3663 men and 4668 women, mean age 67.7
years), the prevalence of MetSyn was 32.6 % (men: 29.0 %; women: 36.8 %). A linear association
was observed between a greater number of MetSyn components and a greater prevalence of LVH
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assessed by electrocardiogram, impaired kidney function and established CVD. In a multivariate
model, MetSyn in non-diabetic hypertensive patients was related to a greater prevalence of LVH,
impaired kidney function and established CVD, a relationship that persisted after stratifying by
gender. Thus, in elderly non-diabetic hypertensives, the presence of MetSyn may be independently
related to a greater prevalence of hypertensive target organ damage and established CVD, suggesting
a role of MetSyn as a cardiovascular risk marker in hypertension.

Genes Involved in Metabolic Syndrome

Numerous groups are seeking to identify key genes involved as risk factors in MetSyn with many
of the common polymorphic genetic variants showing some complicity/association with either the
overall syndrome or with some of its central components [57–89], as well as to establish presymp-
tomatic disease biomarkers [90]. Table 9.3 contains information concerning several of the candidate
genetic loci which have been examined for significant association with MetSyn and its components.

Insight into the understanding of MetSyn has come from recent studies of familial partial lipodys-
trophy (FPLD) as a potential model MetSyn. FPLD is a rare monogenic form of insulin resistance,
with a gradual evolution and marked recapitulation of key clinical and biochemical features of
MetSyn [91]. FPLD can be caused by mutations in either LMNA, encoding nuclear lamin A/C
(subtype FPLD2) [92–94], or PPAR-γ (subtype FPLD3), a transcription factor with a key role in
adipocyte differentiation and metabolic regulation [95, 96]. Most of the mutations in LMNA associ-
ated with FPLD2 are missense mutations localized near the 3′ end of the gene proximal to the DNA-
binding domain at the C terminus of the protein suggesting that a probable molecular pathogenic
mechanism elicited by these mutations involves their interaction with transcription factors or other
DNA-binding elements [97]. Interestingly, mutations in lamin A/C also cause cardiomyopathy and
Hutchinson-Gilford progeria syndrome (HGPS). Over a dozen mutations in PPAR-γ have been
implicated in FPLD3, some acting by a dominant-negative mechanism, others through haploinsuf-
ficiency. Dominant-negative mutations in PPAR-γ leading to MetSyn with severe hyperinsulinemia
and early-onset hypertension have also been reported (e.g., proline-467-leucine (P467L) [98]. More-
over, recent studies have described several mutations in the DNA-binding domain of human PPAR-γ
that lead to lipodystrophy and severe insulin resistance [99]. These mutant PPAR-γ proteins lack
DNA binding and transcriptional activity but can translocate to the nucleus, interact with PPAR-γ
coactivators and have been shown to inhibit coexpressed wild-type receptor. Expression of target
genes dependent on PPAR-γ was markedly attenuated.

About 50 % of FPLD patients do not have mutations in either LMNA or PPAR-γ suggesting
the potential involvement of either unidentified regulatory mutations, novel causative/pathogenic
sequences in these genes or undiscovered genetic loci [97].

Given the list of genetic factors that have thus far been implicated from association studies in
MetSyn, it is noteworthy that a good proportion are involved in transcription regulation including
the previously discussed LMNA, PPARs (α and γ), PGC-1, the forkhead transcription factor FOXC2
and the hepatic nuclear factor-4α (HNF- 4α).

Alterations in the abundance and activity of transcription factors can lead to complex dysregu-
lation of gene expression, which is pivotal in the generation of insulin resistance and its associated
clustering of coronary risk factors at the cellular or gene regulatory level. Members of the nuclear
hormone receptor superfamily – for example, peroxisome proliferator-activated receptors (PPARs),
PGC-1, RXR-α and sterol regulatory element-binding proteins (SREBPs) have all been implicated in
both insulin resistance and MetSyn. [100–102] In addition to their regulation by a host of metabolites
and nutrients, these transcription factors are also targets of hormones (like insulin and leptin), growth
factors, inflammatory signals, and drugs. Extracellular stimuli are coupled to transcription factors by
a variety of signaling pathways including the MAP kinase cascades. For instance, SREBPs appear to
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Table 9.3 Relationship of gene polymorphisms with respect to insulin resistance and MetSyn

Phenotype Variants (gene) Polymorphism Ref.

Insulin resistance, FPLD LMNA 1908C/T, R482Q, R133L, H566H 57–59
Body fat/insulin sensitivity; MetSyn Tyrosine

phosphatase 1β
(PTPN1)

Pro387Leu haplotypes 60–62

Insulin resistance/premature
CHD/obesity MetSyn

β3-adrenoceptor
(ADRB3)

Trp64Arg 63–65

Insulin resistance PPAR-α Leu162Val 66–67
Increased risk of MetSyn PPAR-γ Pro12Ala; 3 SNPs including P2

-689C>T, Pro12 Ala (C/G) and
1431C>T- act together not
independently

68–69
70

Improvement in IR after exercise PPAR-γ Pro12Ala 71
No significant association with overall

MetSyn or with insulin resistance;
↑ BMI with both Ala and T allele

PPAR-γ Pro12Ala C161T 72

No association with overall MetSyn,
IR or BMI but with other MetSyn
components (e.g., ↑ WHR and
DBP/HT)

PPAR-γ Pro12Ala 73

No association with MetSyn PPAR-δ 14 SNPs 74
Insulin resistance/MetSyn β2-adrenoceptor

(ADRB2)
Arg16Gly 75

Association with MetSyn PGC-1α Gly482 Ser 76
Not associated with MetSyn but with

some MetSyn components (e.g., ↑
WHR and SBP/HT)

PGC-1α Gly482 Ser 77, 73

Association with Met Syn Fatty acid binding
protein 2 gene
(FABP2 )

Ala54Thr 78–81

No association with MetSyn in CHD
patients

FABP2 Ala54Thr 82

Association with MetSyn Adiponectin
(APM1)

I164T 83

No association with IR or MetSyn Transcription factor
7-like 2 (TCF7L2)

Two SNPs rs12255372 and rs7903146 84–85

No association with MetSyn Ghrelin Leu72Met 86
Association with BMI + MetSyn FOXC2 −512C>T 87
Association with MetSyn Hepatic nuclear

factor-4α
(HNF-4α)

2 haplotypes containing 5 intronic
SNPs

88

Association with MetSyn APOC3 C-482T + T-455C 79,8089

be substrates of MAP kinases and have been proposed to play a contributory role in the development
of cellular features belonging to lipid toxicity and MetSyn [100]. Therefore, MetSyn appears to be
not only a disease or state of altered glucose tolerance, plasma lipid levels, blood pressure, and body
fat distribution, but rather a complex clinical phenomenon of dysregulated gene expression.

In addition, variants of genes encoding protein components of intracellular metabolic signal-
ing pathways including fatty acid binding protein (FABP2), adiponectin, tyrosine phosphatase 1β
(PTPN1), apolipoprotein C (ApoC) and β-adrenergic receptor have also been implicated or associ-
ated with MetSyn.

These findings have suggested an important approach for the clinical management and treatment
of MetSyn [103–105]. Both PPAR-α activators such as the fibric acid class of hypolipidemic drugs
and PPAR-γ agonists including antidiabetic thiazolidinediones (TZDs) have proved to be effective
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for improving MetSyn. PPAR-α agonists, such as the fibrates, correct dyslipidemia, thus decreasing
CVD risk while PPAR-γ agonists, such as the glitazones, increase insulin sensitivity and decrease
plasma glucose levels in patients with diabetes. Moreover, both PPAR-α and PPAR-γ agonists exert
anti-inflammatory activities in liver, adipose and vascular tissues.

Diabetes in the Elderly

Diabetes is one of the most common chronic diseases affecting older persons in the US occurring
in 18 % of persons between 65 and 75 years of age and in as many as 40 % in individuals over 80
years of age. Both significant microvascular and macrovascular (including CAD and atherosclerosis)
complications arising from this disorder are a common cause of morbidity and mortality in both the
elderly and in minority populations [106, 107]. Though type 1 diabetes (T1D) and closely-related
autoimmune diabetes (LADA) can occur in the elderly, the most prevalent type in the elderly is
non-insulin-dependent type 2 diabetes (T2D).

Genes Associated with Diabetes

The genetic basis for diabetes has been a matter of increasing interest. In several rare forms of
diabetes including neonatal diabetes and maturity onset diabetes, a monogenic etiology has been
elucidated. As with more common forms of hypertension, the common types of diabetes (type 1
and 2) are polygenic; a large number of genes appear to be involved with extensive modulation by
environmental and epigenetic factors. We briefly describe several relatively rare monogenic forms
of diabetes, since their genes implicate important mechanisms that appear to be relevant to the more
common polygenic forms.

Several studies have identified discrete activating mutations in the KCNJ11 gene, which encodes
the Kir6.2 subunit of the sarcolemmal KATP channels that prevent its closure in the pancreatic β-
cells (and affect insulin secretion) as a primary cause of neonatal diabetes [108–111]. The mutated
KATP channels do not close in the presence of metabolically generated ATP and therefore the β-
cell membrane is hyperpolarized and insulin secretion does not occur. The degree of KATP channel
overactivity has been shown to correlate with the severity of the diabetic phenotype. Mutations in
channel properties of Kir6.2 that underlie transient neonatal diabetes (I182V) or more severe forms
of permanent neonatal diabetes (V59M, Q52R, and I296L) have been identified, which in all cases
result in a significant decrease in sensitivity to inhibitory ATP correlating with channel overactivity
in intact cells and increasing the KATP current, which inhibits β-cell electrical activity and insulin
secretion.

The targeted ATP-sensitive potassium channel couples membrane excitability to cellular
metabolism and is a critical mediator in the process of glucose-stimulated insulin secretion.
Importantly, these findings have proven applicable to studies of T2D. A number of KATP channel
polymorphisms have been described and linked to altered insulin secretion indicating that genes
encoding this ion channel could be susceptibility markers for T2D and that genetic variants of KATP

channels may underlie altered β-cell electrical activity, and glucose homeostasis, in addition to
increased susceptibility to T2D [112]. In particular, the Kir6.2 E23K polymorphism has been linked
to increased susceptibility to T2D in Caucasian populations [113]. As with many of the genetic
polymorphisms associated with diabetes, this polymorphism has also been associated with weight
gain and obesity, both of which constitute major diabetes risk factors. Mechanistically, it has been
proposed that the accumulation of long chain fatty acids in the plasma and in pancreatic β-cells
in obese and T2D patients elicit an enhanced stimulation of KATP channels containing subunits
encoded by the polymorphic Kir6.2 E23K allele [114].
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Moreover, loss-of-function mutations in the genes encoding the two subunits of KATP channels
which reduce KATP channel activity have been shown to lead to the most common form of congenital
hyperinsulinism, resulting in persistent and severe hypoglycemia [115]. Moreover, sulfonylureas,
which inhibit KATP channels, can enhance insulin secretion in type 2 diabetics. This has led to
their widespread use in treating patients who were insulin-dependent and provides an important
alternative treatment to the use of insulin injections with improved glycemic control.

Another type of monogenic subtype of diabetes, maturity-onset diabetes of the young (MODY)
is characterized by an early onset of T2D (usually presenting in children or young adults), including
some abnormalities of the β-cell function and an autosomal dominant inheritance with high pene-
trance [116]. MODY types represent less than 5 % of all cases of T2D. Thus far, mutations in six
genes have been described; these different gene mutations are associated with different clinical forms
of the disease. For instance, mutation in the GCK gene encoding glucokinase, a key regulatory gly-
colytic enzyme of the β-cell is found in MODY 2 patients. The other mutant loci present in MODY
1, 3, 4, 5, 6 respectively, include defects in specific transcription factors including the hepatocyte
nuclear factors-1α, -4 α and –1β (HNF-1α, HNF-4α and HNF-1β), the insulin promoter factor-
1 (IPF-1) and NeuroD [117–119]. Individuals harboring either of the two most frequently found
forms of MODY 2 display a more benign clinical prognosis with an elevated threshold for glucose
sensing resulting in mild, regulated hyperglycemia or impaired glucose tolerance with relatively few
cardiovascular complications. In contrast, subjects with MODY 3 (with defective HNF-1α) exhibit a
much more severe disorder, more typical of T2D and frequently require treatment with sulfonylurea
or insulin.

Other monogenic forms of T2D characterized by severe insulin resistance are the result of muta-
tions in genes encoding PPAR-γ (PPARG), Akt (AKT2), and the insulin receptor (INSR) [120–123].
These patients often develop discrete extra-pancreatic phenotypes such as lipid abnormalities or a
variety of cystic renal diseases.

Efforts to identify genes responsible for more common, polygenic forms of T1D and T2D dia-
betes have been less clear-cut than with the monogenic forms of this disorder. Moreover, despite
intensive research, there is still no definitive genetic test to diagnose T1D or T2D. Data obtained
from both animal and clinical studies have revealed multiple overlaps in the genes implicated in both
types of diabetes as well as in the pathogenic pathways including apoptotic remodeling. Notably,
both types of diabetes have been shown to be associated with significant damage to mitochondria in
pancreatic β-cells, liver and heart [124, 125].

Other genetically influenced traits like obesity and hyperlipidemia are strongly associated with
T2D. Interestingly, many of the risk factors implicated in the development of T2D, including weight
gain, lack of physical exercise and increasing age, are associated with an impaired mitochondrial
function. Furthermore, recent studies have suggested that mitochondrial bioenergetic dysfunction
largely underlies the defects in insulin responsiveness found in skeletal muscle and liver responsible
for insulin resistance [126], and for defects in glucose-stimulated insulin secretion by pancreatic
β-cells responsible for the progression to hyperglycemia [127–130].

In addition, several predisposition loci have significant influence on the susceptibility to T1D.
Multifactorial and polygenic T1D is strongly influenced by multiple genes controlling the immune
system, within the major histocompatibility complex primarily HLA-DQ and DR [131]. Another
well-characterized susceptibility locus is the insulin gene, including the variable nucleotide tan-
dem repeat locus within the regulatory region of the gene. This genetic variation affects the
expression of insulin in the thymus and may play a role in the modulation of tolerance to this
molecule [132]. Moreover, a significant autoimmune component has been identified in a large subset
of T1D cases, with measurable autoantibodies a useful diagnostic and prognostic marker [133]. In
addition, polymorphic variants of genes involved in signal transduction including the cytotoxic T
lymphocyte-associated molecule 4 (CTLA-4) [134], and the PTPN22 gene encoding the lymphoid
protein tyrosine phosphatase (LYP) [135], and in some populations, genomic variations of vitamin D
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metabolism and target cell action predispose to T1D. There is increasing epidemiological evidence
suggesting that vitamin D deficiency in early life increases the incidence of later onset autoimmune
diseases, such as T1D, in genetically predisposed individuals, and that high dose vitamin D supple-
mentation can be protective against its development in both animals and humans [136, 137].

In T2D, which accounts for about 85 % of all diabetic patients, the body either produces too little
insulin, or does not respond well to it. Forms of T2D tend to have a middle/late age of onset and
occur with both impaired insulin secretion and insulin resistance. While this type of diabetes might
be predicted to be induced by multiple gene defects specifically involved in insulin action and/or
insulin secretion, a rather large variety of other genes have been at least partially implicated in its
genesis as shown in Table 9.4 [138–188]. The majority of these genes identified thus far are involved
in intracellular and metabolic signaling (e.g., KCNJ11, adiponectin, IRS-1, FABP2, MTP, calpain
10) and with transcription regulation (e.g., HNF-1α, PPAR-γ, LMNA, TCF7L2, TFAP2B) not sur-
prisingly similar (and in a number of cases overlapping) to the previously presented list of genes
associated with MetSyn (see Table 9.3). In addition, polymorphic allelic variants of inflammatory
cytokines (e.g., IL-6, TNF-α) and of stress-response genes (e.g., MTHFR) have been associated
with the increased risk or protection against T2D. In a number of cases, there is strong evidence
indicating that the clinical manifestations and course of this disease is fostered by the interaction of
environmental and genetic factors, including frequent polymorphisms of many genes, not just one.

Table 9.4 Specific gene polymorphisms and diabetes

Phenotype Variants (gene) Polymorphism Ref

T2D Interleukin-6 (IL-6) C-174G, A-598G 138–139
T2D Methylenetetrahydrofolate reductase

(MTHFR)
677C>T 140–141

T2D, T1D Hepatocyte nuclear factor 1-α (HNF-1α)
also known as transcription factor 1
[TCF1]

I27L 142

T2D Transcription-factor-activating protein 2β
(TFAP2B)

Variable # of tandem repeats 143

T2D PGC-1α Thr394Thr 144–147
Not associated with T2D PGC-1α Gly482Ser 148–150
T2D TNF-α G-308 A allele 151–152
T2D SUR1/Kir6.2/(KCNJ11) E23K 153
T2D Calpain 10 (CAPN10) SNP44/ Thr504Ala, 3 intronic

SNPs43,19,63
154–158

T2D LMNA 1908C/T rs4641 159–160
Not associated with T2D LMNA Rs4641 H566H (rs4641) 161–162
T2D IRS-1 Gly972Arg 163–164
Not associated with T2D IRS-1 Gly972Arg 165
T2D/CAD Adiponectin (APM1) SNP exon 2 (45T/G) 166–168
T2D/CAD Adiponectin (APM1) SNP intron 2 (276G/T) 166–167,

169
T2D/CAD Adiponectin receptor (ADIPOR1) 3 SNPs at 3’ end, 3 intronic

SNPs
170–171

T2D FABP2 Ala54Thr 172–175
T2D PPAR-α Leu162Val 176–177
Not associated with T2D PPAR-α Leu162Val 178
T2D PPAR-γ Pro12Ala Ala reduces risk 179–182
Not associated with T2D PPAR-δ Several SNPs 74
Lower incidence of T2D Microsomal triglyceride transfer protein

(MTP)
I128T 183

T2D Transcription factor 7-like 2 (TCF7L2) Several positive haplotypes and
one protective haplotype

84–85,
184–188

Type 2 diabetes: T2D; CAD: Coronary artery disease
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These polymorphisms may be localized in the coding or regulatory parts of the genes and are
present, although with different frequencies, in both patients as well as healthy individuals. More-
over, some of the polymorphic alleles affect specific clinical presentation more so in the elderly
individuals. For instance, elderly individuals carrying the T allele of the TCF7L2 with diabetes
tended to have poorer renal function (reduced 24-hour creatinine clearance), and possibly more
retinopathy but fewer metabolic syndrome features displaying smaller waist circumference, and
lower risk lipid profiles [85]. A large number of pathogenic mechanisms for T2D diabetes have
been proposed including increased non-esterified fatty acids, inflammatory cytokines, adipokines,
and mitochondrial dysfunction for insulin resistance, and glucotoxicity, lipotoxicity, and amyloid
formation for β-cell dysfunction.

Relationship Between Metabolic Syndrome and Diabetes

As suggested by the rather close overlap of predisposing genes, there is a very close relationship
between type 2 diabetes and MetSyn. This is further supported by the presence of most of the com-
ponents of MetSyn in over 75 % of patients classified as prediabetic. According to one perspective
championed by Grundy [189], the MetSyn has two underlying primary risk factors insulin resistance
and obesity (the latter attributed to the recent remarkable increase in MetSyn incidence); exacerbat-
ing factors include physical inactivity, advancing age, endocrine and genetic factors which result
in progressive disease which can culminate in several outcomes including atherosclerotic CVD,
CVD with type 2 diabetes or type 2 diabetes alone (as shown in Fig. 9.3). The complications of
CVDs associated with MetSyn include cardiac dysrhythmias, HF and thrombotic episodes. Dia-
betic complications that can arise include renal failure, diabetic cardiomyopathy and neuropathy.

Fig. 9.3 Progression and outcome of metabolic syndrome (MetSyn)
Arising largely from abdominal obesity, MetSyn develops further with multiple added metabolic risk factors and
with aging. Many MetSyn subjects develop type 2 diabetes. MetSyn encompasses each stage in the development of
risk factors. As the syndrome develops, risks of atherosclerotic cardiovascular disease (CVD) and its complications
including increased cardiac dysrhythmia, heart failure and thrombosis. With diabetes, other diabetic complications in
addition to CVD develop.
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Several studies have demonstrated that when diabetes is not yet present, the risk for progression to
type 2 diabetes is greater than five-fold in subjects with MetSyn compared to subjects without the
syndrome.

Conclusion

While molecular analysis of factors involved in both MetSyn and diabetes has progressed rapidly
in a relatively short period, clearly much remains to be learned about the characterization of these
elements and the role that they play in disease pathogenesis. Findings from case-control association
studies remain often unclear due to population/individual heterogeneity, often underpowered studies,
and differences in both methodological approaches and even clinical end-points leading to frequent
conflicting findings. Further studies for both diseases are urgently needed in elderly populations
for which there is often limited data; the increased use of gene profiling and increased availability
of age, gender and ethnic-based findings on gene expression should also prove useful in further
understanding the effects of specific gene variants on the expression of these diseases in elderly
individuals.

While this information should eventually provide the clinician with important pharmacogenetic
and nutrigenomic tools to improve treatment and disease management at an individualized level,
novel strategies for disease prevention and reversal may also be in the cards. In addition to improved
drugs, new techniques for gene and cell based therapies may also be employed as suggested by
findings in animal models. For instance, recent studies in a rat model of MetSyn caused by leptin
insufficiency and abnormal fat accumulation have shown that the single central administration of
a recombinant adeno-associated virus vector containing the gene encoding leptin severely depleted
fat and ameliorated the major symptoms of MetSyn for extended periods in rodents [190]. In addi-
tion, endogenous hematopoietic stem cells have been deployed to regenerate pancreatic β-cells and
produce insulin which may be helpful in targeting autoimmune diabetes [191]. Other cell-based
approaches include the engineering of extrapancreatic cells (using a patient’s somatic cells) to
secrete insulin [192]. While some of the techniques may take many years of testing before they can
be implemented on a clinical level, other less-invasive approaches including metabolite modulation
targeting glucose and fatty acid uptake and utilization pathway components may also be incorporated
into treating these disorders [193]. The use of fibrates and PPAR agonists, β-adrenergic blockers
and fatty acid oxidation inhibitors in redirecting bioenergetic pathways have also shown promise in
treating cardiovascular disorders and diabetes as well as MetSyn [194–198]. Again, the impact of
these approaches needs to be further gauged in the elderly.

Summary

• The increasingly prevalent metabolic syndrome (MetSyn) involves the clustering of several phe-
notypes including hypertension, insulin resistance, atherogenic dyslipidemia and obesity.

• Other conditions and findings associated with this syndrome include renal disease, elevation in
inflammatory markers, and polycystic ovarian syndrome.

• MetSyn is also characterized by chronic inflammation and thrombotic disorder contributing to
endothelial dysfunction and, subsequently, to accelerated atherosclerosis and coronary artery dis-
ease (CAD). Individuals with the metabolic syndrome have up to a five-fold increased risk of
developing early atherosclerotic heart disease.

• Underlying the pathological link of MetSyn to these CVDs is the inflammation in the vasculature
accompanied by atherogenic dyslipidemia including the combination of hypertriglyceridemia,
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low levels of HDL-C, and a preponderance of small, dense low-density lipoprotein (LDL) parti-
cles, critical components of the syndrome.

• It has become increasingly recognized that a primary factor by which obesity acts as a central
component in the development of MetSyn is the production by adipose cells of bioactive sub-
stances (e.g., adipokines) that directly influence insulin sensitivity and vascular injury.

• Blockade of the receptors (e.g., CB1 receptor) of endogenous cannabinoids with agents such
as rimonabant provides a novel approach to the management of multiple cardiometabolic risk
factors and MetSyn by addressing abdominal obesity and directly improving lipid and glucose
metabolism and insulin resistance.

• In the elderly, MetSyn has been shown to be associated with increased cardiac remodeling as well
as modulated in part by changes in leptin and endogenous hormones.

• Both MetSyn and diabetes have significant effects on cognitive function and dementia which are
particularly evident in the elderly.

• The identification of contributory genes and biomarkers in MetSyn is underway and has begun to
allow the identification of the pathways involved in disease onset as well as therapeutic targets.
These include transcriptional factors (e.g., LMNA, PPARs, PGC-1, FOXC2 and HNF-4α), lipid
pathway factors (e.g., FABP2, APOC3) and metabolic signaling components (β-AR, PTPN1).

• Diabetes affects nearly 20 % of people between 65 and 75 years of age and as many as 40 % over
80 years of age. Though type 1 diabetes (T1D) and closely-related autoimmune diabetes (LADA)
can occur in the elderly, the most prevalent type in the elderly is non-insulin-dependent type 2
diabetes (T2D).

• Both type 1 and 2 diabetes are polygenic disorders which involve the interaction of several
polymorphic gene variants, which are gradually being identified with environmental risk factors
including stressors, neurohormones and dietary factors.

• Gene variants affecting T2D presentation include intracellular and metabolic signaling factors
(e.g., KCJN11, adiponectin, IRS-1, FABP2, MTP, calpain 10) transcription regulatory factors
(e.g., HNF-1α, PPAR-γ, LMNA, TCF7L2, TFAP2B), inflammatory cytokines (e.g., IL-6, TNF-α)
and stress-response genes (e.g. MTHFR).

• Metabolic therapy utilizing fibrates and agonists of PPAR, β-blockers and fatty acid oxidation
(FAO) inhibitors to redirecting bioenergetic pathway have also shown promise in treating cardiac
dysfunction and diabetes.

• Gene and cell-mediated therapy holds promise in treating diabetes and insulin resistance.
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Chapter 10
Gender and Cardiovascular Diseases in Aging

Overview

There are significant sex differences in the incidence and severity of cardiac defects in human
although the mechanisms underlying gender-specific differences in regard to CVD in aged human
remains poorly understood. A primary difference, that women develop heart disease later in life
than man has been largely attributed to the loss of protective female hormones at menopause [1].
However, Hormone Replacement Therapy (HRT) in menopausal women, both asymptomatic and
those with known coronary artery disease, have not generated consistent data regarding its poten-
tial benefits. Alternatives to HRT are been sought, and Selective Estrogen Receptor Modulators
(SERMs) with both estrogen antagonist effects in the breast and agonist effects in the heart that
appear to be clinically safe, have recently began to be used. These include raloxifene, tamoxifen,
and a third-generation derivative of SERMs, lasofoxifene. Notwithstanding the progress achieved so
far, further understanding of the molecular and cellular physiology of these compounds, and their
receptors in the heart of postmenopausal women is necessary. In this chapter the effect of gender
on the incidence and phenotypic characteristics of CVD in aging will be analyzed, and the potential
pathways that men and women seem to follow to achieve longevity will be discussed.

Introduction

Sex steroid hormones and their receptors mostly caused gender differences in cardiovascular (CV)
aging. Both transcriptional and non-genomic actions of estrogen and Estrogen Receptors (ER) have
been demonstrated to be critical determinants in cardiovascular physiology and disease. While less
well studied, evidence concerning the role and importance of testosterone and its receptors (PR and
AR) in cardiovascular regulation is only recently emerging. The specific molecular mechanism (s)
underlying the gender factor in the incidence and phenotypes of CVD remains poorly understood;
however, observations mainly derived from animal models have generated important information
on basic issues vital to the understanding of the effect of gender on the heart, such as molecular
signaling pathways, genetics, energy metabolism and post-injury repair. On the other hand, trans-
lating research data from animal models, mainly rodent, to human regarding the pathogenesis of
CVD and the response to different modulatory factors, such as aging and therapies has to be care-
fully and critically evaluated. From a clinical standpoint, sex differences in morbidity and mortality
have been primarily attributed to the earlier perceived protective actions of female hormones as
suggested by the increased cardiovascular risk in men and in women after menopause compared to
pre-menopausal women [2].

However, clinically and experimentally reported benefits of HRT have been challenged by
the negative outcomes in a number of recent large-scale clinical trials including the Heart and

J. Marín-García, Aging and the Heart, 307
C© Springer 2008



308 10 Gender and Cardiovascular Diseases in Aging

Estrogen/Progestin Replacement Study (HERS) and the Women’s Health Initiative (WHI) stud-
ies [3, 4]. A number of issues need to be resolved to clearly understand why there is sexual dimor-
phism in regard to CVD in aged human. While not denying the importance of research with animal’s
models, it is also imperative to generate more investigative studies in human where the molecular
and cellular mechanisms, and differences in cardiac phenotypes can be properly addressed.

Gender Effect/Mechanisms on Specific CVDs

Normally there are a number of differences between male and female hearts even in the absence of
pathology. For example, cardiac contractility is higher in women than men, in part due to estrogen
and ER-mediated changes in the levels and regulation of myocardial calcium-contractility coupling
proteins. Furthermore, women tend to maintain better myocardial mass. This is in part related
to existing differences in the myocardial expression of glycolytic and mitochondrial metabolic
enzymes, and/or to the prosurvival effects mediated by ERs and PI3K–Akt–dependent pathways
on cardiomyocytes [5].

Gender-specific differences also exist in cardiac electrophysiology, and in the myocardial
response to ischemic insult and heart failure (women are more protected against the former and
tend to have better cardiac function and survival in the latter). These differences can become more
pronounced with subjects exhibiting cardiac dysfunction and hypertrophy. For example, a recent
study found that while the basic mechanical performance of healthy isolated feline myocardium
was not significantly different between males and females under normal physiological conditions,
under physiological stress sex differences in myocardial function emerged, which may reflect
gender-specific differences in intracellular Ca2+ regulation in cardiomyocytes [6]. Vascular gender-
specific differences include changes in vascular tone and blood pressure, lipoprotein metabolism
and lipid accumulation, response to vessel injury, including angiogenesis, hemostasis and throm-
bosis – processes in which estrogen and ERs play a critical role. However, recent observations
suggest that testosterone and ART (androgen replacement therapy) may have a beneficial role
as well [1]. The increased vascular contraction observed in males, compared to females, is in
large part attributable to the impact of the sex hormones (estrogen, progesterone, and testos-
terone), albeit the mechanism is not clear [7]. For instance, gender-specific differences in rat
aortic contractility appear to be related to estrogen actions on both vascular endothelial (ECs) and
smooth muscle cells (SMCs) resulting in altered sensitivity to receptor-mediated stimulation with
norepinephrine [8].

Beyond the sex steroids and their receptors, other, genetic, inflammatory and environmental fac-
tors may play an important role in determining the gender-specific probability of achieving longevity.
Age-related immunoinflammatory factors increase during proinflammation, and the frequency of
pro/anti-inflammatory gene variants also shows gender differences. People genetically predisposed
to weak inflammatory activity may be at reduced chance of developing Coronary Artery Disease
(CAD) and may achieve longer life span if they avoid serious life-threatening infectious disease
throughout life [9].

The interaction of pathogens with the individual genotype, may determine the type and inten-
sity of the immune-inflammatory response responsible for both proinflammatory status and CAD.
In males more than in females there is an apparent stronger relationship between the genetics of
inflammation, successful aging, and the control of CVD. To know these facts is important since
females outlive males by approximately 10 %, and as pointed out by Candore et al. understanding
the different pathways that men and women seem to follow to achieve longevity, may help us to
understand better the basic underlying phenomenon of aging and the search for safe ways to increase
male, as well as female, life span [9].
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Furthermore, distinctive differences between male and female are well established in animal
models, e.g., Spontaneously Hypertensive Rats (SHR). Estrogen seems to preserve the NO-mediated
portion of flow/shear stress-induced dilation in female hypertensive rats resulting in a lower main-
tained wall shear stress in female than in male SHR. This lower wall shear stress may in part
contribute to the mechanism by which estrogen lowers systemic blood pressure and incidence of
CVDs in women. Moreover, according to Huang et al. in NO-deficient female rats and mice there
is an estrogen-dependent, cytochrome P450 (CYP)-mediated dilator responses to shear stress in
arterioles [10]. These investigators measured flow-induced dilation in isolated arterioles from N(G)-
nitro-L-arginine methyl ester (L-NAME)-treated male and ovariectomized female rats before and
after overnight incubation with 17β-estradiol and found that estrogen, via a receptor-dependent,
PI3K/Akt-mediated pathway, transcriptionally upregulates CYP activity leading to enhanced arteri-
olar response to shear stress.

Cell Death

Differences in life span between women and men may also be related to a better preservation of
myocardial structure in the female heart with aging; thus, the aging process may have a different
impact on the integrity of the myocardium in the two genders. Olivetti et al. in their study on
human gender differences and aging reported that the effect of age is different on the myocardial
integrity because compared to men, aging was accompanied by less myocyte cell loss, myocyte cel-
lular reactive hypertrophy and myocardial remodeling in women [11]. While subsequent studies by
Mallat et al. have not found that aging substantially influences the relative percentage of cardiomy-
ocyte apoptosis in normal human cardiac aging, they did confirm and extend Olivetti’ s finding of
increased apoptosis in men (3-fold higher than women) and that gender appears to be an important
determinant of the occurrence of apoptosis [12]. Moreover, the overall uncertainty concerning the
extent of apoptosis in the aging heart may be in part due to the occurrence of other ongoing modes
of cell death, which occur in the aging cardiomyocyte (e.g., necrosis, autophagy), commonalities
in their signaling pathways with apoptosis and methodological difficulties distinguishing between
them (as discussed in Chapter 4) [13–16]. Recent analysis of the effect of age and gender on apop-
tosis in the human coronary arterial wall revealed that apoptosis is not a key factor in aging of the
arterial wall [17].

Since cardiomyocyte apoptosis is in part determined by gender-associated components (e.g.,
estrogen/ERs), reversal of apoptosis and attenuation of its effects in cardiomyocyte function might
be mediated by modulating levels of these components in the cardiomyocyte. In studies of the effect
of 17β-estradiol on murine cardiomyocyte apoptosis in vivo and in vitro, Patten et al. found that
physiological E2 replacement reduces cardiomyocyte apoptosis after myocardial infarction (MI) in
ovariectomized female mice, and E2 treatment in vivo increased activation of the prosurvival kinase,
Akt, which preceded the reduction in cardiomyocyte apoptosis at 24 and 72 hours post-MI [5].

Age-Associated CVDs and Gender

Heart Failure (HF)

A number of gender-specific differences in both the etiology and pathophysiology of heart fail-
ure (HF) have been reported, underlying differences in the clinical presentation and course of the
syndrome. Some of these differences are thought to be linked to sexual dimorphism of myocardial
growth processes and myocardial calcium handling, as well as related to myocardial remodeling with
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age [18]. Moreover, both animal and clinical studies have demonstrated that other cardiovascular
conditions including hypertension also play a major role in the etiology of HF. Since the Renin-
Angiotensin-Aldosterone System (RAAS) and its effect on hypertensive pathophysiology exhibits
sexual dimorphism in the aging rat, modulation of the RAAS by estrogens may be contributory in
mediating specific differences between pre- and post-menopausal females and males [19, 20].

Studies in human and animals suggest that estrogen receptors participate in the development of
myocardial hypertrophy and HF. Changes in human myocardial estrogen receptor α (ERα) expres-
sion, localization, and association with structural proteins have been found in end stage-failing
hearts. Mahmoodzadeh et al. reported a 1.8-fold increase in ERα mRNA and protein in end-stage
human dilated cardiomyopathy (DCM), as compared with controls [21]. ERα was visualized by
confocal immunofluorescence microscopy and localized to the cytoplasm, sarcolemma, intercalated
discs and nuclei of cardiomyocytes. Also colocalization of ERα with β-catenin at the intercalated
disc in control hearts and immunoprecipitation studies confirmed complex formation of both pro-
teins. On the other hand, ERα/β-catenin colocalization was lost at the intercalated disc in DCM
hearts. These findings suggest that ERβ/β-catenin colocalization in the intercalated disc may be of
functional relevance and a loss of this association may play a role in HF progression.

In experimental models of alcoholic cardiomyopathy, sexual dimorphism was recently demon-
strated by the significant thinning of the ventricular wall and intraventricular septum, with dimin-
ished levels of myocardial protein synthesis, in response to chronic alcohol consumption in male but
not female rats [22]. The decreased protein synthesis underlying the loss of cardiac mass was asso-
ciated with limitation of mRNA translation, due to a decline in the phosphorylation and activation of
a specific eukaryotic initiation factor (eIF4G) and 4E binding protein (4EBP1), leading to reduced
assembly of an active eukaryotic initiation factor (eIF)4G/eIF4E complex and increased formation
of inactive 4E binding protein (4EBP1)/eIF4E complex.

Several clinical studies have shown that hypertrophic cardiomyopathy (HCM) has components
which exhibit sexual dimorphism. Studies examining gender-specific differences in left ventricular
cavity size, contractility and left ventricular outflow tract obstruction (LVOTO) in patients with
HCM found that females had higher LV contractility and smaller left ventricular cavity size, which
predisposed to LVOTO, whereas neither left ventricular cavity size or contractility were predictive
of LVOTO in the HCM of males [23]. Furthermore, these gender-specific differences with regards to
increased LV contractility and obstruction accompanied by higher fractional shortening in females
became more apparent in older patients [24].

Interestingly, in a study of 122 adult patients with obstructive HCM, female patients had smaller
interventricular septum thickness and less frequently systolic anterior movement of the mitral valve,
and they were significantly older than male patients (mean age 66.7+/−10.5 versus 54.8+/−12.5
years) [25]. Cross-sectional analysis of a cohort of 239 adult HCM patients (aged 18–91 years)
found a modest but statistically significant inverse relation between age and LV wall thickness that
was largely gender-specific [26]. Smaller degrees of LV hypertrophy was independently associated
with increasing age, and was statistically significant only for women. In a recent large-scale study
of 969 HCM patients to assess gender-related differences, women with HCM were significantly
under-represented, significantly older, more symptomatic than men, with higher frequency of left
ventricular outflow obstruction, and showed higher risk of progression to NYHA functional classes
III/IV or death from HF or stroke [27]. Interestingly, risk of sudden death, a potential consequence
of HCM, were similar in men and women.

From a clinical standpoint, the relationship of gender to phenotype and severity of CVD variably
affects different groups of the population. The Beta-Blocker Evaluation of Survival Trial (BEST)
study specifically targeted women in HF, because in previous clinical trials women have been under-
represented, and limitation of data in women had impeded a clear understanding of gender-related
differences in patients with HF [28].

The BEST study analyzed 2,708 randomized patients with NYHA class III/IV and with a left
ventricle ejection fraction (LVEF) ≤0.35 in response to bucindolol versus placebo. Women were
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younger, more likely to be black, had a higher prevalence of non-ischemic etiology, had higher
RVEF and LVEF, higher heart rate, greater cardiothoracic ratio, higher prevalence of left bundle
branch block, lower prevalence of atrial fibrillation, and lower plasma norepinephrine level. While
ischemic etiology and measurements of HF severity were found to be predictors of prognosis in
women and men, CAD and LVEF appear to be stronger predictors of prognosis in women. Among
non-ischemic patients, women had a significantly better survival rate compared with men. These
results support earlier findings of significantly enhanced gender-specific survival of women with
advanced, non-ischemic LV dysfunction [29–32].

Although the pathophysiologic mechanisms underlying why CVD is often delayed and less com-
mon in women than in men, and their overall survival advantage in HF have not yet been estab-
lished, the involvement of estrogens, β-adrenergic stimulation, RAAS, and a greater resistance to
cardiomyocyte apoptosis in females have been suggested as contributing factors [33]. Anversa and
al. have further probed the extent of myocyte cell death in HF and cardiac remodeling as a function
of gender [34]. Analysis of a small group of patients of both sexes in HF revealed that the level of
myocyte necrosis was 7-fold greater than apoptosis, although overall cell death was 2-fold higher
in men than in women. This gender-specific difference in myocyte cell death was primarily due to
differential apoptosis, which increased 35-fold in women and 85-fold in men. The lower degree of
cell death in women was associated with a longer duration of the cardiomyopathy, a later onset of
cardiac decompensation, and a longer interval between HF and transplantation.

On the other hand, Crabbe et al. did not observe gender-based differences in cardiac remodeling
among a cohort of 50 patients with idiopathic DCM [35]. However, among 50 patients with ischemic
cardiomyopathy, males exhibited significantly greater overall heart weight index, as well as a strong
trend toward increased LV mass index paralleled by increased myocyte volume (36 % greater in men
than in women) in association with a 14 % increase in resting cell length. These data suggested that
gender differences in cardiac remodeling in ischemic cardiomyopathy are mainly related to differ-
ences in cellular remodeling and that gender may influence the myocardial responses to ischemic
injury. Gender-related differences in the heart susceptibility to ischemia-reperfusion (I/R) injury are
well established and play an important role in cardioprotection against I/R injury in females, as we
shall discuss shortly [36–38].

It is generally accepted that ischemic heart disease is more prevalent in men than in women.
The remodeling of extracellular matrix (ECM) represents an integral structural correlate of HF of
ischemic origin, and the proliferation of cardiac fibroblasts is a critical factor in this myocardial
remodeling. Cardiac fibroblasts derived from male rats are more susceptible to hypoxia, as gauged
by diminished DNA synthesis, whereas fibroblasts from age-matched females are hypoxia-resistant
and this resistance is dependent on tyrosine kinase activation [39]. Estrogens, via estrogen-receptor-
dependent mechanisms, differentially alter the response of male and female cells to hypoxia. In
female cells the combined effect of hypoxia and estrogen led to inhibition of DNA synthesis,
whereas in male cells estrogen partially reversed the hypoxia-induced inhibition of DNA synthesis.

Myocardial and ECM remodeling in HF, including ventricular dilatation, also involves matrix
metalloproteinase (MMP) activation. An association between increased mast cell density, activation
of MMPs, and the initiation of cardiac remodeling by induced volume overload in male rats and dogs
has been demonstrated [40, 41]. In addition, chemically induced mast cell degranulation (either by
treatment with endothelin-1 or synthetic compound 48/80) resulted in MMP activation, extensive
collagen matrix degradation, and LV dilatation within 30 min in the isolated, blood-perfused heart
from male and ovariectomized female rats [42]. In contrast, hearts from intact females and estrogen-
supplemented ovariectomized females did not show the effects of these compounds on mast cell-
mediated MMP activation, ECM degradation and cardiac remodeling, likely reflecting an effect
on either mast cell composition or release of its contents, including the proinflammatory cytokine
TNF-α [43].

As previously discussed in Chapter 7, HF in both clinical and experimental studies is invariably
accompanied by abnormalities in Ca2+-handling that will decrease cardiac contractility, and gender
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can exert a significant effect on the timing and extent of changes in Ca2+ cycling. Dash et al. have
studied the potential contributory role of gender to altered SR Ca2+ cycling by gauging the levels
of SR Ca2+-ATPase (SERCA), phospholamban, and calsequestrin, as well as site-specific phospho-
lamban phosphorylation, in a mixed gender population of failing and donor hearts [44]. In failing
hearts, while phospholamban and calsequestrin levels were not altered, SERCA protein levels were
significantly reduced and phospholamban phosphorylation (at serine-16 and threonine-17 sites) was
attenuated in concert with decreased Vmax and affinity for SR calcium uptake. Analysis of gender
in failing hearts indicated male-specific attenuation of phospholamban phosphorylation at serine-16
and decreased Ca2+ affinity. Similarly, transgenic mice containing an overexpressed mutant phos-
pholamban allele which acts as a superinhibitor of SERCA affinity for Ca2+ showed extensive Ca2+

cycling changes, depressed contractility, LV remodeling and hypertrophy at 3 months, progressing
in males to DCM with extensive interstitial tissue fibrosis and death at 6 months [45]. Transgenic
females also exhibited ventricular hypertrophy at 3 months but exhibited normal systolic function up
to 12 months of age. These results suggest a critical relationship between defective SR Ca2+ cycling
and cardiac remodeling leading to HF, with a gender-dependent impact on the time course of these
alterations.

HF with normal ejection fraction (HF-NEF) is believed to be more common in aging women than
in men although the interaction of gender and age is not clear. Increases in vascular (Ea), ventricular
systolic (Ees), and ventricular diastolic (Ed) elastance (stiffness) appear to be all contributory to
the pathogenesis of HF with preserved ejection fraction (HF-nlEF). According to Regitz-Zagrosek
et al. [46] among the major risk factors for HF-NEF including hypertension, aging, obesity, diabetes,
and ischemia, hypertension is more frequent in women and is a likely gender-specific component
contributing to left ventricular and arterial stiffening, whereas ischemia appears to play a greater
role in men. Furthermore, these authors suggest that aging, diabetes and obesity affect myocardial
and vascular stiffness differently and can lead to different forms of myocardial hypertrophy in men
and women. Gender-specific differences in ventricular diastolic distensibility, in vascular stiffness
and ventricular/vascular coupling, in skeletal muscle adaptation to HF, as well as in the perception
of symptoms may contribute to a greater rate of HF-NEF in women. A number of molecular mecha-
nisms can contribute to the gender differences in HF-NEF, including differences in Ca2+ handling, in
the NO signaling pathway, and in natriuretic peptides. In addition, and as we have previously noted,
estrogen affects collagen synthesis and degradation and modulates the renin-angiotensin system.

Redfield et al. have hypothesized that ventricular-vascular stiffening may occur with age and
be more pronounced in women in the general community [47]. In their study of a cross-sectional
sample of 2,042 residents of Olmsted County, Minnesota (≥45 year old) using clinical data, Doppler
echocardiography, and blood pressure, they found that while Ea, Ees, and Ed all increased with age in
both men and in women, the age-related increase in Ees was more steep in women. When adjusted
for age, Ea, Ees, and Ed were more significantly increased in women than in men. Interestingly,
these findings were similar in individuals (n=623) without known or suspected CVD suggesting that
advancing age and female gender are associated with increases in vascular and ventricular systolic
and diastolic stiffness even in the absence of CVD. This combined ventricular-vascular stiffening
may contribute to the increased prevalence of HF-nlEF with age particularly in elderly women.

Furthermore, Masoudi et al. [48] have evaluated if women are more likely than men to have
HF with preserved Left Ventricular Systolic Function (LVSF) after adjustment for potential con-
founding factors including age. They carried out a large-scale cross-sectional study using data from
retrospective medical chart abstraction of a national sample of Medicare beneficiaries hospitalized
with the principal discharge diagnosis of HF in acute-care hospitals in the US between April 1998
and March 1999. Criteria for inclusion in this analysis were age (65 years or older), documentation
of LVSF status and corroborated HF diagnosis. Of the 19,710 patients included in the analysis,
preserved LVSF was present in 6,700 (35 %), 79 % of whom were women. In contrast, among the
12,956 patients displaying impaired LVSF, only 49 % were women. Patients displaying preserved
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LVSF were 1.5 years older than those with impaired LVSF. Even after adjustment for age and other
risk factors, a strong association was found between female gender with preserved LVSF, which was
consistent in all age groups, and similar in patients with or without CAD, hypertension, pulmonary
disease, renal insufficiency, or atrial fibrillation (AF). Therefore in elderly patients with HF, pre-
served systolic function is primarily a condition of women, independent of important demographic
and clinical characteristics.

Dysrhythmias

There are significant gender-based differences on cardiac rhythm and electrophysiology and on the
development of dysrhythmias. Mechanisms underlying these differences remain largely undefined
but are believed to involve gonadal steroids [49].

Recently, Kelley et al. have reported a large-scale analysis of electrocardiographic findings in a
targeted population of the oldest old individuals [50]. Retrospective analysis of electrocardiograms
of 888 individuals aged ≥90 years using standard criteria for 128 separate ECG findings revealed
that left ventricular enlargement (28 %), first-degree atrioventricular (AV) block (16 %), and AF
(15 %) were the most common abnormalities found in this cohort as a whole. Sinus rhythm was
observed in 79 % of the population. More Caucasians than African-Americans exhibited AF. While
women presented normal ECG findings more frequently than men, more women demonstrated com-
plete right bundle branch block. Thus, in this targeted population of the oldest old, the frequency of
certain ECG findings was significantly affected by both gender and race.

Although the precise causes of gender-specific differences in cardiac dysrhythmias are not yet
known, sex-specific variations in the electrophysiological structure of the heart and/or hormonal
effects on modulating ionic channel function may help to explain some of these differences. It is
generally accepted that from puberty on women show a higher basic heart rate as well as a longer
QT-interval, shorter QRS duration and lower QRS voltage than men. Women tend to have a higher
prevalence of sick sinus syndrome, inappropriate sinus tachycardia, AV nodal reentry tachycardia,
idiopathic right ventricular tachycardia (VT), and dysrhythmic events in the long-QT syndrome.
Men on the other hand tend to have a higher prevalence of carotid sinus syndrome, supraventric-
ular and reentrant VT due to accessory pathways, Wolff-Parkinson-White syndrome, ventricular
fibrillation and sudden death (women suffer only 20 % of sudden cardiac deaths) and the Brugada
syndrome.

AF is arguably the most frequent cardiac dysrhythmia encountered, is more prevalent in the
elderly and poses a risk factor for stroke and premature death. The presence of AF confers a five-fold
increased risk of stroke; a figure that may rise as high as 17 times in the presence of structural
heart disease, in particular mitral stenosis. While most investigators have suggested that AF is more
prevalent in men [51–53], the absolute numbers of men and women with AF are roughly equal, and
the associated morbidity and mortality experienced by women with AF appear to be worse [54].

A large-scale study (the Copenhagen City Study) investigated changes in AF prevalence in
a random elderly population (aged 50–89 years) at three time points (8,606 patients exam-
ined in 1976–1978, 8,943 patients examined in 1981–1983, and in 6,733 subjects examined in
1991–1994) [55]. This study found a significant increase in age-standardized AF prevalence among
men (from 1.4 % in 1976–1978 to 3.3 % in 1991–1994) whereas women showed a non-significant
decline in AF prevalence over time in these groups. This data suggest that the prevalence of AF
in men more than doubled from the 1970s to the 1990s, while it was unchanged in women. The
factors responsible for this remarkable gender-specific increase in AF prevalence have yet to be
identified. A subsequent study of cardiovascular events occurring over a 5 year follow-up period
with these subjects found that, after adjustment for age and co-morbidity, the effect of AF on the
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risk of stroke was 4.6-fold greater in women than in men. Similarly, the independent effect of AF
on cardiovascular death was 2.5-fold greater in women than in men confirming that AF is a much
more pronounced risk factor for stroke and cardiovascular death in women than in men [56].

Until recently the effect of patient gender on recurrence of AF after a successful direct current
cardioversion was unknown. Gurevitz et al. have reported that women were more likely than men to
have recurrence of AF after successful direct current cardioversion [57]. In their study they found
that at presentation, women were older and had a higher prevalence of hypertension and valvular
disease and worse mechanical left atrial appendage function compared with men. Furthermore, dys-
rhythmia recurrence was more prevalent in women. Although there was no difference in mortality,
patient gender was a significant predictor of dysrhythmia recurrence. Therefore, when making the
decision about cardioversion for AF, gender needs to be taken into account.

Furthermore, AF is predominantly a disease of advancing age whose prevalence rises markedly
from approximately 0.1 % at age 40, to 6 % at age 65, and 10 % at age 80 and older. The median
age for AF in the general population is 75. It might be expected that as the population ages, the
number of individuals developing AF will continue to rise. In addition, data from the Framingham
Heart Study suggest that the risk of stroke attributable to AF increases significantly with age, rising
from 1.5 % for those aged 50–59 years to 23.5 % for individuals aged 80–89 years. Moreover, as
pointed out by Camm without more effective therapeutic interventions, AF-related cardiovascular
and cerebrovascular morbidity and mortality will also continue to rise [58].

Strategies considered for AF include prevention of thromboembolism and stroke primarily with
anticoagulants and restoration and maintenance of sinus rhythm. Anticoagulation is highly effective
in preventing stroke in patients with AF, but the risk of hemorrhage may be increased in older
patients. The risks and benefits of antithrombotic therapy need to be carefully weighed in stroke
prevention in AF in older individuals, particularly in women. In a recent study of stroke prevention
using an oral thrombin inhibitor (the SPORTIF trials), the anticoagulant warfarin, of 3,922 subjects
with AF including 2,257 women, warfarin-treated women had a slightly higher rate of major and
minor bleeding than men, but gender did not appreciably influence rates of major bleeding arguing
in favor of anticoagulation for women with AF [59]. Compared with younger women, the elderly had
similar rates of major bleeding but slightly more overall bleeding than younger women, thus arguing
for anticoagulation of all age groups. Interestingly, in this study over half the female cohort was >75
years of age, a larger proportion than men. Similarly, in a prospective analysis of data from the large
AnT icoagulation and Risk factors I n AF (ATRIA) study cohort involving 13,559 patients, Wang
et al. found warfarin to be at least as effective for women in reducing the risk of thromboembolism
and ischemic stroke, if not more so, than in men [60]. Moreover, warfarin therapy did not pose
a greater risk of major hemorrhagic complications in women in this study, including intracranial
hemorrhage. In addition, women off warfarin exhibited significantly higher annual rates of throm-
boembolism than did men. These results suggest that warfarin treatment of AF has an overall net
benefit that appears to be greater in women compared with men. Nevertheless, more studies are
critically needed to confirm both the efficacy and safety of anticoagulant treatment of AF in elderly
women.

If AF recurs after one or two cardioversions, a rate control strategy may be a better alterna-
tive. Interestingly, markedly symptomatic patients who fail cardioversion may benefit from catheter
ablation therapy, which can cure AF and confer cardiovascular functional improvement. However,
as Camm noted, ablation therapy may not be appropriate for all AF patients and pharmacological
therapies will continue to have an important place in the management of AF.

Gender may also play a critical role in the choice of treatment for AF. As we have noted, women
with AF tend to be more symptomatic, and because it is frequently associated to HF the outcome
is usually worse. Rienstra et al. using data from RACE (rate control versus electrical cardioversion)
including 522 patients (192 females) found that at baseline women had more AF-related complaints
and their quality of life was worse than men, but similar cardiovascular morbidity and mortality
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after a 3 year follow-up [61]. On the other hand, women treated with randomized rhythm control
developed more end points, including HF, thromboembolic complications, and adverse effects of
antidysrhythmic drugs, compared with rate control randomized female patients and during follow-
up, the quality of life in women with either treatment approach remained worse compared to men.
Since treatment did not significantly change the quality of life in women, it was suggested that a
rate control strategy may be considered in these patients. Interestingly, there is little data concerning
characteristics of catheter ablation therapy in treating AF as a function of gender. In a recent study
of AF patients undergoing ablation therapy over a seven-year period from 1999 through 2005 it was
found that the great majority of patients undergoing this procedure were male suggesting a referral
bias against this invasive procedure for women [62].

The incidence of spontaneous complete AV block in elderly men and woman with impaired
intra-ventricular conduction was analyzed by Snyder et al. in a group of 144 consecutive patients
with symptomatic high grade AV block [63]. After excluding cases secondary to congenital heart
disease, acute MI, cardiac surgery or digitalis toxicity, AV conduction in the remaining 71 patients
was observed either intermittently during complete heart block (CHB) or in electrocardiograms
taken within two years prior to documentation of CHB. The mean age was 69 years, and although
the analyzed group was rather small, it is interesting to note that the observed peak incidence
was in the seventh decade for 43 men and the eighth decade in 28 women. A retrospective anal-
ysis of the medical literature dating from 1941 through 1993 identified 72 cases of torsades de
pointes (TdP) associated with acquired complete heart block (and unassociated with QT prolong-
ing drugs) [64]. The female prevalence among these patients with TdP during complete heart
block was greater (72 %) than expected suggesting increased susceptibility of females to these
events.

Ventricular dysrhythmias are more prevalent in aging men, mainly in association with CAD. In
a meta-analysis of 748 patients obtained from reviewing 68 articles, Nakagawa et al. found that
males had a marked prevalence of VT originating in the LV septum compared to females whereas
tachycardia originating in the right outflow tract was more prevalent in females [65].

On the other hand, TdP tachycardias occur more frequently in women, in conjunction with their
higher incidence of acquired and congenital long QT syndrome (LQTS). Furthermore, female gender
is an independent risk factor for syncope and sudden death in the congenital LQTS. In this regard, a
report by the International Long QT Syndrome Registry [66]. found that during childhood, the risk
of cardiac events was shown to be significantly higher in males than in females containing mutant
alleles in the KCNQ1 potassium channel gene (LQT1) whereas there was no significant gender-
related difference in the risk of cardiac events (e.g., syncope, aborted cardiac arrest, or sudden death)
among carriers of mutant alleles of the HERG potassium channel gene (LQT2) or of mutant SCN5A
sodium channel gene (LQT3) variants. However, during adulthood, female carriers of either LQT2
or LQT1 had a significantly higher risk of cardiac events than respective males. Therefore, age and
gender have different, genotype-specific modulating effects on the probability of cardiac events and
electrocardiographic presentation in LQT1 and LQT2 patients.

It is known that a single nucleotide polymorphism (SNP) in the KCNQ1 gene resulting in a
G643S alteration at codon 643 is associated with long QT syndrome and with a mild reduction in
KCNQ1 current. Recently, the KCNQ1genotype was screened in a cohort of 992 individuals from
Japan to determine the incidence of this allele and its association with the QT intervals. Eighty-eight
individuals were found to have a heterozygous G643S genotype. Age and gender matched, controls
(243) with wild-type alleles were selected and the electrocardiogram parameters in both groups
compared including; QT intervals, the peak and the end of the T wave (Tpe) interval, and the Tpe/QT
ratio [(these two parameters reflect the transmural dispersion of ventricular repolarization (TDR)].
In G643S carriers, both Tpe and Tpe/QT were significantly longer than in non-carriers, without
significant QT prolongation. Although both genders showed a tendency for an increase in QT with
aging, both Tpe and Tpe/QT showed a similar significant increase with age in females, which was
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not observed in males. Therefore, in elderly females, the G643S genotype might represent an inde-
pendent risk factor for secondary LQTS by causing a greater TDR.

Finally, evidence suggests that the risks of pharmacological therapy for treating AF and various
dysrhythmias may in fact be different in men and women and in the elderly. Further controlled
studies are necessary to specifically address gender-related solutions for adequate risk stratification
and therapy. The unsuspected negative effects of HRT revealed by recent large-scale clinical studies
might have been initially predicted by the early finding that estrogen HRT was associated with a
higher risk of ischemic stroke in patients with AF [67].

Cardiac Hypertrophy

Cardiac hypertrophy frequently accompanied by cardiac fibrosis, and myocardial dysfunction, are
associated with gender-based differences with higher mortality in men. Several studies have demon-
strated that elderly female patients (over age 60) with aortic stenosis exhibit better preservation
of systolic function and increased LV hypertrophy than males [68, 69]. Sex hormones and their
receptors are contributory to these gender-based differences in LV function and structural remod-
eling/hypertrophy although the mechanism by which they do this is not fully known. In vitro
studies have shown that estrogen can inhibit hypertrophy in cultured rat cardiomyocytes, prevent-
ing angiotensin II (AngII)- or endothelin-1 (ET-1)-induced new protein synthesis, skeletal mus-
cle actin expression, and increased surface area [70]. Moreover, in these cells estrogen induced
the MCIP1 gene (an inhibitor of calcineurin activity, via phosphatidylinositol 3-kinase transcrip-
tional, and mRNA stability mechanisms) disabling key signaling components of the hypertrophy
program [70]. Long-term administration of 16 α-LE2 (an ERα selective agonist) or 17β-estradiol
in ovariectomized, spontaneously hypertensive rats (SHR) efficiently attenuated cardiac hypertro-
phy and increased cardiac output, LV stroke volume, contractility and cardiac α-myosin heavy
chain (α-MHC) expression suggesting that activation of ERα attenuates cardiac hypertrophy, and
affects myocardial contractility, and gene expression in ovariectomized SH. Subsequent studies
with female SHR rats demonstrated a significant attenuation of the ability of estrogen substitu-
tion therapy to reduce LV hypertrophy in senescent (24 mo) compared to adult (4 months old)
rats [71]. Furthermore, aging was associated with reduced levels in cardiac ERα and altered estra-
diol metabolism. Studies with transgenic mice have shown that the estrogen receptor β (ERβ) is
also necessary for estrogen’s protective effect against LV hypertrophy in females [72]. Androgen
and its receptors are linked to the development of hypertrophy in cardiomyocytes [73], and in the
LV of males [74, 75], although this linkage is less well defined than is estrogen’s protective effect.
Gathered observations suggest that androgen modulation of cardiac hypertrophy involved functions
provided by angiotensin II type 1A receptor gene (AT1A) and guanyl cyclase A. Recently, study
of androgen receptor (AR) knockout transgenic mice found that AR-null male mice displayed a
loss of cardiac growth and an impaired response to angiotensin-mediated remodeling [76]. This
included diminished concentric hypertrophy and strikingly elevated cardiac fibrosis, with enhanced
expression of types I and III collagen and transforming growth factor-β1 genes and with increased
Smad2 activation.

The relationship of male sex hormones with aging and cardiac hypertrophy has not been estab-
lished. Data from a recent study suggest that left ventricular mass in 107 elderly men (over age
50) was positively associated with hypertension but not with levels of hormones, including testos-
terone (T), estradiol (E2), Sex Hormone Binding Globulin (SHBG) or insulin resistance [77]. For
females it may be particularly important to regulate the development of cardiac hypertrophy, since
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female patients with a similar degree of non-ischemic hypertrophy as males exhibit higher mortality
rates [78].

Several clinical studies have identified variants in estrogen receptor genes that impact cardiac
hypertrophy. A group of 1,249 unrelated individuals, 547 men and 702 women (mean age 59 years)
from the Framingham Heart Study, has been screened for the association of 8 SNPs in the genes
for ER α (ESR1) and ER β (ESR2) with 5 LV measures: LV mass (LVM), LV wall thickness
(LVWT), LV internal diameter at end-diastole and end-systole, and fractional shortening [79]. While
no association was found between the ER polymorphisms tested and LV structure or function in men,
women contained two polymorphisms, ESR2 rs1256031 and ESR2 rs1256059, associated with both
LVM and LVWT; the association was most pronounced in those women with hypertension, although
it was not influenced by variation in blood pressure, plasma lipoprotein levels, or hyperglycemia.

Genetic variation in the TA repeat regulatory region upstream of exon 1 of the ERα gene (ESR1)
is associated with left ventricular mass. The mean number of TA repeats (n=18) categorized the
subjects into long, short and mixed allele genotypes. Among ninety-two patients (mean age 60.3),
subjects with at least one long allele had significant difference in left ventricular mass index com-
pared to individuals with short alleles [80]. Three novel polymorphisms in the ERα promoter were
recently identified within a sequence which demonstrated significant promoter activity in vitro [81].
In a small healthy population one of these polymorphic variants G>A (−721 E) was associated with
LV hypertrophy, after controlling for systolic blood pressure and sex (n=74), contributing to 23 %
of interventricular septum (IVS) width variance and 9.4 % of left ventricular mass index variance.
Male carriers of the A allele (n=8) in a separate hypertensive cohort, exhibited a 17 % increase in
IVS and a 19 % increase in LVMI compared to GG homozygote subjects (n=84).

It is well-established that mutations outside the estrogen pathway such as in sarcomeric proteins
can lead to either HCM or DCM, and some of these show gender-specificity in their phenotypic
expression. In transgenic mice bearing an α-MHC Arg403Gln missense mutation (α-MHC 403/+),
which display a phenotype characteristic of familial HCM, gender-specific electrophysiologic abnor-
malities have been identified [82]. While female (α-MHC 403/+) mice had similar ECG’s, car-
diac conduction times and refractory periods compared with female wild-type mice, male trans-
genic mice had distinctive surface ECG and electrophysiologic abnormalities, including prolonged
ventricular repolarization and sinus node recovery times, as well as elevated levels of inducible
VT. Other studies with this mutant model found that aging played a role in the gender-specific
expression of the cardiac phenotype in transgenic mice containing the Arg403Gln mutation [83].
At 4 months of age, both male and female transgenic mice developed LV hypertrophy accom-
panied by LV diastolic dysfunction, but LV systolic function was normal. At 10 months of age,
the females continued to present LV concentric hypertrophy and impaired LV diastolic function
without evidence of systolic dysfunction, while males began to display LV dilation, LV diastolic
function worsened and systolic performance was impaired mimicking the functional decompensa-
tion characteristic of HCM. Both 10-month-old transgenic groups displayed diminished coronary
flow.

Another transgenic mouse model of familial HCM, resulting from missense mutation in the car-
diac troponin T gene (R92Q), showed gender-specific responses to the induction of cardiac hyper-
trophy by angiotensin II treatment (males had augmented response) [84]. In addition, female trans-
genic mice with a truncated allele of troponin T (TnT-trunc) had marked myocardial hypertrophy
in response to angiotensin II. Moreover, stimulation with isoproterenol (ISO) and/or phenylephrine
(PE) as β and α-adrenergic agonists respectively led to sudden cardiac death in all male but not
female mutant animals, which suggests altered adrenergic responsiveness in both these two models
of familial HCM.

In a recent clinical study, Stefanelli et al. reported a novel cardiac troponin T mutation (A171S)
leading to DCM and sudden cardiac death [85]. In contrast to previously described mutations in
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troponin T, the A171S mutation resulted in significant gender difference and in the severity of the
observed phenotype with adult males, demonstrating a more severe LV dilatation and dysfunction
than adult females.

Hypertension

It is well recognized that systolic hypertension, the most common type of hypertension in the elderly
is associated with a wide pulse pressure resulting largely from excessive large artery stiffness. Evi-
dence suggests that arterial stiffness increases with age independently of mean blood pressure or
the presence of other risk factors, and while the contribution of gender to arterial stiffness and
hypertension has been suggested, its precise role is not well defined [86, 87].

Age-related large artery stiffening is more pronounced in women compared with men. Inter-
estingly, prepubertal females had stiffer large arteries and higher pulse pressure than age-matched
males while postpubertal females developed more distensible large arteries, suggesting that estro-
gen modulates a reduction in arterial stiffness. On the other hand, postpubertal males developed
stiffer large vessels [88]. That the loss of estrogen with menopause and aging likely contributes to
the increased stiffening of the arteries and hypertension in women is also suggested by findings
that isolated carotid arteries from ovariectomized (OVX) rats, that underwent 1 year of estrogen
treatment, had an significantly increased compliance index, reduced levels of pentosidine (which is
a specific marker of glycoxidative damage) and reduced endothelial layer permeability indicating
estrogen-mediated attenuation of arterial stiffening, glycoxidative damage, and permeability [89].

Similarly, gender has a significant effect on arterial blood pressure, with premenopausal women
having a lower arterial blood pressure than age-matched men that increases significantly in post-
menopausal women, and implying a modulating role of ovarian hormones [90]. While the precise
mechanism of estrogen’s modulation of blood pressure and arterial stiffening are not yet known,
several potential related actions of estrogen may be contributory and need further exploration.
Estrogen receptors have been identified in vascular endothelium and smooth muscle, and estrogen
induces vasodilatation and vascular tone by both ER-dependent and ER-independent mechanisms.
Multiple mechanisms are involved in estrogen’s vasodilatory effects including increased produc-
tion of NO, activation of adenylyl cyclase activity with increased synthesis of cyclic AMP, stim-
ulation of the production of adenosine in vascular SMCs, increase in intracellular free calcium
concentration in endothelial cells, which could contribute to the increase in endothelial-derived
NO, increased synthesis of the vasodilator prostacyclin (by inducing the expression of prostacyclin
synthase and cyclooxygenase) and opening of calcium-activated K+ channels. Moreover, estradiol
reduces the synthesis of potent vasoconstrictors such as angiotensin II (Ang II), endothelin-1 and
catecholamines.

Estrogen also inhibits the mitogenic effects of multiple factors generated at the site of endothelial
injury/dysfunction, which trigger stimulation of hyperplastic and/or hypertrophic growth of vascu-
lar SMCs, a critical component underlying the elevated total peripheral resistance characteristic of
hypertension. Also estrogen blocks key elements of the extensive vascular remodeling processes that
in part mediate hypertension, including attenuating inflammation, modulating signaling factors, i.e.,
homocysteine, ROS and oxidized lipoproteins, decreased adhesion molecule expression, and altered
neointimal formation.

Some of the effects of estrogen are initiated by long-term genomic effects and altered tran-
scriptional programming. Others involve the activation of sex hormone receptors on the plasma
membrane of vascular cells triggering rapid non-genomic effects, which stimulate endothelium-
dependent vascular relaxation via NO-cGMP, prostacyclin-cAMP, and hyperpolarization path-
ways; [91] these possible pathways are illustrated in Fig. 10.1. In addition, sex hormones cause
endothelium-independent inhibition of vascular smooth muscle contraction, [Ca2+]i and protein
kinase C (PKC). Furthermore, androgens have multiple effects on many of these pathways as well.
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Fig. 10.1 The genomic and post-genomic effects of estrogen on vascular cells
Estrogen can act via nuclear-localized estrogen receptors (ERs) to mediate genomic expression in endothelial (ECs)
and smooth muscle cells (SMCs) as well as in lymphocytes to inhibit inflammatory cytokines and their receptors,
modulate ROS levels, increase VEGF to enhance EC growth and upregulate eNOS synthesis to increase NO for
vasodilatation and improved vascular tone. It also can act more rapidly in a non-genomic pathway via plasma
membrane-localized ERs and activating G-proteins (Ga), adenylyl cyclase (AC), PKA, PKC, Akt/PKB, and tyrosine
kinases (TK) including MAPK affecting antiapoptotic/prosurvival pathways, elevated EC migration, increased eNOS
and NO leading to enhanced endothelial function, and inhibition of SMC migration and growth

These numerous vasorelaxant/vasodilator effects suggest that sex hormone therapy may have a
positive vascular effect in natural and surgically induced hypogonadism. Nevertheless, in a number
of clinical trials, HRT provided none or minimal benefits in elderly postmenopausal women with
hypertension; whether this was due to the type/dose of sex hormone, subject’s age or other factors
remains unclear.

The potential relationship between estrogen-related gene polymorphisms and blood pressure has
been further evaluated recently in a Framingham Heart Study offspring cohort [92]. Untreated cross-
sectional and longitudinal analysis of blood pressure was correlated with polymorphic variants in
genes encoding the ERα (ESR1), ERβ (ESR2), aromatase (CYP19A1), and nuclear receptor coac-
tivator 1 (NCOA1). In men, systolic blood pressure and pulse pressure were significantly associ-
ated with two polymorphisms in ESR1, while pulse pressure was also associated with variations in
NCOA1 and CYP19A1. Polymorphic variants in ER1, CYP19A1, and NCOA1 genes were associated
with diastolic blood pressure in women. While the underlying relationship between genes involved
in estrogen action and hypertension is presently incompletely understood, these findings suggest
estrogen-related genes contribute to gender-specific blood pressure variation. Nevertheless, further
studies are warranted to confirm these results.

An increasing number of gene loci (not related to sex hormones) have been shown to contribute
to hypertension; a limited subset of these genes has thus far been shown to modulate hypertension
in a gender-specific way. An example includes the E65K polymorphism in the β1-subunit of the
large-conductance, Ca2+-dependent K+ (BK) channel, a key element in the control of arterial tone.
This channel in vascular SMCs is composed of an ion-conducting α subunit and a regulatory β(1)
subunit, and is involved in the coupling of local increases in intracellular Ca2+ to augmented channel
activity and vascular relaxation. A G352A variant allele in the β(1) gene (KCNMB1) corresponding
to an E65K mutation in the channel protein has been identified resulting in a gain-of-function of the
channel, and was also found to be associated with a low prevalence of moderate and severe diastolic
hypertension [93].
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Recently, Senti et al. examined the modulatory effect of sex and age and the association of the
E65K polymorphism in KCNMB1 with low prevalence of diastolic hypertension, as well as the pro-
tective role of E65K polymorphism against CVD [94]. Genotype frequency of the E65K polymor-
phism was assessed in 3,924 subjects with a 5-year follow-up to identify CVD occurrence, as was
estrogen modulation of wild-type and mutant ion channel activity after heterologous expression and
electrophysiological studies. A multivariate regression analysis revealed that the protective effect of
the K allele against moderate-to-severe diastolic hypertension aging was increased as a function of
increased age. These findings remained significant when analyses was restricted to women but not to
men, and this effect was independent of the reported acute modulation of BK channels by estrogen.
This study provides genetic evidence concerning the different impact of the BK channel in blood
pressure control in men and women, mainly in aging women.

Coronary Artery Disease (CAD)

Many of the effects of sex steroid hormones estrogen on the vascular system presented in the previ-
ous discussion of cardiac hypertrophy and hypertension modulate susceptibility and progression of
CAD as well. In addition to its vasodilatory effects on the endothelium, inhibition of vascular SMC
growth, constriction and attenuation of inflammatory signaling, estrogen significantly improves
lipoprotein profiles. With aging, loss of endogenous estrogen contributes to a rapid increase in the
incidence of CAD after menopause, and contributes to gender-specific differences in the incidence,
pathophysiology and clinical manifestations of the disease. On average, women are 10 years older
than men when presenting with CAD, possibly due to delayed diagnosis or presentation. For instance
compared with men, women’s chest pain is more often associated with abdominal pain, dyspnea,
nausea, and fatigue. Gender differences in self-presentation and description of chest pain in part
have contributed to underdiagnosis and undertreatment of women with CAD. Moreover, numerous
studies have shown that chest pain in women is less likely to be associated with flow-limiting
coronary stenoses than chest pain in men. The lack of large obstructive lesions causing artery
blockage in women normally detected by coronary angiography may contribute to the discounting
of woman’s symptoms. Recent findings of the Women’s Ischemia Syndrome Evaluation (WISE)
Study, a multi-center, long-term investigation sponsored by the National Heart, Lung and Blood
Institute suggested that female-specific CAD is more often associated with functional rather than
structural abnormalities of the coronary circulation and tends to involve a global pattern of dysfunc-
tion in both the large vessels and in the coronary microcirculation, leading to diffuse atheroscle-
rosis [95, 96]. As a corollary, exercise or treadmill stress testing without imaging appears to be
insufficient for CAD diagnosis in women whereas functional capacity tests, magnetic resonance
spectroscopy and gadolinium cardiac magnetic resonance imaging may identify patients whose chest
pain is due to myocardial ischemia without obstructive CAD. Recent innovations in the application
of phosphorus-31 nuclear magnetic resonance spectroscopy have provided means for monitoring
changes in the myocardial high-energy phosphates, phosphocreatine, and adenosine triphosphate
after stress. A transient decrease in myocardial phosphocreatine/adenosine triphosphate ratio during
handgrip exercise has been demonstrated [97], indicating a shift toward anaerobic metabolism and
myocardial ischemia in 20 % of women with chest pain but normal coronary arteries. Furthermore,
emerging evidence implicate microvascular structural damage and abnormalities secondary to aging,
hypertension, diabetes, left ventricular hypertrophy are important contributors as well as predictors
of CAD outcome in women but not men [98]. Since retinal microvascular structural abnormalities
have been linked to past blood pressure, inflammation, and endothelial dysfunction, its assessment
enables non-invasive investigation of systemic vascular pathology [98, 99]. Recent studies evaluat-
ing risk factors associated with adenosine-related microvascular coronary reactivity in symptomatic
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women examined for CAD, found that classic atherosclerotic risk factors were not associated with
defective coronary microvascular reactivity (to adenosine) in the majority of cases, suggesting that
novel gender-specific risk factors need to be identified [100].

The WISE study and others also suggested that chest pain without flow-limiting lesions may be
associated with endothelial dysfunction and impaired coronary flow reserve. Furthermore, the find-
ing that women with ischemic heart disease/CAD tend to be older, with more functional disability
and a greater susceptibility to morbidity and mortality suggests that gender-specific aging attenuates
many estrogen-related potentially beneficial vascular responses, including endothelial progenitor
cells (EPCs) and coronary microvascular function, as indicated by the WISE study [98].

Nevertheless, CAD diagnosis in women is generally more difficult than in men because of the
lower specificity of symptoms and diagnostic accuracy of non-invasive testing. Wiviott et al. have
examined the relationship between gender and the presentation of cardiac biomarkers in patients
with unstable angina (UA) and non-ST-segment elevation myocardial infarction (NSTEMI) [101].
Among 1,865 patients with UA/NSTEMI (34 % women), significant gender-specific differences
were found in presenting biomarkers. Men were more likely to have elevated creatine kinase-MB and
troponins and markers of myocardial necrosis, whereas women were more likely to have elevated
C-reactive protein (hs-CRP) and BNP levels. These findings imply that a multimarker approach may
be an important adjunct in the initial risk assessment of UA/NSTEMI, and that further research is
necessary to determine whether gender-related pathophysiological differences exist in the presenta-
tion with acute coronary syndromes.

Recent randomized clinical trials in postmenopausal women have failed to demonstrate that HRT
is beneficial for CAD secondary or primary prevention. Interestingly, findings from these random-
ized studies conflict with numerous observational studies that suggested a significant beneficial
effect of estrogen replacement in CAD and these discrepancies are likely related to differences in
patient selection, hormone regimen, and most importantly biological effect of hormones in different
periods of women’s life, particularly in the elderly [102].

Endogenous testosterone (T) in men is correlated positively with HDL-C and negatively with
LDL-C, triglycerides, fibrinogen, and plasminogen activator type 1 PAI-1. On the other hand, these
relationships are reversed in women [103]. In addition, hypoandrogenemia in men and hyperandro-
genemia in women are often confounded by central obesity and insulin resistance making these
associations not helpful with respect to deciding if androgens have a direct pro- or antiathero-
genic effect. Although a relationship in males of T level with the progression of atherosclerosis,
accumulation of visceral adipose tissue, and other risk factors for MI has been reported, neither
the level of T nor of estrogen was found to be predictive of coronary events in any of the eight
prospective studies that have been carried out. Whereas gender-specific differences in MI incidence
tend to support the view that T promotes and/or estrogen prevents MI, it is noteworthy that cross-
sectional hormone administration, and prospective studies have suggested that in men T appears
to prevent and estrogen promote MI, a so-called estrogen-androgen paradox, meaning that endoge-
nous sex hormones may relate to atherosclerotic CVD, and its risk factors act oppositely in women
and men.

In their evaluation of the medical literature (by MEDLINE searches), Wu and von Eckard-
stein [104] found that the gender difference in CAD could not be explained on the basis of endoge-
nous sex hormone exposure (since none of the epidemiological studies in the literature have showed
a positive association between T and CAD in men). In women also, there is not definitive evidence
that endogenous T plays a causal or protective role for CAD, although patients with the polycystic
ovarian syndrome (PCOS) have shown an adverse risk profile. Furthermore, observational studies
on dehydroepiandrosterone (DHEA) do not support the hypothesis that DHEA deficiency is a risk
factor for CAD in men or women [104]. Moreover, postmenopausal women treated with either T or
DHEA showed no improvement in endothelial vasodilatory function or in modulating endothelin 1
level, as had been suggested by previous animal studies [105].
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Besides numerous ethnic and racial differences (which have been described primarily in the
prevalence of metabolic syndrome (MetSyn), insulin resistance, type 2 diabetes, and cardiovas-
cular events), increased focus on the importance of family history in CAD development under-
line the modulatory influence of individual’s genotype to vascular disease susceptibility. Several
genetic polymorphisms associated with CAD or CAD events have been described in predominantly
male populations (which will be discussed more extensively in a later section of this chapter). To
understand the interaction between genetic and environmental factors in the incidence of coronary
artery spasm (CAS) in Japan. the genotypes for 35 polymorphisms of 29 candidate genes in a large
cohort of man and women were analyzed with an allele-specific DNA primer-probe assay [106].
Multivariable logistic regression analysis adjusted for age, body mass index, and the prevalence
of smoking, hypertension, diabetes and hypercholesterolemia, demonstrated a significant associa-
tion with CAS of one polymorphism (242C–>T in the NADH/NADPH oxidase p22 phox gene)
in men and two polymorphisms (−1171/5A–>6A in the stromelysin-1 gene and −634C–>G in
the interleukin-6 gene) in women. While smoking was found to be the most important risk factor
for CAS, the effects of these polymorphic gene variants on CAS were statistically independent of
smoking. The NADH/NADPH oxidase p22 phox gene is a susceptibility locus for CAS in men, and
the stromelysin-1 and interleukin-6 genes are susceptibility loci in women.

It is widely documented that women have higher hospital mortality rates for acute MI than
men, and the difference may be related to the older age and higher prevalence of comorbidities in
women [107, 108]. On the other hand it has been suggested that this difference may, at least in part,
be related to differences in management with women undergoing less frequently coronary revascu-
larization procedures, such as percutaneous coronary interventions than men [109]. Moreover, in the
USA, among the elderly, women have been reported to have lower rates of cardiac catheterization
use after an acute MI than men, although it has been suggested that this difference occurred primarily
in patients with equivocal indications [110].

As pointed out by Anderson and Pepine gender-specific differences in the outcome of patients
with acute MI may be explained in part by biological differences [111]. Conditions found only in
women such as early menopause, gestational diabetes, peripartum vascular dissection, preeclampsia
and eclampsia, polycystic ovarian syndrome, low-birth-weight children, and hypothalamic hypo-
estrogenemia suggest gender differences in the pathophysiology of ischemic vascular disease. While
many of these conditions occur mainly at a younger age, they carry an increased risk for ischemic
heart disease/CAD later in life. Women also tend to have a higher incidence of vascular abnor-
malities with smooth muscle cell dysfunction such as CAS, and Raynaud’s phenomenon as well
as higher frequencies of vasculitis (e.g., Takayasu’s arteritis, temporal arteritis, rheumatoid vasculi-
tis, lupus vasculitis, polymyalgia rheumatica, etc.) compared with men. In addition to profound
gender-specific differences in the vasculature structure, including smaller and less compliant arter-
ies in women (recall the previous discussion of artery stiffening with aging women), functional
alterations are clearly involved in the higher risk and more severe CAD-related vascular disease in
women.

Increasing evidence suggests that hormone changes/fluctuations impact both the larger vascula-
ture as well as the microvasculature. Estrogen and its loss during aging affect levels of circulating
endothelial progenitor cells, which in turn compromises vascular endothelial repair leading to CAD
susceptibility.

Smooth muscle dysfunction is also more prevalent in aging women than men, and has been
linked to increased CAD. Recent observations have shown that activation of ERα not only reduces
the proliferation of vascular SMCs, as previously noted, but also reduces the aortic SMC differen-
tiation [112]. The link between ER activation and vascular health may arise from the influence of
the ER activation on SMC phenotype as well as on the ECM production responsible for maintaining
a healthy vascular wall. Furthermore, a switch to a dedifferentiated phenotype may contribute to
atherosclerotic plaque instability.
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There is also a gender-specific response to I/R injury that includes both susceptibility and cardio-
protective components. Several components of the cardioprotective signaling pathways have been
shown to have gender-specific expression/regulation. Female guinea pig ventricular tissue expresses
higher levels of functional cardiac KATP channels than male due to the higher expression of the
SUR2A subunit, which has a significant impact on cardiac response to ischemia-reperfusion chal-
lenge [113]. In addition, female gender confers cardioprotection against I/R injury, in part as a
function of estrogen’s capacity to enhance NO production by endothelial NOS. A gender-specific
component in the delayed preconditioning response to isofluorane has been documented in rab-
bits [114].

McCully et al. have demonstrated that aging is associated with reduced tolerance to ischemia and
that the aged (not senescent) female heart has greater susceptibility to ischemia as compared with the
aged male heart [115]. These investigators had previously shown that ischemia can be modulated
with cardioplegia in the male heart; however, efficacy in the female heart was unknown. Using
male and female mature (15–20 weeks) and aged (>32 month) rabbit hearts (n=134) subjected
to Langendorff perfusion, it was found that global ischemia significantly decreased postischemic
functional recovery and increased infarct size in the mature and aged male and female heart and
that the effects of global ischemia were significantly increased in the aged heart as compared with
the mature heart. While cardioplegia +/− diazoxide significantly increased postischemic functional
recovery and significantly decreased infarct size in mature male and female hearts, these effects were
significantly decreased in the aged heart, and particularly in the aged female as compared with the
aged male heart. Therefore, postischemic functional recovery and infarct size are affected by age but
not by gender. On the other hand, the cardioprotection afforded by cardioplegia is affected by age
and gender with a strong age/gender interaction for end-diastolic pressure and infarct size. These
data indicate that optimized cardioplegia protocols, are effective in male but not in aged female
heart.

Mitochondria play an important role in cardioprotection. When the supply of oxygen becomes
limiting as occurs with myocardial ischemia, oxidative phosphorylation (OXPHOS) and mitochon-
drial electron transport chain (ETC) flux decline. However, hyperthermic stress can protect against
myocardial dysfunction after I/R injury [116]. Improved levels of complex I–V activities, heat shock
protein expression (i.e., HSP 32, 60, and 72) and ventricular function were reported in heat-stressed
hearts. In comparison to untreated reperfused myocardium, in which mitochondria were severely dis-
rupted, the reperfused heat-stressed myocardium exhibited higher respiratory complex activities and
mitochondria with intact membranes packed with parallel lamellar cristae. These findings provided
evidence that heat-stress-mediated enhancement of mitochondrial energetic capacity is associated
with increased tolerance to I/R injury.

Recently, McCully et al. further evaluated the mechanism of cardioprotection provided by car-
dioplegia as affected by age and gender which as noted above is less effective in the aged female
compared with the aged male rabbit heart [117]. They analyzed if these differences are due to age and
gender-specific modulation of mitochondrial oxygen consumption and mitochondrial free matrix
calcium ([Ca2+]Mito) content occurring during early reperfusion in a group of male and female
mature (15–20 weeks) and aged (>32 months) subjected to Langendorff perfusion. Interestingly,
mitochondrial oxygen consumption was significantly increased in the mature and aged female hearts
in all treatment groups. Cardioplegia +/− diazoxide modulated mitochondrial oxygen consumption,
but these effects were significantly decreased in the aged heart and in the female heart and car-
dioplegia (potassium/magnesium) significantly decreased [Ca2+]Mito in aged but not mature hearts.
The addition of diazoxide to potassium/magnesium significantly decreased [Ca2+]Mito in mature
and aged males (versus potassium/magnesium) but not in females. Thus mitochondrial oxygen
consumption and [Ca2+]Mito are modulated by age and gender and play an important role in the
differences observed between mature and aged male and female response to global ischemia and the
cardioprotection afforded by cardioplegia +/− diazoxide.
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In women, aging and diabetes increase their susceptibility to myocardial ischemic injury; how-
ever, the cellular mechanisms involved are not understood. Desrois et al. have studied the influence
of gender on cardiac insulin resistance and ischemic injury in the aging of Goto-Kakizaki (GK)
rat, a model of type 2 diabetes [118]. Male and female GK rats had heart/body weight ratios 29 %
and 53 % higher, respectively, than their sex-matched controls, with the female GK rat hearts sig-
nificantly more hypertrophied than the male. Glucose transporter (GLUT) 1 protein levels were the
same in all hearts, but GLUT4 protein levels were 28 % lower in all GK rat hearts compared with
their sex-matched controls. In isolated, perfused hearts, insulin-stimulated 3H-glucose uptake rates
were decreased by 23 % and 40 % in male and female GK rat hearts, respectively, compared with
controls, with females showing significantly higher insulin resistance than male GK rat hearts. Dur-
ing low-flow ischemia, glucose uptake was 59 % lower in female, but the same as controls in male
GK rat hearts. The recovery of contractile function during reperfusion was 30 % lower in female,
but the same as controls in male GK rat hearts. These data suggest that the aging female type 2
diabetic rat heart has increased insulin resistance and greater susceptibility to ischemic injury, than
non-diabetic or male type 2 diabetic rat hearts.

Gender and Specific CV Markers

Currently, with our better understanding of the pathophysiology of human CVDs, the development
of novel circulating serum and plasma biomarkers is proceeding at an accelerated speed, mainly
with the help of new genomic and proteomic technologies. In this section we will describe some of
the markers specific of certain CVDs and their gender-specific presentation where present.

Cardiac Troponin (cTn)

cTn, a sensitive indicator of myocardial-cell injury, is the best validated of the new markers in
the diagnosis, risk stratification and prognostication of MI, acute coronary syndrome (ACS), and
acute myocardial ischemia [119–122]. Because of its sensitivity, detection of elevated cTn levels is
common in patients with a large number of acute and chronic CVDs. It is noteworthy, that in a recent
study using multiple logistic regression in a Danish population, women >60 years living alone and
men >50 years living alone were at especially high risk for ACS. Although they constituted only
5.4 % and 7.7 % respectively of the source population, they accounted for 34.3 % and 62.4 % of
ACS patients dying within 30 days [123]. Therefore, age and single living appear to be positively
associated with ACS in both sexes.

C-reactive Protein

There are opposing views regarding the variability of CRP levels [124, 125]. Some argue that in the
absence of acute illness, including myocardial injury, levels of CRP are stable. Other studies have
reported that levels fluctuate and vary by gender and ethnicity [126]. Khera et al. reported that black
subjects had higher CRP levels than white subjects, and women had higher CRP levels than men.
After adjustment for traditional cardiovascular risk factors, estrogen and statin use, and body mass
index, a CRP level >3 mg/l remained more common in white women and black women but not in
black men when compared with white men.

In a prospective study of 911 consecutive patients (including 327 women) with typical exertional
angina, baseline CRP levels were significantly higher in women than men; however, women had
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a similar rate of cardiac events (measured over a 3 year follow-up) compared to men. In addition,
women on HRT had significantly higher CRP than women not using HRT, and when analyzed as a
whole, increased CRP was associated with a higher cardiovascular risk [127]. In addition, as pre-
viously noted Wiviott et al. found that among patients with unstable angina, women had increased
elevation of CRP and BNP compared to men, who in contrast tended to display elevated levels
of CK-MB and troponins [101]. Gender did not change the incidence of ST elevation, TIMI risk
scores nor the prognostic value of TACTICS-TIMI 18 markers. However upon using a multimarker
approach, a greater proportion of high-risk women were identified suggesting that the use of multi-
markers may be more helpful in the initial risk assessment of UA/NSTEMI, mainly in women

Recently, an epidemiological report on the reliability of CRP in the prediction of CAD and global
vascular events in the prospective study on pravastatin in the elderly at risk (PROSPER) [128], found
that CRP has limited clinical value in CVD risk stratification, or in the predictive response to statin
therapy in the elderly. 5,804 cohort members, men and women of 70–82 years of age were studied.
Unfortunately, no specific data by gender was provided.

Phospholipase A(2)

It had been hypothesized that lipoprotein-associated phospholipase A2 (Lp-PLA2) level is an inde-
pendent predictor of cardiovascular risk in hypercholesterolemic men. However, in contrast to data
among hyperlipidemic men, a prospective assessment by Blake et al. in a nested case-control study
among 28,263 apparently healthy middle-aged women of whether Lp-PLA2 was a predictor of future
cardiovascular risk in women revealed that Lp-PLA2 was not a strong predictor of future cardiovas-
cular risk among unselected women [129]. On the other hand, it had been found that both genders
have a similar association between the presence of elevated glycated hemoglobin A1c (HbA1c) and
CVD and mortality. Khaw et al. have reported that the risk for CVD and total mortality associated
with HbA1c concentrations increased continuously in men and women through their sample distri-
bution (4,662 men and 5,570 women of 45–79 years of age) [130]. Interestingly, the relationship was
apparent in persons without known diabetes, and most of the events in the sample occurred in persons
with moderately elevated HbA1c concentrations. These findings support the need for randomized
trials of interventions to reduce HbA1c concentrations in persons without diabetes. However, we
agree with the authors that whether HbA1c concentrations and CVD are causally related cannot
be concluded from an observational study, and that it will be of further interest to know if this
association was stronger with increasing age of the cohort. With this information, interventional
studies could be more definitive in determining whether decreasing HbA1c concentrations would
reduce CVD.

E-selectin/Atherosclerosis

Atherosclerosis is a complex disease caused by multiple genetic and environmental factors and
complex gene-environment interactions as discussed in Chapter 8, The molecular mechanisms of
atherosclerosis integrate a complex web of cellular events that is only gradually becoming under-
standable. These mechanisms involve lipid metabolism, inflammatory signaling and interaction
with the complex vascular system involved in thrombosis. The inflammatory signaling involves
the recruitment and binding of circulating leukocytes to areas of inflammation within the vascular
endothelium, mediated by a diverse array of cellular adhesion molecules. According to Ellsworth
et al. a polymorphic variant in the endothelial-leukocyte adhesion molecule 1 (E-selectin) gene has
been implicated in early-onset, angiographically defined, severe atherosclerotic disease because it
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profoundly affects ligand recognition and binding specificity, resulting in a significant increase in
cellular adhesion [131].

These investigators evaluated the relationships between the E-selectin S128R polymorphism and
coronary artery calcification (CAC), a marker of atherosclerosis in 294 asymptomatic women aged
40–88 years and 314 asymptomatic men aged 30–80 years from the Epidemiology of Coronary
Artery Calcification Study. The E-selectin polymorphism was not associated with CAC presence
in men of any age or in women over age 50. However, in women 50 years of age or younger, the
E-selectin polymorphism was significantly associated with CAC presence after adjustment for age,
body mass index, systolic blood pressure, ratio of total cholesterol to HDL-cholesterol, and smoking.
The significant association between E-selectin and CAC in women 50 years of age or younger may
suggest that the 128R allele is a risk factor for coronary atherosclerosis in younger asymptomatic
women, who typically have lower levels of traditional risk factors and reduced adhesion molecule
expression due to the presence of higher levels of endogenous hormones.

Lipid Peroxides (LPO)

Using transgenic mice with non-pulsatile circulating human growth hormone (hGH), the gender
difference in the effects of chronic exposure to hGH on cardiac risk biomarkers has been investigated
by Naraoka et al. [132] Blood plasma was obtained from transgenic and control mice at 8, 12, and 16
weeks of age, and was used for the measurement of hGH and the following cardiac risk biomarkers:
total cholesterol, triglyceride, HDL, LDL, non esterified free fatty acids, and lipid peroxides (LPO).
Compared to control animals, transgenic males exhibited higher levels of LDL at 8 and 12 weeks of
age and higher levels of LPO at every week of age examined, as compared to those of the control
males, while transgenic females exhibited somewhat lower levels of LDL and LPO from 8 to 16
weeks of age, as compared to the control females. The relative heart weight in males increased with
aging and was significantly higher in the 16-week-old transgenic males compared to those of the
control mice. These findings demonstrate that transgenic males exhibit cardiac risk potential caused
by chronic exposure to hGH as compared to females and show that the transgenic mouse line is a
useful model for the study of gender difference in cardiac disorders caused by hGH.

Mitochondria

Observed gender-specific differences in longevity within a species have been attributed to differ-
ences in oxidative stress (OS), and are thought to likely arise from higher female estrogen lev-
els. However, in some species, males live the same or longer despite their lower estrogen values.
Recently, Sanz et al. [133] in an analysis of mitochondrial bioenergetics, OS and apoptosis in the B6
(C57Bl/6J) mouse strain found no differences in longevity between males and females in this strain,
although estrogen levels were higher in females. They did not find any differences in heart, skeletal
muscle and liver mitochondrial oxygen consumption (State 3 and State 4) and ATP content between
male and female mice. In addition mitochondrial H2O2 generation and OS levels (determined by
cytosolic protein carbonyls and 8-hydroxy-2′-deoxyguanosine levels in mtDNA) were similar in
both sexes. Furthermore, markers of apoptosis (e.g., caspase-3, caspase-9 and mono- and oligonu-
cleosomes) were not different between male and female mice. The findings are consistent with the
Free Radical Theory of Aging (see Chapter 1), by indicating that OS generation independent of
estrogen levels determines aging rate.
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Resistin

While some investigators have reported that increased serum resistin levels are associated with
obesity, visceral fat, insulin resistance, type 2 diabetes and inflammation, others have not found
these correlations. The relationship of plasma resistin levels has been examined with markers of
MetSyn and atherosclerosis in a large population-based study and related to the presence of obesity,
MetSyn, metabolic abnormalities, cardiovascular risk, and progression of intima-media thickness
(IMT) [134]. The study group consisting of 1,090 subjects (not taking any medication) was selected
from the PLIC study (originally designed to verify the presence of atherosclerotic lesions and
progression of IMT in the common carotid artery in the general population). Plasma resistin lev-
els correlated with triglycerides, waist circumference, waist/hip ratio, systolic blood pressure, and
ApoAI/ApoB ratio, while they were inversely correlated with HDL and ApoAI levels. Moreover,
these findings were gender specific. Plasma resistin levels were significantly higher in women with
the MetSyn compared with controls, while no difference was observed in obese subjects. In addition,
plasma resistin levels showed a significant correlation with cardiovascular risk.

Adiponectin

Circulating adiponectin derived from fat cells is a marker for insulin sensitivity. Nilsson et al.
have recently measured plasma adiponectin levels in 373 men and 514 women of middle age by
a time-resolved immunofluorometric assay [135]. The subjects were sampled stratified for degree
of insulin sensitivity. In addition, right common carotid artery IMT was assessed by ultrasound. In
men, mean IMT was significantly lower with increasing age-adjusted plasma adiponectin levels,
while in women no difference in IMT was noted with different adiponectin levels. Hence, plasma
adiponectin is a marker of glucose metabolism and obesity and shows an inverse age-adjusted
association with carotid ultrasound IMT in men, but not in women. After adjustments for other risk
factors this association was attenuated.

Gender-Specific Gene Profiling

While in later chapters we will present a comprehensive discussion of gene profiling in aging using
either transcript analysis or proteomic analysis, there have been only limited studies examining these
differences in gene programming in aging vis a vis gender-specific expression.

In a proteomic investigation of gender-specific differences in gene expression of glycolytic and
mitochondrial pathways, Yan et al. have reported a decreased expression of enzymes of glycolysis
(e.g., pyruvate kinase, triosephosphate isomerase, α-enolase), glucose oxidation (e.g., pyruvate
dehydrogenase E1β -subunit), and the TCA cycle (e.g., 2-oxoglutarate dehydrogenase) in LV
samples derived from old males (OM) monkeys, these changes were not observed either in young
animals nor in old females (OF) [136]. Gender-specific differences in the reduced expression
and function of proteins responsible for mitochondrial ETC and OXPHOS were also only found
in hearts from OM monkeys. Moreover, changes in the glycolytic and mitochondrial metabolic
pathways in OM monkey hearts were similar to those observed in hearts affected by diabetes or LV
dysfunction, suggesting potential involvement in the mechanism of the cardiomyopathy of aging.
The finding that OF hearts did not develop these abnormal metabolic changes, may explain the
delayed cardiovascular risk observed in OFs.

Gene Polymorphisms in Gender-Specific Age-Related CVDs

An increasing number of gene variants with relatively diverse function have been shown to have sig-
nificant gender-specific distribution in association with aging-associated CVDs (Table 10.1). Many
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Table 10.1 Gender-specific effects of gene variants in aging-associated CVD

Gene Variant Phenotype Refs

APOA5 −1131T>C Females with C allele had ↑ remnant-like particles
and CVD

137

CYP2C9 ∗3 Hyperlipidemia in females 138
Desmin Leu370Pro Males prone to cardiac sudden death 139
ADRB1 Ser49Gly ↑ DBP in females with Gly/Gly 140
ADRA2A −1297C>G ↑ DBP in females with GG genotype
ADRB2 Gly16Arg ↑ DBP in men with Arg/Arg 140
AGT Met235Thr ↑ DBP in men carrying Thr allele
FYN Systolic and diastolic BP in women 141
ADRB1 Ser49Gly Diastolic BP in men 141
QPCT Arg54Trp HT in men 141
CYP11B2 −344C>T
SREBP-2 Gly595Ala In females, homozygosity for the SREBP-2-595A or

for SCAP-796I was associated with ↑ plasma
LDL-C

142

SCAP Ile796Val
ACADSB −1187G>C HT in women 143
COMT 512A>G HT in men
eNOS G894T ↓ BP in black and white females 144

G10T ↓ BP in white females
ACE I/D ↑ BP in males with DD genotype 145
MTHFR C677T With TT genotype, ↑ ischemic stroke in women 146
KLOTHO G-395A Women carrying A allele had ↑ cardioembolic stroke 147
TGFB1 Pro10Leu Women with Leu/Leu genotype had ↑ ischemic

stroke and SVO
148

Lipoprotein lipase Asn291Ser Increased ischemic stroke in women 149

ACADSB: Short/branched chain acyl-CoA dehydrogenase; COMT: Catecholamine-O-methyltransferase; SVO:
Small vessel occlusion.

of these identified genetic loci have been discussed in several chapters of this book with regards
to be important components of the pathophysiology of specific age-associated CVDs. For instance,
APOA5, CYP2 and lipoprotein lipase are important components of lipid metabolism and they clearly
impact on atherosclerosis and CVD. Similar relationships pertain to the involvement of gene variants
of ACE, eNOS, AGT and adrenergic receptors (ADRs) in blood pressure and hypertension.

Pharmacogenomics and Gender

Variability in the response to cardiovascular drugs fluctuates among patients. While some achieve the
desired therapeutic response, others do not. In addition, a subset of patients will experience variable
adverse effects ranging from mild to life threatening, and genetics can be an important contributor
to this variable drug response.

Pharmacogenomics is a relatively young field focused on unraveling the genetic determinants
of variable drug response. A number of gene variants have been identified thus far that have a
gender-specific effect on the action of specific drugs used to treat age-associated CVDs (shown in
Table 10.2). Clearly, with more intensive research more loci will be uncovered. Importantly, drugs
identified in this variable response are commonly used in the treatment of hyperlipidemia (statin) and
hypertension (hydrochlorothiazide, atenolol). Genes involved include estrogen receptor, APOE2,
MDR1 (suggesting a direct involvement of drug metabolism), ACE, microsomal triglyceride transfer
protein (MTP) and preproendothelin-1.
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Table 10.2 Gender-associated gene variants and drug response: pharmacogenomics

Drug Gene variant Phenotype Refs

Atorvastatin ESR1 PvuII(−) XbaI(+)
haplotype

↑ HDL-C in women not men 150

APOA1+83 ↑ HDL-C in women
Atorvastatin MDR1 C3435T ↑ HDL-C in female 3453C carriers 151
Atorvastatin APOE2 ε 4 ↓ LDL-C and ↓ TG in men not women 152
Hydrochlorothiazide ACE II ↓ SBP and DBP in women 153

ACE DD ↓ SBP and DBP in men
Atorvastatin Microsomal triglyceride

transfer protein MTP-493 GT
↓ TG and VLDL in female T carriers 154

Irbesartan or atenolol Preproendothelin-1 G5665T ↓ SBP response in men carrying TT genotype 155

Current research is largely focused on a limited candidate gene approach, which allows for
description of significant genetic associations with variable response, although this approach often
does not explain the genetic basis of variable drug response enough to be used effectively in clinical
application [156]. Since most drug responses involve a large number of proteins, all of whose genes
could have several polymorphisms, it has been argued that a single polymorphism in a single gene
would be unlikely to explain a high degree of drug response variability in a consistent fashion,
suggesting that a polygenic, or genomic approach might be more informative [156]. Siest et al. [157]
in a recent review proposed a comprehensive pharmacogenomic approach in the field of cardiovas-
cular therapy by considering five sources of variability, including the genetics of pharmacokinetics,
the genetics of pharmacodynamics (i.e., drug targets), genetics linked to a defined pathology and
corresponding drug therapies, the genetics of physiologic regulation, and environmental-genetic
interactions. In addition, they illustrated this five-tiered approach by using examples of drugs for
CVD treatment in relation to specific genetic polymorphisms.

Presently, with a progressively aging population, the increasing pressure on health-care spend-
ing, and the promise of an individualized, safe and effective treatment at lower cost, the public
acceptance of pharmacogenomics is apparently high. However, in spite of the great benefits that this
new approach may bring, there are a number of hurdles (e.g., ethical, social and legal concerns)
to be overcome prior to the successful application of this modality of therapy and building of suf-
ficient shared databases for researchers and clinicians [158]. Undoubtedly, pharmacogenomics has
the potential to improve the use of drugs in treating age-associated CVDs through the selection of
the most effective drug therapy in an individual, based on their genetic information as well as gender
and age. Furthermore, it may take a decade or more before the necessary genetic information will
be available for use in making drug therapy decisions, although it is evident that new and important
findings in this area will continue to appear, and the experimental approaches will continue to evolve.

Conclusions

Gender-specific changes occur in the heart and vasculature both in aging and in the cardiovascular
diseases associated with aging. While information concerning the mechanisms involved in these
gender-specific differences is still relatively rudimentary, increasing knowledge concerning both the
gender factors themselves (e.g., hormone, receptor), signaling pathways they trigger and cellular
targets in both the vasculature [i.e., endothelial cell, smooth muscle cell and stem cells (EPCs)]
and in the heart, will enable the identification of viable targets to improved medical therapy for
CVDs, including the development of novel effective pharmacological, gene-based and cell-based
strategies. Moreover, increasing information about the contribution of specific gene variants to the
susceptibility of aging-related CVD, their interaction with other genes as well as with environmental
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factors, and the modulation of responses to specific drug treatments will be of significant use to
the clinical cardiologist treating and managing cardiovascular disorders. Furthermore, given the
increased awareness of the role of genetic background, age and assorted risk factors/biomarkers
in influencing diagnostic efficacy and therapeutic responses, future clinical trials that fully integrate
this information with that of the complex pleiotropic actions of estrogens and progesterone and their
analogs will not only provide further insights regarding postmenopausal roles for hormone therapy,
but may also prove to be more successful in treating targeted populations.

Summary

• There are a number of differences between male and female hearts even in the absence of pathol-
ogy. Greater cardiac contractility and improved myocardial mass are found in women.

• Aging is accompanied by less myocyte cell loss, myocyte cellular hypertrophy and myocardial
remodeling in women.

• While both necrosis and apoptosis contribute to overall cell death and remodeling in the aging
heart, it is not yet clear to what extent each pathway is involved. Several studies have indicated
that myocardial apoptosis is markedly increased in aging males compared to females.

• Changes in human myocardial estrogen receptor α (ERα) expression, localization, and associa-
tion with structural proteins have been found in end stage-failing hearts of patients with dilated
cardiomyopathy (DCM).

• Alcoholic cardiomyopathy resulted in male but not in female rats displaying significant ventricu-
lar wall and intraventricular septum thinning and decreased levels of myocardial protein synthesis
secondary to a decline in the phosphorylation and activation of specific eukaryotic initiation factor
(eIF4G) and binding proteins.

• Estrogen, via estrogen-receptor-dependent mechanisms, differentially alters the response of male
and female cells to hypoxia. Cardiac fibroblasts derived from male rats are more susceptible to
hypoxia as gauged by diminished DNA synthesis, whereas fibroblasts from age-matched females
are hypoxia-resistant.

• Increased myocardial and extracellular remodeling in male rats and dogs in response to induced
volume overload was accompanied by increased matrix metalloproteinase (MMP) activation and
mast cell density.

• In failing hearts abnormal Ca2+ cycling in association with male-specific attenuation of phospho-
lamban phosphorylation at serine-16 and decreased Ca2+ affinity was found.

• Transgenic mice containing an overexpressed mutant phospholamban allele, which acts as a
SERCA superinhibitor, led to progressive DCM with extensive interstitial tissue fibrosis and death
at 6 months in males while females exhibited normal systolic function up to 12 months of age.

• Hypertension is more frequent in women and is a likely gender-specific component contributing
to left ventricular and arterial stiffening.

• Gender-specific differences in ventricular diastolic distensibility, in vascular stiffness and ventric-
ular/vascular coupling contribute to a greater rate of HF with normal ejection fraction (HF-NEF)
in elderly women compared to men.

• The causes of gender-specific differences in the incidence of cardiac dysrhythmias are not yet
known, although sex-specific variations in cardiac electrophysiology and/or hormonal effects on
modulating ionic channel function are likely contributory factors.

• From puberty on women show a higher basic heart rate than men as well as longer QT interval,
shorter QRS duration, and lower QRS voltage.

• Women with long-QT syndrome tend to have a higher prevalence of sick sinus node syndrome,
atrioventricular (AV) tachycardia, idiopathic right ventricular tachycardia (VT), and dysrhythmic
events.
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• Men have a higher prevalence of carotid sinus syndrome, supraventricular and reentrant VT (due
to accessory pathways), Wolff-Parkinson-White syndrome, ventricular fibrillation, Brugada syn-
drome and sudden death.

• Atrial fibrillation (AF) tends to be more prevalent in men but is associated with markedly elevated
CVD morbidity (including increased stroke incidence) and mortality in elderly women. Treatment
of AF in elderly women with anticoagulants is effective and needs careful consideration.

• Torsade de pointes tachycardia occur more frequently in women, in conjunction with the
increased incidence of acquired and congenital long-QT Syndrome. Female gender is an
independent risk factor for syncope and sudden death in the congenital long QT syndrome.

• Cardiac hypertrophy accompanied by cardiac fibrosis and myocardial dysfunction are often asso-
ciated with gender-based differences, with higher mortality in men. Elderly female patients with
aortic stenosis exhibit better systolic function and increased LV hypertrophy than males.

• Polymorphic variants in genes encoding ERs affect cardiac hypertrophy in women. In rodent
models of familial HCM, specific mutations in cardiac troponin T genes have gender-specific
phenotypes.

• Striking gender-specific effects on both hypertension and CAD have been reported and are under-
lined by estrogen’s diverse impact on the vasculature (via both genomic and non-genomic mech-
anisms), including endothelial cell function and growth, on smooth muscle cell migration and
proliferation, on the production of eNOS and NO, and on inflammatory events.

• In regard to symptoms and effective diagnosis and treatment of CAD there are significant gender
differences.

• The response to ischemia-reperfusion (I/R) injury is gender-specific, including the susceptibility
and cardioprotective components (e.g., cardiac KATP channels and mitochondrial cardioprotective
signaling).

• Biomarkers of cardiac and cardiovascular health/disease including cardiac troponin, CRP, phos-
pholipase A2, E-selectin, adiponectin, lipid peroxides and resistin have gender-specific distri-
bution/expression. Gene profiling and proteomic analysis can be used to identify more gender
specific biomarkers.

• Polymorphic variants in diverse genes including APOA5, CYP2 and lipoprotein lipase, ACE,
eNOS, AGT and adrenergic receptors (ADRs) are associated with gender-specific expression of
specific CVD phenotypes including atherosclerosis, hypertension and ischemic stroke.

• Polymorphic variants in genes including the estrogen receptor, APO2, MDR1, ACE, microso-
mal triglyceride transfer protein (MTP) and preproendothelin-1 have been identified that have a
gender-specific effect on the action of specific common drugs (e.g., atorvastatin, hydrocloroth-
iazide) to treat age-associated CVDs.

• Identification of the genetic determinants of variable drug response by pharmacogenetic analysis
may prove useful in increasing therapeutic efficacy.
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Chapter 11
Cardiac Dysrhythmias and Channelopathies in Aging

Overview

Increasing interaction between clinical cardiologists/gerontologists, molecular biologists and geneti-
cists has facilitated the detection of a number of gene mutations in patients with life-threatening
dysrhythmias, particularly mutations in genes encoding most of the proteins forming the ion chan-
nels and transporters. On the other hand, there is significant genetic diversity in the channel genes,
with allelic heterogeneity spread over the entire gene, often presenting with more than one muta-
tion. Although, genetic heterogeneity represents a tremendous challenge for mutation identification,
the availability of new tools, including high-throughput technologies to map the human genome,
together with the availability of large databases of single nucleotide polymorphisms (SNPs) and
haplotype markers is facilitating the progressive discovery of new mutations and SNPs.

Defects in ion channels (channelopathies) are increasingly found in a large spectrum of human
diseases, and in aging. Mutations in genes encoding ion channel proteins, which disrupt channel
function, are the most commonly identified cause of channelopathies. Furthermore, mutations in
associated proteins, alterations in the expression of ion channels, or changes in the activity of non-
mutated channel genes or associated proteins can also produce acquired channelopathies, as they
may occur during therapies that affect cellular function. Similarly, defects in the heart rate and
rhythm (dysrhythmias) also increase with aging. Compared to young adults a higher incidence of
atrial dysrhythmias, including atrial premature beats, atrial fibrillation (AF), atrioventricular block
(AV block), and ST-T changes are seen in the elderly with an otherwise normal heart. On the other
hand, paroxysmal supraventricular tachycardia (PSVT), ventricular tachycardia (VT) and ventricular
blocks in the aging individual are mainly associated with structural cardiac defects. Furthermore,
age-related changes also include increased activity of the sympathetic nervous system, which may
be an important pathophysiological component in tachydysrhythmias and premature ventricular con-
tractions. In this chapter, the most common channelopathies and dysrhythmias associated with aging
will be discussed.

Introduction

Compared to the young a higher incidence of cardiac dysrhythmias occurs in aged patients, and
this is true even for elderly patients who are free from structural heart disease. Nevertheless, the
majority of cardiac dysrrhythmias in the elderly occur in association with underlying comorbidities,
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such as hypertension or coronary artery disease (CAD). In addition, aging is a major determinant
of heart rate dynamics, which differ between men and women. Women have a higher heart rate
and more complex heart rate dynamic regulating heart rhythm and rate (modulated by the nervous
system). However, with increasing age there is a decrease of such complexity, and the gender-related
differences in neuronal regulation of the heart rate decreases. The mechanisms underlying the gen-
der differences are unclear, although gender differences in neuronal modulation of heart rate could
be due to changes in neuronal innervation, amount of cardiac cells or/and changes in ion channel
expression (further discussion on the role of gender is presented in Chapter 10).

Significantly, both inherited, and to a lesser degree acquired cardiac dysrhythmias appear to have
a genetic basis. For example, changes in channel protein expression, which play a significant role
in the cardiomyocyte action potential (AP) and cellular electrical stability may have a significant
role in modifying the individual’s pharmacological profile by altering the relative expression and
contribution of different drug targets. Currently, screening of a significant number of individuals with
dysrhythmias has led to the discovery of numerous mutated genes, in particular those encoding sub-
units of proteins that constitute the cardiac ion channels. In addition, silent mutations and functional
DNA polymorphisms have also been found to play a significant role in increasing the susceptibility
for these dysrhythmogenic disorders, together with non-genetic or environmental factors such as
gender, aging, and the presence of cardiac structural defects.

Sympathetic Nerve System in Aging

With aging, decreased α- and β-AR-mediated contractility contribute to an overall decline in cardiac
performance. While impairment in β-AR signaling is well-established in the aging heart, identifica-
tion of the components of the α1-AR signaling cascade responsible for the aging-associated deficit
in α1-AR contractile function, has just begun. These signaling components include protein kinase
C (PKC) and associated anchoring proteins receptors for activated C kinase (RACKs). The reperfu-
sion of an isolated mammalian heart with a calcium-containing solution after a brief calcium-free
perfusion produces irreversible cell damage (known as the calcium paradox). There is evidence that
activation of the α1-AR pathway confers protection against the lethal injury of the Ca2+ paradox
largely by the PKC-mediated signaling pathways, and this protection is shared by stimuli involved
in calcium pre-conditioning [1]. Using 3 month and 24 month old Wistar rats, age-related changes
were analyzed with regards to α1-adrenergic stimulation of both cardiomyocyte Ca2+ transient and
cardiac PKC activity. In a dose-response curve to phenylephrine, the response of Ca2+ transient was
maximal at 10−7 M. While in the young rat this phenylephrine concentration induced a significant
increase in Ca2+ transient, the aging rat sustained a significant decrease. Moreover, after phenyle-
phrine treatment, a translocation of PKC toward the particulate fraction was observed in young
but not in older rats. These results indicate that the negative effect of α1-adrenergic stimulation on
cardiomyocyte Ca2+ transient observed in old rats may be related to the absence of α1-adrenergic-
induced PKC translocation.

Notwithstanding these findings, the effect of aging on the human sympathetic nervous system
remains a controversial issue. Since diverse cardiac pathologies, including essential hypertension,
CAD, HF and dysrhythmias increase with age, interest in this subject has significantly increased, and
the sympathetic nervous system has been proposed as a potential contributory pathophysiological
component [2]. However, in an analysis of the role of the sympathetic nervous system in aging and
HF, Kaye and Esler [3] found no additive effect of aging in the activation of the sympathetic nervous
system in HF, suggesting that other factors such as CAD and myocardial infarction (MI) may impact
the increased incidence of HF with aging.
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Electrophysiological Studies in Animal Models of Aging

Cardiac electrophysiological studies using a number of animal models have significantly contributed
to our knowledge of the changes occurring with aging. For example, using a canine model, electro-
physiological changes have been found in the atria with aging including longer duration of the AP,
increased negativity of the plateau and reduced L-type Ca2+ currents [4]. These changes may provide
the basis for the genesis of dysrhythmias and propensity for AF in the aged. Furthermore, histolog-
ical changes in the atria of old dogs include an increase in fibrous tissue. This heterogeneous atrial
interstitial fibrosis is likely contributory to the aging-related increase in atrial conduction slowing,
conduction block, and inducible AF seen in older rats [5].

Similarly, using white New Zealand rabbits, Gottwald et al. [6] have reported a higher variability
of the activation pattern, increased dispersion of the epicardial potential duration, prolongation of
the AV-conduction time and of the duration of epicardial activation signal in old compared to young
animals. Moreover, extensive incorporation of fat cells and connective tissue in the ventricular and
AV-node tissues, which may explain the prolonged conduction time, and a marked hypertrophy of the
ventricular myocytes were found on histological analysis. These findings may explain the enhanced
susceptibility to dysrhythmias occurring with increasing age.

Furthermore, Dhein and Hammerath have also reported reduced transversal velocity and
enhanced anisotropy but unchanged longitudinal velocity in aged rabbit hearts [7]. Histologically,
diffuse deposition of collagen lateral to the fibers and more pronounced expression of connexin43
(Cx43) at lateral cell borders were detected in the ventricles. In addition, the ventricular intercellular
coupling transverse to the fiber axis was reduced in aged hearts. Interestingly, these functional
age-dependent changes could be mimicked in young rabbit hearts by the gap junction uncoupler
palmitoleic acid in a concentration-dependent manner. Complementary to the above findings were
increased dispersion, slowed transverse conduction and increased anisotropy, and enhanced Cx43
immunostaining at the lateral cell borders.

The effect of aging on the electrophysiological properties of the left atrium (LA), and in par-
ticular on specific LA sites and in ouabain-induced dysrhythmias in rabbits have been evaluated
by Wongcharoen et al. [8]. In comparison to the young, the LA in the aging animals had a higher
incidence of delayed afterdepolarization with less negative resting membrane potential and smaller
maximum upstroke velocity. Aged left atrium posterior walls (LAPWs) had longer AP duration than
aged left atrium appendages, and after ouabain treatment the aged LAPWs had a greater shortening
of the AP duration. Taken together, aging appears to increase LA regional heterogeneity and LAPW
dysrhythmogenesis likely arising from increased atrial fibrosis.

It is worth noting that the use of animal models has been instrumental in providing insight on
the correlation of changes in ion channels affecting protein expression with changes in ventricu-
lar activity and dysrhythmias. For example, abnormal expression of the KCNE2 protein has been
reported in two different models of cardiac pathology [9]. In the first model, canine myocardial
ischemia secondary to coronary microembolizations, the rapid delayed rectifier current (IKr) density
was increased. While the protein level of the ERG (IKr) pore-forming α subunit was not affected,
the auxiliary subunit KCNE2 protein level was markedly reduced. These findings were consistent
with effect of heterologously expressed KCNE2 (also called MiRP1) on ERG, and suggested that
KCNE2 may associate with ERG and suppress its current amplitude. In the second model, aging
rat ventricle, both the pacemaker current (If) density and the KCNE2 protein level were markedly
increased, and no significant changes were found in the α-subunit (HCN2). These findings suggest
that in the aging ventricle, KCNE2 association with HCN2 can enhance the pacemaker current
amplitude. Taken together, these findings show that the KCNE2 protein is differentially expressed
in the ventricles under different pathophysiological conditions, such as myocardial ischemia and
aging, and this channel protein can play diverse and critical roles in modulating ventricular electrical
activity.



342 11 Cardiac Dysrhythmias and Channelopathies in Aging

Interestingly, Baba et al. [10] have addressed the question if the increases in AF that occur with
aging could be related to changes in the intrinsic function of Na+ currents in cells of the aged atria.
They analyzed the RA and LA Na+ channel protein Nav 1.5 of aged and adult dogs by immuno-
chemistry, and found that in cells from aged animals Na+ currents were similar to those measured
in adult atria. However, in the aged animals the Na+ current (INa) density of the LA cell currents
was significantly larger than the RA cell currents. Furthermore, in the aged atrial cells there was no
structural remodeling of the fast cardiac Na+ channel protein Nav1.5. Therefore, with age there is
no change in INa density in the aging atria, but there are subtle kinetic differences that contribute to
some enhancement of use dependence.

The spontaneous activity of pacemaker cells in the sinoatrial (SA) node controls the heart rate
under normal physiological conditions, and with age there is an increased incidence of SA node
dysfunction with the highest prevalence in the elderly population. Jones et al. [11] using the guinea
pig as animal model have investigated whether aging affected the expression of Cav 1.2 channels
and whether these changes could affect pacemaker activity, in turn leading to age-related SA node
degeneration. The SA node region from the right atrium of guinea pigs between birth and 38 months
of age, and immunofluorescence studies indicated that Cav 1.2 protein was localized around the outer
membrane of atrial cells but was absent from the center of the SA node. The area lacking Cav1.2
-labeled protein progressively increased from 2.06+/−0.1 mm2 at 1 month to 18.72+/−2.2 mm2

at 38 months. In addition, Cav1.2 protein expression within the SA node declined during aging as
gauged using western blot analysis, and functional assessment showed an increased sensitivity to
the L-type Ca2+ blocker nifedipine. This study revealed that Cav1.2 channel protein decreased con-
currently with reduced spontaneous activity of the SA node with increased age, and provided further
evidence of the mechanisms underlying the age-related deterioration of the cardiac pacemaker.

Atrial Dysrhythmias

Sinoatrial Node Dysfunction (SND)

With aging a decrease in the sinus node depolarization rate occurs in rats [12], which may be
related to a reduction in the accumulation of mRNA encoding β-adrenergic receptors and muscarinic
receptors as found in the sinus node region of senescent rat hearts [13]. Increased sensitivity of the
senescent rat sinus node to the negative chronotropic effects of adenosine A1 receptor stimulation has
also been reported that may be mediated by an increased density of adenosine A1 receptors [14, 15].
On the other hand, in human studies aging is associated with a significant decrease in sinus node size
and in the volume of sinus cells and a loss of centrally located P cells [16, 17]. Moreover, in human,
alterations in sinoatrial channels expression and structural atrial remodeling may occur with aging
in association with sinus node disease (SND) and AF. In the absence of structural cardiac defect, it is
not clear why SND is silent in some patients and is accompanied with symptoms in others, although
this variability may be related to the degree of atrial remodeling. Kistler et al. have reported subclin-
ical SND associated with extensive alterations in the atrial electrical substrate, in otherwise healthy
aging indivicuals [18]. We agree with Lamas et al. that the extensive atrial remodeling occurring in
aging provides a mechanism not only for SND but also for other atrial dysrhythmias, mainly AF,
which may develop in up to 50% of patients with SND [19]. Furthermore, the development of AF
may further exacerbate SND, probably related to the high atrial rates [20]. Fortunately, as pointed
out by Haqqani and Kalman in a recent editorial [21], at least a partial reversal of this adverse sinus
node remodeling may occur after successful catheter ablation of AF [22], or atrial flutter [23].

The forementioned age-dependent loss of the L-type calcium channel in the SA node reported in
the guinea pig model likely contributes to aging-associated SND [11]. L-type currents are conducted
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thru Cav1.2 channels, integrated by a pore-forming α1-subunit in association with β- and α2δ-
subunits [24]. With aging, Cav1.2 protein decreased together with a reduction in the spontaneous
activity of the SA node, and this decrease in turn increased its susceptibility to L-type calcium
channel blockers. Previously, these investigators reported that the progressive loss of connexin-43
expression with aging (in the central and peripheral zones of SA node) resulted in suppressed elec-
trical conductivity in the aged guinea pig node [25]. Therefore, the loss of Cav1.2 channels together
with depletion of Cx43 protein not only will decrease electrical conductivity but also will increase
the chances for SA node dysfunction with age as well as the prevalence of dysrhythmias. On the
other hand, and in agreement with Haqqani and Kalman [21], it is rather surprising that no changes
in collagen content or signs of fibrosis associated with aging were found in this animal SND model.
Interestingly, Alings et al. [26] in their comparative study of the age-related SA node structural
changes in human and cats have noted that although the relative volume of collagen in human
SA node increases from childhood to adulthood, no further increases occur after adulthood. Other
investigators have shown that in humans, aging is associated with increasing variability in atrial
conduction, which histological analysis revealed to be associated with increasing collagen [27].
Based on these data one can infer that further studies in humans are necessary to settle this issue.

In contrast to the study of Jones et al. [11] that did not evaluate downregulation of the L-type
calcium channel in others atrial areas than SA node, downregulation of L-type calcium channel in
a canine model of aging atrial cells using cell patch clamp recording techniques has been shown by
Dun et al. [28] Under the premise that the ionic basis for the differences in AP contours between
normal adult and aged right atrial fibers are unknown, these investigators measured L-type Ca2+

currents (ICaL) with either Ca2+ or Ba2+ (3 mM), and both the transient outward (Ito) and sustained
potassium currents (Isus) in cells dispersed in normal adult dogs (2–5 years of age) and older dogs
(>8 years of age). A significant reduction in peak ICaL (47%) and IBaL (43%) was noted in aged cells;
however, these differences in IBaL disappear with maximal β-adrenergic stimulation (isoproterenol,
1 microM). On the other hand, composite Ito and Isus densities were significantly increased in the
aged versus adult cell group. The decay of Ito during a maintained depolarization was slowed in
aged cells and Ito steady-state inactivation curve was shifted positively in aged cells. Therefore,
ionic currents differ in aged versus adult right atrial cells, such that a reduced Ca2+ current and
augmented outward currents could contribute significantly to the altered AP contour of the aged
right atrial cell. Furthermore, adrenergic stimulation appears to restore Ba2+ currents in aged cells.
Taken together increased TEA sensitive current plays a role in changes of Isus in aged right atrial
cells, and the AP contours vary considerably between normal adult and aged right atrial fibers.

Atrioventricular Nodal Reentrant Tachycardia (AVNRT)

AVNRT is the most common regular supraventricular tachycardia in the elderly patients. In patients
older than 65 years, AVNRT may lead to severe, sometimes life-threatening symptoms, despite
the fact that the tachycardia is not as fast as in younger patients. Radiofrequency (RF) catheter
ablation can be performed effectively and safely and should be offered to these patients as first-
choice therapy.

In 1998, Kalusche et al. [29] reported in a retrospective analysis of 404 patients who underwent
catheter ablation therapy for AVNRT, 85 of which were 65 years old or older. Compared with the
younger subgroup, the elderly patients (mean age 70.4 years) more often had organic heart disease
(e.g., CAD with or without MI, syncope or presyncope with AVNRT, more hospitalizations and
emergency treatments because of their symptoms), although the cycle length of the induced AVNRT
was significantly shorter in the younger patient group. Slow pathway ablation was performed in 94%
of the young and 82% of the elderly. In 17.5% of the elderly patients versus 6.5% of the young the
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fast pathway approach was chosen as the first therapy or tried after an unsuccessful approach to the
slow pathway. Interestingly, the overall success rate was similar in the young (96.8%) and in the
elderly (95.3%) and the recurrence rate was similar in both groups. Therefore, RF catheter ablation
is effective and safe and should be offered to these patients as their first-choice therapy.

Recently, Haghjoo et al. [30] also examined the electrophysiological characteristics and results of
RF catheter ablation in elderly patients with AVNRT. They compared the electrophysiological char-
acteristics, efficacy, and risks of the RF catheter ablation of the slow pathway in elderly versus young
patients with AVNRT. Patients were categorized into two groups; one consisted of patients younger
than 65 years (n = 156), and another of patients 65 years or older (n = 112). As in the previously
discussed report by Kalusche et al. [29] elderly patients compared with the younger subgroup, more
often had structural heart disease, but there were no statistically significant differences in sex and
symptoms during tachycardia. AVNRT cycle length was significantly longer in the older than in
the younger group. Among the conduction intervals of tachycardia, only atrio-His (A–H) interval
was significantly longer in the older individuals. The ablation fluoroscopy time, RF pulse duration,
target temperature, applied energy, and number of RF applications were comparable in both groups.
Furthermore, the risk of atrioventricular (AV) block, pericardial effusion, and vascular thrombosis
were similar in both groups. They concluded that in the elderly patients, slow pathway ablation is as
effective and safe as in younger patients. Therefore, when considering different treatment options,
an increased risk of complications or lower efficacy should not be a factor in determining the best
therapeutic approach in elderly patients. Also, Meiltz and Zimmermann [31] have examined the
efficacy and safety of RF ablation in patients with AVNRT ≥ 65 years of age and found that RF
ablation of AVNRT was highly effective and safe despite a higher prevalence of structural heart
disease and longer A-H intervals at baseline.

Atrial Fibrillation

AF is the most common dysrhythmia seen in the elderly. While AF can develop in the absence of
apparent structural changes, it more commonly involves extensive remodeling of the cardiomyocyte
electrical properties, extracellular matrix (ECM) and fibrosis, in part mediated by activation of the
renin-angiotensin-aldosterone system (RAAS) and induction of proinflammatory pathways. In the
aging heart AF can lead to acute HF, without clinically apparent cardiac disease. In the Rotterdam
study [32], the prevalence at baseline was assessed in 6,808 participants. Incidence of AF was inves-
tigated during a mean follow-up period of 6.9 years in 6,432 persons. The overall prevalence was
5.5%, rising from 0.7% in the age group 55–59 years and to 17.8% in those aged 85 years and
above. Also in this prospective study of a European population, the prevalence and incidence were
higher in men than in women and the high lifetime risk to develop AF was similar to North American
epidemiological data. Recently, similar prevalence has been also reported by Aronow [33] in individ-
uals older than 65 years of age (16% in men and in 13% in women). We agree with this investigator
that in the elderly, AF with rapid ventricular rate may precipitate the development of tachycardia-
related cardiomyopathy, and that immediate direct-current (DC) cardioversion should be performed
in patients with AF and acute MI, AF and chest pain due to myocardial ischemia, hypotension, severe
HF, or syncope [34]. In symptomatic life-threatening AF refractory to other drugs, amiodarone can
be administrated, as well as anticoagulants since thrombus formation occurred often in elderly indi-
viduals. On the other hand, non-drug therapies should be employed in patients with symptomatic
AF in whom rapid ventricular rate cannot be slowed by drugs. Finally, paroxysmal AF associated
with the tachycardia-bradycardia syndrome should be treated with a permanent pacemaker in com-
bination with drugs. With aging, the atrial myocardium undergoes extensive electrical and structural
remodeling both of which may play important roles in the initiation and/or perpetuation of atrial
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tachydysrhythmias [35]. As noted by Anyukhovsky et al. [4] structurally, the most important change
in aged atrial bundles is an enhancement of the fibrous tissue that is interspersed between myocytes.
In fact, fibrosis is ubiquitous in the atria of the aging heart and is characterized by excessive accumu-
lation of fibrillar collagen in the extracellular space. Recently, Spach et al. [36] have shown that even
in the absence of intrinsic or dynamic electrical heterogeneity, increased microfibrosis can cause a
propagation failure in the atria because of a source/sink mismatch and that under the appropriate
conditions it can give rise to dysrhythmogenic conduction responses. In experiments conducted on
small pieces of old isolated human atrial tissue, Spach et al. observed that an appropriately timed
premature stimulus given at the same site where previous stimulation initiated a normal impulse
propagation gave rise to extracellular electrograms that were indicative of either: (1) longitudinal
propagation in the retrograde direction lateral to the site of stimulus or (2) reentrant activation.
To understand the underlying mechanisms, the investigators first experimentally estimated in their
preparation the amount of collagenous septa and then used this information to construct a detailed
two-dimensional (2D) mathematical model of the atrial syncytium, which was based on a strat-
egy followed earlier for ventricular cells [37]. As pointed out in an editorial comment by Pandit
and Jalife [38], by mimicking the experimental stimulus protocol at different sites within the 2D
sheet, Spach et al. [36] were able to reproduce/simulate the dysrhythmogenic conduction patterns as
recorded in the isolated human atrial tissue. Research into the underlying mechanism suggested that
the inward sodium (but not calcium) current was the major determinant of the pattern of propagation
and that its interaction with the variable microstructural load (or sink) due to the fibrosis resulted
in either microreentry or delayed retrograde conduction lateral to the site of stimulus. These results
provide further support to the hypothesis that structural remodeling is a key determinant and by itself
can initiate AF, without the need for preexisting repolarization gradients.

AV Conduction in Aging

Aging is frequently associated with progressive AV conduction system disorders affecting the SA
node, AV node, and/or the His bundle branch-Purkinje system. Bhat et al. [39] in a study of 1,500
patients over 65 years of age found that AV conduction and intraventricular conduction defects were
identified in 30% of patients. As a result, the elderly are prone to develop symptomatic bradydys-
rhythmias that may require pacemaker implantation. In several animal models, aging is associated
with slowing of AV conduction and a blunted response to isoproterenol [6, 40]. This finding may
be mediated, at least in part, by a decrease in β-adrenergic receptor density [41]. On the other hand,
aging in human in frequently associated with prolonged AV conduction that may be independent of
β-adrenergic and parasympathetic effects [42]. With aging the incidence of prolonged PR intervals
and first-degree AV block increases in human [43], and this seems to be related to AV node or
proximal portion of the His bundle conduction delay [44].

In their study on pacing therapy in the elderly Kusumoto et al. [45] reported that in addition to
extracellular changes, apoptosis may play a significant role in the development of AV block with
aging since apoptosis appears to be one of the physiologic processes responsible for the normal
reduction in AV node size observed from fetus to adulthood. Therefore, inappropriate apoptosis
during later adulthood may be a factor in the development of AV block [46]. In cases of isolated
AV block there is an increase in fine collagen fibers in and around the AV node and His-Purkinje
system [47], and the development of collagen septa leads to cell-to-cell electrical uncoupling and a
decrease in conduction velocity particularly in cells that are arranged “side-to-side” [27]. Secondary
causes of AV block, such as CAD, annular calcification from valvular disease, infiltrative diseases
(amyloidosis, hemochromatosis), and inflammatory diseases (pericarditis, myocarditis, rheumatic
heart disease, collagen vascular disease) are more common in the elderly [45].
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Initially described as an acquired complete AV block with right (RBBB) or left bundle branch
block (LBBB) and widening QRS complexes, hereditary Lenègre/Lev disease has been also asso-
ciated with mutations in the SCN5A gene (see below). This disease involves fibrosis of the bundle
branches of unknown cause and may present with two distinct histological patterns. In Lev’s disease,
there is progressive loss of myocytes in the proximal bundles, which can result in loss of electrical
continuity between the His bundle and the bundle branches [48]. This is often accompanied by cal-
cification of the mitral and aortic valvular annulus, and systemic hypertension appears to accelerate
the pathologic process. On the other hand, Lenègre’s disease exhibits a more diffuse degenerative
process that involves the more distal portions of the bundle branches [49]. Similar to patients with
other types of AV conduction block, affected individuals with Lenègre/Lev disease present with
syncope, dizziness, and fatigue and often required pacemaker implantation.

In 2002 the guidelines for permanent pacemaker implantation were updated by the ACC/AHA/
NASPE (as discussed shortly) and outlined current indications as indicated in the accompanying
Tables 11.1–11.3. Nevertheless, since the majority of the recommendations are based on randomized
studies and did not specifically address implantation indications in the elderly, they should be used
only as a general guide [50].

LQT and Sudden Death

It has been suggested that prolonged QT interval predicts cardiac and all-cause mortality in the
elderly. In the Rotterdam study de Bruyne et al. [51] have compared the prognostic value of the QT
interval among men and women aged 55 years or older using different formulas to correct for heart
rate. They found that in women, the increased risk associated with prolonged QT for cardiac death
was more pronounced than in men, and risk estimates did not change after adjustment for potential
confounders, including history of MI, hypertension and diabetes mellitus. Therefore, a prolonged
heart rate corrected QT (QTc) interval is an independent predictor for cardiac and all-cause mortality
in older men and women.

Straus et al. [52] have evaluated the association of prolonged QTc interval and risk of sudden
cardiac death in a population of men and women 55 years of age and older. They found that an
abnormally prolonged QTc interval (>450 ms in men, >470 ms in women) was associated with a
three-fold increased risk of sudden cardiac death, after adjustment for age, gender, body mass index,
hypertension, cholesterol/high-density lipoprotein ratio, diabetes mellitus, MI, HF, and heart rate. In
patients with an age below the median of 68 years, the corresponding relative risk was 8.0. Therefore,
abnormal QTc prolongation on the electrocardiogram should be viewed as an independent risk factor
for sudden cardiac death. On the other hand, an evaluation of the effect of age and gender on QT
dispersion has shown that elderly males have significantly greater QT and QTc dispersion than
elderly females. In addition, no other gender differences were noted for QT or QTc dispersion in
younger individuals. These findings suggest that when evaluating a population of healthy subjects,
regardless of age, gender has an impact on QT dispersion but no significant interaction with QTc
dispersion. Moreover, evaluating age without examining the data by gender yields no significant
differences in QT or QTc dispersion [53].

The modulatory effects of age and gender on the clinical course of long QT syndrome (LQTS)
by genotype have been characterized by Zareba et al. [54] The LQTS genotype, QTc duration, and
follow-up were determined in 243 cases of LQTS caused by the KCNQ1 potassium channel gene
mutations (LQT1), 209 cases of LQTS caused by the HERG potassium channel gene mutations
(LQT2), and 81 cases of LQTS caused by the SCN5A sodium channel gene mutation (LQT3) gene
carriers. During adulthood, LQT2 females and LQT1 females had a significantly higher risk of
cardiac events than respective males. The lethality of cardiac events was highest in LQT3 males and
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Table 11.1 Recommendations for permanent pacing in acquired AV block and in chronic Bifascicular and Trifascic-
ular Block
Permanent pacing in acquired AV block in adults

Class I Evidence and/or general
agreement that a given
procedure or treatment is useful
and effective

3 and advanced 2 AV block at any anatomic level, associated with any one of
the following conditions: Bradycardia with symptoms (including HF)
presumed to be due to AV block; Dysrhythmias and other medical
conditions that require drugs that result in symptomatic bradycardia;
Documented periods of asystole ≥ to 3.0 seconds or any escape rate less
than 40 beats per minute (bpm) in awake, symptom-free patients; After
catheter ablation of the AV junction. There are no trials to assess outcome
without pacing, and pacing is virtually always planned in this situation
unless the operative procedure is AV junction modification; Postoperative
AV block that is not expected to resolve after cardiac surgery;
Neuromuscular diseases with AV block, such as myotonic muscular
dystrophy, KSS, Erb’s dystrophy (limb-girdle), and peroneal muscular
atrophy, with or without symptoms, as there may be unpredictable
progression of AV conduction disease; 2 AV block regardless of type or
site of block, with associated symptomatic bradycardia.

Class II: Conditions with
conflicting evidence or
divergent opinion about
procedure/ treatment efficacy
Class IIa

Asymptomatic 3 AV block at any anatomic site with average awake
ventricular rates of 40 bpm or faster especially if cardiomegaly or LV
dysfunction is present; Asymptomatic type II 2 AV block with a narrow
QRS. When type II 2 AV block occurs with a wide QRS, pacing becomes a
Class I recommendation (see below regarding Pacing for Chronic
Bifascicular and Trifascicular Block); Asymptomatic type I 2 AV block at
intra- or infra-Hisian. His levels found at electrophysiological study
performed for other indications; 1 or 2 AV block with symptoms similar to
those of pacemaker syndrome.

Class IIb Marked first-degree AV block (more than 0.30 seconds) in patients with LV
dysfunction and symptoms of congestive HF in whom a shorter AV
interval results in hemodynamic improvement, presumably by decreasing
left atrial filling pressure; Neuromuscular diseases such as myotonic
muscular dystrophy, Kearns-Sayre syndrome, Erb’s dystrophy
(limb-girdle), and peroneal muscular atrophy with any degree of AV block
(including 1 AV block) with/without symptoms, as there may be
unpredictable progression of AV conduction disease;

Class III: Evidence of ineffective
or harmful treatment

Asymptomatic 1 AV block; Asymptomatic type I 2 AV block at the supra-His
(AV node) level or not known to be intra- or infra-Hisian; AV block
expected to resolve and/or unlikely to recur (e.g., drug toxicity, Lyme
disease, or during hypoxia in sleep apnea syndrome in absence of
symptoms).

Permanent pacing in Chronic Bifascicular and Trifascicular Block

Class I Intermittent 3 AV block; Type II 2 AV block; Alternating bundle-branch
block.

Class IIa Syncope not demonstrated to be due to AV block when other likely causes
have been excluded, specifically ventricular tachycardia (VT); Incidental
finding at electrophysiological study of markedly prolonged HV interval
(greater than or equal to 100 milliseconds) in asymptomatic patients;
Incidental finding at electrophysiological study of pacing-induced
infra-His block that is not physiological

Class IIb Neuromuscular diseases such as myotonic muscular dystrophy, KSS, Erb’s
dystrophy (limb-girdle), and peroneal muscular atrophy with any degree of
fascicular block with or without symptoms, because there may be
unpredictable progression of AV conduction.

Class III Fascicular block without AV block or symptoms; Fascicular block with 1 AV
block without symptoms.
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Table 11.2 Recommendations for permanent pacing in carotid sinus syndrome and neurocardiogenic syncope, sinus
node dysfunction and to terminate and prevent tachycardia

Permanent pacing in hypersensitive sinus syndrome and neurocardiogenic syncope

Class I Recurrent syncope caused by carotid sinus stimulation; minimal carotid sinus pressure induces
ventricular asystole of more than 3-second duration in the absence of any medication that depresses
the sinus node or AV conduction

Class IIa Recurrent syncope without clear, provocative events and with a hypersensitive cardioinhibitory
response; Syncope of unexplained origin when major abnormalities of sinus node function or AV
conduction are discovered or provoked in electrophysiological studies. Significantly symptomatic
and recurrent neurocardiogenic syncope associated with bradycardia documented spontaneously or
at the time of tilt-table testing.

Permanent pacing in sinus node (SN) dysfunction

Class I SN dysfunction with documented symptomatic bradycardia, including frequent sinus pauses that
produce symptoms. In some patients, bradycardia is iatrogenic and will occur as a consequence of
essential long-term drug therapy of a type and dose for which there are no acceptable alternatives;
Symptomatic chronotropic incompetence.

Class IIa SN dysfunction occurring spontaneously or as a result of necessary drug therapy, with heart rate
<40 bpm when a clear association between significant symptoms consistent with bradycardia and
actual presence of bradycardia has not been documented; Syncope of unexplained origin when
major abnormalities of SN function are discovered or provoked in electrophysiological studies.

Class IIb In minimally symptomatic patients, chronic heart rate <40 bpm while awake.
Class III SN dysfunction in asymptomatic patients, including those with substantial sinus bradycardia (heart

rate <40 bpm) is a consequence of long-term drug treatment; SN dysfunction in patients with
symptoms suggestive of bradycardia that are clearly documented as not associated with a slow heart
rate; SN dysfunction with symptomatic bradycardia due to nonessential drug therapy.

Permanent pacemakers that automatically detect and pace to terminate tachycardia

Class I Symptomatic recurrent supraventricular tachycardia (SVT) reproducibly terminated by pacing after
drugs + catheter ablation fail to control dysrhythmia or produce intolerable side effects;
Symptomatic recurrent sustained VT as part of an automatic defibrillator system.

Class IIa Symptomatic recurrent SVT reproducibly terminated by pacing in the unlikely event that catheter
ablation and/or drugs fail to control dysrhythmia or produce intolerable side effects.

Class IIb Recurrent SVT or atrial flutter that is reproducibly terminated by pacing as an alternative to drug
therapy or ablation.

Class III Tachycardias frequently accelerated or converted to fibrillation by pacing; The presence of accessory
pathways with the capacity for rapid anterograde conduction whether or not the pathways
participate in tachycardia mechanism

Pacing recommendations to prevent tachycardia

Class I Sustained pause-dependent VT, with or without prolonged QT, in which the efficacy of pacing is
thoroughly documented

Class IIa High-risk patients with congenital long-QT syndrome.
Class IIb: AV re-entrant or AV node re-entrant SVT not responsive to medical or ablative therapy; Prevention of

symptomatic, drug-refractory, recurrent AF with coexisting SN dysfunction.
Class III Frequent or complex ventricular ectopic activity without sustained VT in the absence of the LQTS;

Torsade de Pointes VT due to reversible causes.

females, and higher in LQT1 and LQT2 males than in LQT1 and LQT2 females. Their conclusion
was that age and gender have different, genotype-specific modulating effects on the probability of
cardiac events and electrocardiographic presentation in LQT1 and LQT2 patients.

Recently, in an evaluation of the risk factors that influence the clinical course of mutation-
confirmed in adult patients with LQTS, the life-threatening cardiac events and protective effect of
β-blocker therapy on cardiac events in these patients with known cardiac channel mutations were
analyzed by Sauer et al. [55] They found that female gender, QTc interval ≥500 ms, and interim
syncopal events were associated with significantly increased risk of life-threatening cardiac events in
adulthood. Taken together, the severity of LQTS in adulthood can be risk stratified with information
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Table 11.3 Recommendations for permanent pacing in myocardial infarction, hypertrophic and dilated
cardiomyopathy

Permanent pacing after the acute phase of myocardial infarction

Class I Persistent second-degree AV block in the His-Purkinje system with bilateral bundle-branch block or
third-degree AV block within or below the His-Purkinje system after AMI; Transient advanced
(second- or third-degree) infranodal AV block and associated bundle-branch block. If the site of block
is uncertain, an electrophysiological study may be necessary; Persistent and symptomatic second- or
third-degree AV block.

Class IIb Persistent second- or third-degree AV block at the AV node leve
Class III: Transient AV block in the absence of intraventricular conduction defects; Transient AV block in the

presence of isolated left anterior fascicular block; Acquired left anterior fascicular block in the absence
of AV block; Persistent first-degree AV block in the presence of bundle-branch block that is old or age
indeterminate.

Pacing recommendations for dilated cardiomyopathy/heart failure (HF)

Class I Class I indications for sinus node dysfunction or AV block as previously described.
Class II Biventricular pacing in medically refractory, symptomatic New York Heart Association (NYHA) class III

or IV patients with idiopathic dilated or ischemic cardiomyopathy, prolonged QRS interval (greater
than or equal to 130 ms), LV end-diastolic diameter greater than or equal to 55 mm and ejection
fraction less than or equal to 35% (In comparison to 1998 guidelines these are new recommendation for
biventricular pacing in patients with severe HF following several trials that showed clinical and
structural cardiac improvement).

Pacing recommendations for hypertrophic cardiomyopathy

Class I Class I indications for sinus node dysfunction or AV block as previously described.
Class IIb Medically refractory, symptomatic hypertrophic cardiomyopathy with significant resting or provoked LV

outflow obstruction.
Class III Patients who are asymptomatic or medically controlled; Symptomatic patients without evidence of LV

outflow obstruction.

regarding genotype, gender, QTc duration, and history of cardiac events. Also, β-blockers effec-
tively reduced but did not eliminate the risk of both syncopal and life-threatening cardiac events in
adult patients with mutation-confirmed LQTS. Moreover, the effect of gender and age on ventricular
repolarization abnormality have been analyzed in Japanese carriers of a G643S common SNP for
the KCNQ1 gene that is known to be associated with secondary LQTS and to cause a mild reduction
in KCNQ1 current. Both genders showed a tendency for an increase in QT corrected by Frideri-
cia’s formula with aging. Interestingly, in females, both the peak and the end of the T wave (Tpe)
interval, and the Tpe/QT ratio were significantly increased with age, which was not observed in
males [56].

Besides LQTS and Brugada syndromes, mutations in the SCN5A gene have been also associ-
ated with hereditary Lenègre/Lev disease [57]. Initially, Lenègre/Lev disease was described as an
acquired complete AV block with right (RBBB) or left bundle branch block (LBBB) and widening
QRS complexes, and affected individuals often required pacemaker implantation [48, 58]. The the-
ory mainly accepted is that the disease develops over several decades, affecting the His bundle and
its branches. Lenègre and Lev hypothesized that it was a primary degenerative disease or an exag-
gerated aging process of unknown origin with sclerosis selectively affecting the conducting tissue.
In 1995, a first locus was mapped to chromosome 19q13.2–13.3 [59]. In 1999, Schott and associates
reported the first mutation in the SCN5A gene that segregated with progressive cardiac conduction
defect (PCCD), in an autosomal dominant manner in a large French family, and a second SCN5A
mutation which co-segregated in a smaller Dutch family with familial non-progressive conduction
defect [57]. Fifteen patients from the French family were clinically and electrocardiographically
affected (the mean QRS duration was 135 ±7 ms). RBBB was present in five patients, LBBB in
two, left anterior or posterior hemiblock in three and long PR interval (>210 ms) in eight. None
of the patients had structural heart disease. Of significance, four patients received a pacemaker
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implantation because of syncope or complete AV block, and in a number of affected patients the
conduction defect increased in severity with age. On the other hand, in the Dutch family the proband
presented after birth with an asymptomatic first-degree AV block associated with RBBB. Three
brothers were asymptomatic, one of which had RBBB, and the asymptomatic mother had a non-
specific conduction defect with a QRS duration of 120 ms. Using markers flanking SCN5A in the
French family, these investigators demonstrated segregation of the disease with marker D3S1260
in every affected individual, and analyses with flanking markers of the region confirmed a linkage
to the 3p21 locus. Sequencing the entire SCN5A coding region in this family identified a T→C
substitution in the highly conserved +2 donor-splicing site of intron 22. This abnormal transcript
predicts an in-frame skipping of exon 22 and an impaired gene product lacking the voltage-sensitive
domain III S4 segment. Importantly, this mutation was found in all affected members, but not in 100
control chromosomes. In the Dutch family, sequence analysis of the SNC5A gene revealed a deletion
of a single nucleotide (G) at position 5,280 resulting in a frame shift and a premature stop codon.
This mutation co-segregated with the phenotype in all affected family members. These findings also
indicated that with aging there is a progressive increase in cardiac fibrosis, which in association
with the SNC5A gene mutation can slow the impulse along the electrical conduction system. In the
Dutch family, the mutation conferring a premature stop codon and the presentation of PCCD at birth
suggest that as a consequence of the sodium channel mutation a congenital phenotype can arise that
may be either progressive or immediate.

Probst et al. [60] have extended the size of the pedigree of Lenègre/Lev disease to 65 potentially
affected members, from which 25 individuals were carriers of the IVS.22+2 T→C SCN5A mutation.
In relation to aging, gene carriers exhibited various types of conduction defects. P-wave, PR, and
QRS duration increased progressively with age in gene carriers and in noncarriers. Of significance
is that whatever the age, conduction parameters were longer in gene carriers. In addition, they exam-
ined in vitro the functional consequences of the mutation and found that the SCN5A gene induces a
progressive alteration in the conduction of the cardiac impulse in the atria as well as the ventricle.
The cardiac conduction defect already present in infancy worsened progressively with age, leading to
the typical aspect of the idiopathic progressive conduction block as originally described by Lenègre
and Lev. They also showed that hereditary Lenègre/Lev disease is caused by a haploinsufficiency
mechanism, which in combination with aging leads to progressive defects of the conduction velocity.

Syncope/Tilt Test

Syncope, a common occurrence in the elderly, is often associated with a worse outcome than in adult
patients requiring complementary tests, such as tilt-table test (TTT). Besides syncope secondary to
AV block or other structural cardiac pathologies (e.g., aortic valve stenosis, obstructive cardiomy-
opathy, ischemic heart disease, hypertension), syncope in aging is mainly of unknown etiology. It is
apparent that the test carries in the elderly a higher risk in comparison to young/adult patients. For
example, in an evaluation of the utility of TTT with sublingual nitroglycerin, as a provocative agent,
in elderly patients with unexplained syncope, Timoteo et al. [61] concluded that the test helps on the
differential diagnosis of the cause of the syncope, and when potentiated by nitroglycerin, it produces
a significant increase in positive responses. Furthermore, the test identified a considerable number
of patients with an exaggerated response to nitrates. Also, Han et al. [62] assessed the incidence of
serious responses occurring during the performance of the TTT in a cohort of 76 elderly individuals,
and its prophylactic management. Fifty-one of the 76 patients studied had a positive test, and 23
had significant complications, including cardiac arrest in six cases, marked bradycardia in seven
(two associated to 2nd degree AV block and five with AF) and severe hypotension in 10 cases.
These findings clearly suggest that although non-invasive, TTT in the elderly may result in serious
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complications, and to prevent these side effects caution is recommended with patient selection, as
well as with close control of isoproterenol infusion and vital signs.

The hemodynamic responses of the elderly to TTT until recently have been lacking. In the study
of deCastro and de Nobrega [63], a cohort of elderly patients (n = 165) who sought medical assis-
tance because of recurrent syncope were evaluated. For a period of 18 months they were initially
enrolled and submitted to a two-stage, nitroglycerin-potentiated TTT. A subset of these patients
who presented with dysautonomic response to TTT performed clinical autonomic tests, and they
found that the most frequent cause of syncope during TTT was the dysautonomic pattern (43%),
followed by a mixed type of neurocardiogenic syncope (35%). Interestingly, most patients who
remained asymptomatic during TTT showed clear abnormal hemodynamic response during exami-
nation. Thus, autonomic dysfunction, which can be detected during TTT, is probably an important
cause of syncope in the elderly regardless of the occurrence of symptoms during the TTT.

Pacer Therapy in the Elderly

In the previously mentioned 2002 ACC/AHA/NASPE guidelines update for implantation of pace-
makers and antidysrhythmia devices, the indications were classified in several categories based on
causal factors as indicated in Tables 11.1–11.3 [50]. In addition to these major classes (with the most
relevance to elderly patients), for recommendations for permanent pacing in children, adolescents,
and patients with congenital heart disease the reader is referred to the 2002 ACC/AHA/NASPE
recommendations.

Since the publication of the above recommendations in 2002 the indications for pacemaker ther-
apy in the elderly continue to evolve, and these include use as an adjunct therapy in the advanced
stages of HF and in dysrhythmias unresponsive to medical therapy.

Advanced Heart Failure

One of the most recent and interesting applications of pacemaker implantation has been for cardiac
resynchronization in advanced HF. As described by Wenger et al. in their review article [64], in the
Multisite Stimulation in Cardiomyopathy (MUSTIC) study, patients (mean age, 64 years) with a left
ventricular ejection fraction of 35% or less, NYHA class III symptoms, and QRS duration of more
than 150 mseconds were randomly assigned to biventricular pacing or inactive pacing. The active
pacing group showed a significant improvement in the distance walked in 6 minutes, peak oxygen
consumption on exercise testing, and quality of life as measured with the Minnesota Living with
Heart Failure questionnaire. Furthermore, biventricular pacing decreased the rate of hospitalizations
for HF and resulted in an improvement in NYHA class [65]. These results were reproduced in a
larger trial with a very similar design conducted in the US [66]. According to Wenger et al. [64]
the benefits of cardiac resynchronization were later expanded to patients with QRS durations of
120–150 msec, and to those with narrow QRS (incomplete left bundle branch block and QRS
<120 msec) and echocardiographic evidence of dysynchrony [67, 68].

Previously, several studies have reported the use of left ventricular and biventricular pacing using
specialized leads placed in the cardiac veins via the coronary sinus in order to achieve ventricu-
lar “resynchronization.” In one study [69], temporary biventricular pacing improved cardiac output
by 40%. Several multicenter studies have assessed the use of biventricular pacing for advanced
HF [70–72]. Two large randomized trials, the COMPANION and the CARE-HF studies unequivo-
cally demonstrated that cardiac resynchronization therapy (CRT) conferred significant mortality and
quality-of-life benefits for HF patients [72]. In the COMPANION trial, subjects receiving CRT with
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a defibrillator (CRT-D) fared better than those who received a device with CRT pacing capability
only (CRT-P), albeit both studies found CRT-P reduced risk of death and hospitalization.

Pacemaker Implantation as an Adjunct Therapy for Atrial Fibrillation

Although many elderly patients tolerate AF without medications (because of concomitant AV nodal
disease) in others, AF can be associated with rapid ventricular rates that medically are difficult
to control. One method for treating the tachycardia associated with AF is to create AV block by
applying radiofrequency energy and implanting a pacing system to provide appropriate heart rates.
As reported by Fitzpatrick et al. [73] His bundle ablation and pacing may improve the quality of
life in the elderly with medically unresponsive AF while reducing health care expenditure [74].
Similarly, pacing therapy may be effective in patients with drug-refractory paroxysmal AF. Delfault
et al. [75] studied 30 patients with drug-refractory AF and pacing resulted in increase the temporal
symptomatic dysrhythmia-free interval from 9 to 143 days. Indicators of pacemaker therapy are
shown in Table 11.4.

Ventricular Dysrhythmias

Premature Ventricular Beats

It is established that aging is associated with an increase in both the prevalence and complexity
of premature ventricular beats (PVB). These can be single (uniform or multiform), in couplets, or
in short runs of ventricular tachycardia. In the absence of cardiac functional or structural defects,
increases in cardiac mortality in these individuals are not apparent. On the other hand, because the
risk of developing dysrhythmias increases even with healthy aging, an interesting question is whether
high intensity physical activity should be contraindicated in the elderly person. Pigozzi et al. [76]
have comparatively evaluated using echocardiogram and EKG monitoring 49 male athletes engaged
in various sport disciplines, mean age 62.3+/−2.3 and 24 sedentary or moderately physically active

Table 11.4 Clinical conditions and pacemaker therapy

Clinical condition Evaluation/therapy

Sinus node dysfunction
Asymptomatic Pacing not indicated
Symptomatic Pacing
AV block
Asymptomatic
First degree Pacing not indicated
Second degree Pacing not indicated if type 1 second degree AV block with a narrow QRS complex is

present; Electrophysiological study should be considered if type 1 second degree AV
block and a wide QRS complex are present

Pacing recommended if type II block is present
Third degree Pacing
Symptomatic Pacing regardless of type
Fascicular block
Asymptomatic
Bifascicular block Pacing not indicated
Trifascicular block Pacing
Syncope/presyncope
Bifascicular block Electrophysiological study to assess inducible ventricular dysrhythmias and

His-Purkinje conduction
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healthy males, mean age 62.9+/−1.7 years as controls. No pathological findings were detected
in both experimental groups and the exercise performance was greater in athletes than controls
(206.9+/−5.2 versus 156.3+/−12 watt, p < 0.01). During exercise test, there were no significant
difference between-groups in the incidence of ventricular dysrhythmias including multiple PVB
polymorphisms, or repetitive PVBs. Interestingly, on EKG monitoring the number of PVBs was
significantly greater in controls than athletes, whereas no significant difference were detected in the
incidence of discrete ventricular dysrhythmias between athletes and controls. Therefore, in elderly
healthy athletes, vigorous training even to competition does not result in a greater incidence of ven-
tricular dysrhythmias, although these investigators suggest caution and preparticipation evaluation
is recommended.

Ventricular Tachycardia (VT)

In VT the sinoatrial node does not control the beating of the ventricles. Instead, other areas along
the lower electrical pathway take over the pacemaking role. The new signal does not run thru the
regular pathway, the heart muscle does not beat normally, and one may feel “skipping beats.” This
dysrhythmia may cause severe shortness of breath, dizziness, or syncope. VT is frequently present
in aging individuals with structural cardiac defects, CAD as well as in those with hypertension. In
1995 Mercando et al. [77] carried out signal-averaged electrocardiography and 24-hour ambulatory
electrocardiographic monitoring in 121 elderly patients > 6 months after acute MI and found that all
patients had asymptomatic complex ventricular dysrhythmias and a left ventricular ejection fraction
≥ 40%. Rates of sudden, cardiac, and total death were compared between groups with and without
nonsustained VT and between normal and abnormal signal-averaged electrocardiographic studies.
The prevalence of an abnormal signal-averaged electrocardiographic study was 36%. Thirty-seven
percent of the patients had nonsustained VT, and the remaining patients had complex ventricular
dysrhythmias other than VT. There were 27 sudden and 48 total cardiac deaths, and 66 deaths from
all causes during a mean follow-up period of 30 months. The lower rate of sudden and cardiac death
was in the group without nonsustained VT. Although there was a trend toward a lower rate of sudden
death in patients with a normal signal-averaged electrocardiogram, there was no statistical difference
in the rates of sudden, cardiac or total death between patients with normal or abnormal studies.
The negative predictive value of having neither an abnormal signal-averaged electrocardiogram nor
nonsustained VT was 94% for sudden death. The authors concluded that in elderly patients with
complex ventricular dysrhythmias and ejection fraction ≥40% for at least 6 months after an acute
MI, the presence of nonsustained VT predicted a higher rate of sudden and cardiac death; however,
signal-averaged electrocardiography alone was not predictive. In a later study by the same group of
investigators on the prevalence of VT and complex ventricular dysrhythmias, and their association
to new coronary events in old men and women they found similar prevalence in both sexes (16% in
males and 15% in women) with CAD, as well as in individual with hypertension, cardiomyopathy
and valvular disease [78]. Similarly, no significant difference was noted in those subjects without
structural defects or hypertension (3% in men versus 2% in females), nor differences by gender were
noted for complex ventricular dysrhythmias. On the other hand, Lampert et al. [79] in their study
on gender differences in ventricular dysrhythmia recurrence in patients with CAD and implantable
cardioverter-defibrillators found that women were less likely to have VT/ VF, and had fewer VT/VF
episodes than men. These findings were strongest in patients with evidence of a stable anatomic
VT circuit: those with clinical or electrophysiologically induced VT. It appears that differences in
susceptibility to dysrhythmia triggering may underlie the known differences in sudden cardiac death
rates between men and women.
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Ventricular Fibrillation (VF)

The most serious dysrhythmia is VF, a chaotic heartbeat that may reach 300/minute. Since the heart
pumps very little blood to the brain and body, syncope may occur. This dysrhythmia is an emergency
requiring immediate action either with CPR and/or electrical shock. Damage to the heart can be min-
imized if a normal rhythm can be quickly re-established. Approximately 220,000 deaths from heart
attacks occur each year in the US, a large number probably caused by VF. Elderly individuals who
have a history of CAD or suffer episodes of acute myocardial ischemia are at the highest risk for VF.

It has been reported that VT triggers many episodes of VF, and patients who present with VT
or VF are usually grouped together in reports on natural history and treatment. However, there
are significant differences in the clinical profiles of these two individual groups, with some stud-
ies suggesting differences in their response to therapy. In the Antiarrhythmics Versus Implantable
Defibrillators (AVID) trial to determine whether patients who receive an implantable cardioverter-
defibrillator (ICD) after VT have dysrhythmias during follow-up, which are different from patients
who present with VF, Raitt et al. [80] have suggested that there are important differences in the
electrophysiologic characteristics of patients with VT versus those with VF since ventricular dys-
rhythmias recurrence at follow-up was different in patients who presented with VT than in those
who originally presented with VF. More recently, Daubert et al. [81] in their study on the predictive
value of ventricular dysrhythmia inducibility for subsequent VT or VF in the Multicenter Automatic
Defibrillator Implantation Trial (MADIT) II patients, found inducibility (i.e., sustained monomor-
phic or polymorphic VT induced with three or fewer extrastimuli or VF induced with two or fewer
extrastimuli) was associated with an increased likelihood of VT. The cohort consisted of 720 ICD
randomized males, of which 593 (82%) underwent electrophysiological testing. Patients received
an ICD whether they were inducible or not. Patients were subcategorized based on monomorphic
VT (n = 169, age range 62 ± 12); Polymorphic VT or VF with S2–3 (n = 42, 62 ± 11); VF with
S4 (n = 32, age 65 ± 10), and nor VT or VF induced (n = 350, age 64 ± 10). Noninducible MADIT
II study subjects using this electrophysiological protocol had a considerable incidence of VT event
rate and a higher VF event rate than inducible patients. Therefore, induction of polymorphic VT or
VF, even with double extrastimuli, appears less relevant than induction of monomorphic VT. The
author’s conclusion was that electrophysiological testing using a stimulation protocol up to three
extrastimuli at two sites for ruling out subsequent VT or VF events was of a limited predictive value.
Although noninducible patients in the MADIT II study population do have a slightly lower risk
of the combined dysrhythmic end point of VT or VF, their risk of VF tended to be higher than in
inducible patients. In addition they found that postinfarction patients with an ejection fraction of
≤0.30, noninducibility at electrophysiological testing did not equate with a low dysrhythmic risk.
Finally, based on the collected data this study does not support excluding noninducible patients from
ICD therapy.

Dysrhythmogenic Right Ventricular Dysplasia in the Elderly (DRVD)

DVRD is a rare cardiac anomaly occurring mainly in young men. However, isolated cases of DVRD
in elderly individual have been reported. Recently, Garcia-Quintana et al. [82] reported a case of
a 76 years old man presenting with VT, wide QRS and morphology of left bundle branch block.
Cardiac catheterization and echocardiogram revealed dilated and dysfunctional right ventricle. The
patient underwent implantation of a cardioverter-defibrillator since while on treatment with amio-
darone presented further episodes of VT. Later on, the VT was controlled with sotalol. The authors
examined the literature and found five more cases of DRVD in aging individuals (four males, two
females) with mean age of 75.8 years, and 4 have presented with VT. Therefore, the diagnosis of
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DRVD should be considered in individuals of all ages who present with clinical signs consistent
with DRVD and electrocardiographic data consistent with this entity.

Antidysrhythmic Therapy in Aging

With aging, serum drug concentration is prone to increase rapidly and is maintained at high levels
for a longer time than desirable because of impaired liver and kidney functions. Therefore efficacy
and side effects both occur rapidly and for a long time. In the elderly, the specialized conduction
system, including the sinus node and the AV node are often impaired, and antidysrhythmic drugs
often induce bradycardia, widening of the QRS duration and LQT interval. The elderly should be
treated initially at a lower dosage than adults and should be followed with frequent determinations of
serum drug concentration to achieve positive results without serious adverse effect. The promising
new fields of pharmacogenetics/pharmacogenomics (discussed later in this chapter) may provide the
solution for drug selection and dosage indications particularly in aging.

The use of cardiopulmonary resuscitation in elderly patients in treating dysrhythmias has been
increasingly reported. In a recent study, Elshove-Bolk et al. demonstrated in a geriatric hospitalized
cohort that resuscitation provided particular benefits in those patients admitted for cardiac ischemia
suffering cardiac arrest with VT or VF as a primary dysrhythmia [83].

Channelopathies

Introduction to Channelopathies

Ion channels, particularly K+ channels and Ca2+ channels play pivotal roles in communication
between the cell membrane and cytosol. However, with aging these ion channels undergo func-
tional and/or structural alterations, which are not only associated with the development of cellular
dysfunction but also contribute to the progression of cellular senescence, defining an age-associated
channelopathy. Elucidation of the genetic structure of the molecular components of these channels
will lead to the identification of mutational or polymorphic gene variants which mediate the effects
of aging, therapeutic treatments or diverse physiological stimuli on channel function.

Calcium and Potassium Currents

Action potential (AP) contours vary considerably between normal adult and aged right atrial fibers.
However, the ionic bases for these differences remain unknown. As noted previously, Dun et al. [28]
using whole cell patch clamp recording techniques in a canine model have measured L-type Ca2+

currents (ICaL) with either Ca2+ or Ba2+ (3 mM) as the charge carrier, and both the transient outward
(Ito) and sustained potassium currents (Isus) in cells dispersed from normal adult (2–5 years) and
older dogs (>8 years). A significant reduction was found in peak ICaL (47%) and IBaL (43%) in
aged cells, yet the differences in IBaL disappeared with maximal β-adrenergic stimulation (isopro-
terenol, 1 μM). Moreover, composite Ito and Isus densities were significantly increased in the aged
versus adult cell group. Ito decay during maintained depolarization was slowed in aged cells, and Ito

steady-state inactivation curve was shifted positively in aged cells. Furthermore, composite Ito and
Isus currents of aged cells were more sensitive to tetraethylammonium chloride (TEA), a specific
inhibitor of some types of K+ currents, and in the presence of TEA (5 mM), Ito in aged cells was
significantly greater than that in adult cells. Taken together, this interesting study revealed that ionic



356 11 Cardiac Dysrhythmias and Channelopathies in Aging

currents differ in aged versus adult right atrial cells, that reduced Ca2+ current and augmented out-
ward currents could contribute significantly to the altered AP contour of the aged right atrial cell, that
adrenergic stimulation appears to restore Ba2+ currents in aged cells, and that an augmented TEA
sensitive current seems to play a role in changes of Isus in aged right atrial cells. Similarly, changes
in whole cell K+ and L-type Ca2+ currents in aging rat ventricular myocytes have been studied
by Liu et al. [84]. Using whole cell patch-clamp techniques they measured the inward rectifier K+

current (IK1), the transient outward K+ current (Ito), and the L-type Ca2+ channel current (ICa,L)
in ventricular myocytes isolated from young adult (6 month) and aged (> 27 month) Fischer 344
rats. Besides an increase in cell size and membrane capacitance, aged myocytes exhibited the same
magnitude of peak IK1 with a greater slope conductance, while displayed smaller steady-state IK1. In
addition, aged myocytes had a greater Ito with an increased rate of activation, but the Ito inactivation
kinetics, steady-state inactivation, and responsiveness to L-phenylephrine, a α1-adrenergic agonist,
were unaltered. The magnitude of peak ICa,L in aged myocytes was decreased and accompanied by
a slower inactivation confirming previous findings [85], however the ICa,L steady-state inactivation
was unaltered. AP duration in aged myocytes was prolonged only at 90% of full repolarization
(APD90) when compared with the AP duration of young adult myocytes. Taken together, these
findings demonstrated aging-associated changes in AP, morphology, in IK1, Ito, and ICa, L of rat
ventricular myocytes, which possibly contribute to dysfunction in the aging heart.

Sarcolemmal KATP Channels in Aging

Opening of sarcolemmal KATP channels is an important endogenous cardioprotective mechanism,
mainly in the aging heart. These channels are abundant in cardiac myocytes where they are essential
in coupling the cellular metabolic state with membrane excitability. The opening of sarcolemmal
ATP-sensitive K+ (KATP) channels occurs during ischemia and protects the heart against injury.
Age-dependent changes in the myocardial susceptibility to ischemia have been observed in dif-
ferent species, including humans. Recent research has demonstrated that aging is associated with
reduced numbers of sarcolemmal KATP channels in hearts from females, but not males [86]. This
phenomenon seems to be associated with an age-dependent decrease in the concentration of circulat-
ing estrogens. Cardiac KATP channels, gated by cellular metabolism, are formed by association of the
inwardly rectifying potassium channel Kir6.2, the potassium conducting and pore-forming subunit,
and SUR2A, the ATP-binding cassette protein that serves as the regulatory subunit and member of
the ABCC subfamily of ABC proteins [87]. Kir6.2 is the principal site of ATP-induced channel
inhibition, while SUR2A regulates K+ flux through adenine nucleotide binding and catalysis. The
findings of Jovanovic et al. have suggested that in the heart basal levels of expression of SUR2A are
lower than Kir6.2, albeit stoichiometry of subunits in sarcolemmal KATP channels is 4:4 [86]. The
consequence of this is that SUR2A is a limiting subunit that controls the number of sarcolemmal
KATP channels [88].

Estrogens specifically upregulate SUR2A and, thereby, control the number of sarcolemmal KATP

channels. Ranki et al. [89] found that a decrease in the number of sarcolemmal ATP-sensitive K+

channels appears to be gender-dependent in aging. Using young and old, male and female guinea-
pigs as animal model they studied whether aging changes the expression of cardiac sarcolemmal
KATP channels. RT-PCR conducted with primers specific for KATP channel subunits, Kir6.2, Kir6.1
and SUR2A subunits using total RNA from ventricular tissue was carried out. Besides whole cell
electrophysiology done on ventricular cardiomyocytes, Western blotting using anti-Kir6.2 and anti-
SUR2A antibodies, was done on cardiac membrane fraction. No significant age-related changes
in levels of Kir6.1 or Kir6.2 mRNAs were detected, although levels of SUR2A transcripts were
significantly lower in old than in young females. Interestingly, these findings were not detected in
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male animals. In both old and young males, pinacidil (100 μM) induced outward currents, and the
difference between current density of pinacidil-sensitive component in females, but not males, was
statistically significant. Western blotting analysis demonstrated higher levels of Kir6.2 and SUR2A
proteins in cardiac membrane fractions from young than old females. These observations suggest
that aging in females, but not males, is accompanied by a decrease in the number of cardiac KATP

channels secondary to decreased levels of the SUR2A subunit. Since estrogens specifically upregu-
late SUR2A and control the number of sarcolemmal KATP channels, an age-dependent decrease in
the concentration of circulating estrogens may underlie a number of the effects of decreasing estro-
gen levels on the heart and on the plasma membrane [88]. Moreover, age-dependent decrease in the
number of sarcolemmal KATP channels generates a cardiac phenotype more sensitive to ischemia,
which again seems to be responsible for decrease in myocardial tolerance to stress that occurs in
elderly women.

Calcium Channels

It has been previously mentioned that the Cav1.2 channel protein plays an essential role in the aged-
related deterioration of a functioning pacemaker [11]. With age, Cav1.2 channel protein expression
decreases, and concurrently there is a reduction in the spontaneous activity of the SA node providing
evidence of the significant role that Ca2+ channels play in the genesis of dysrhythmias associated
with aging. Furthermore, the E65K polymorphism in the β1-subunit of the large-conductance, Ca2+-
dependent K+ (BK) channel, is a key element in the control of arterial tone, and recently has been
associated with a low prevalence of diastolic hypertension. Senti et al. have reported on the mod-
ulatory effect of sex and age and the association of the E65K channel protein polymorphism with
a low prevalence of diastolic hypertension, and the protective role of E65K polymorphism against
CVD [90]. The genotype frequency of the E65K polymorphism was evaluated in a study group
composed of 3,924 participants 25–74 years of age including 1973 women and 1951 men, and
determined its potential effect on subsequent cardiovascular events occurring since inclusion with a
five-year follow-up of the cohort. Estrogen modulation of wild-type and mutant ion channel activity
was carried out after heterologous expression and electrophysiological studies. Multivariate regres-
sion analysis showed that aging upregulates the protective effect of the K allele against moderate-
to-severe diastolic hypertension. When analyses were restricted to women the findings remained
significant, and this effect was independent of the reported acute modulation of BK channels by
estrogen. These observations provide genetic evidence on the different impact of the BK channel in
control of blood pressure in men and women, and mainly in aging women. Furthermore, the E65K
polymorphism seems to be a major genetic factor in the prevention of myocardial infarction and
stroke.

Josephson et al. [91] have also reported changes in the characteristics of the L-type Ca2+ chan-
nels with aging. They observed that the peak ensemble-averaged single Ca2+channel currents in
the aging heart were enhanced compared to those from young adult or adult hearts, which was
partially attributed to an apparent increase in the number of active Ca2+ channels per patch in
aging (1.90+/−0.23) as compared to young adult (1.33+/−0.19) or adult heart (1.50+/−0.2). In
addition, an increase in the time constant for inactivation of the ensemble-averaged Ca2+ currents in
aging was observed compared to young and adult heart. Furthermore, the aging-related changes were
also traced to altered single Ca2+ channel gating, including the increased probability of being open,
and increased availability of single Ca2+ currents in aging heart. In contrast, the unitary Ca2+ current
amplitude was unchanged with aging. Taken together, these findings suggest that the compensatory
increase in L-type Ca2+ currents occurring with aging may be a consequence of a potential increase
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in both the number and the activity of individual L-type Ca2+ channels. A diagram of the subunit
structure of the voltage-gated cardiac L-type Ca2+ channel is presented in Fig. 11.1.

Fig. 11.1 Voltage-Gated Ca2+ channel structure
The Ca2+ channels are composed of a pore forming α1 subunit, a transmembrane δ subunit covalently linked to an
extracellular α2 subunit, and an intracellular β subunit bound to the α1 at the link between domains I and II. The
α1 subunit of Ca2+ channels is composed of four homologous membrane spanning internal domains, each with six
transmembrane helices (S1–S6) and a pore forming loop. S4 segment in each domain serves as a voltage sensor for
channel activation, the IS sequence between S5 and S6 in all four domains are involved in ion selectivity and the
S6 in domain one contains the voltage-inactivation gate. The loop between domains II-III is involved in excitation-
contraction (E-C) coupling. Consensus sites for phosphorylation by cAMP-dependent PKA and by CaMKII have been
localized near the C-terminal tail of α1, as have sites for CaM binding (including EF HAND) and Ca2+ dependent
inactivation as shown. The intracellular β subunit is bound to the α1 subunit at the link between domains I and II. The
α2δ complex is derived from a precursor protein that is cleaved to yield separate α2 and δ proteins linked by disulfide
bonds.

Connexins

With aging there is an increasing incidence of sinus node dysfunction. The possible mechanisms
leading to nodal dysfunction have been evaluated in guinea pigs during their life span (i.e., birth
to 38 months). Using immunofluorescence with confocal microscopy, Cx43 protein expression was
shown to be present at birth throughout the sinoatrial node and atrial muscle by Jones et al. [25]
However, at one month Cx43 protein was not expressed in the center of the SA node, and there was
a progressive increase of the area lacking the protein. Throughout the remainder of the animal’s life
span the area of tissue lacking Cx43 protein progressively increased. That Cx43 protein expression
within the SA node was decreasing with age was shown by Western blots; however, the expression
of other cardiac connexins, Cx40 and Cx45, did not change with age. Analysis of conduction maps
showing propagation of the AP across the SA node, from the initiation point to the crista terminalis,
revealed that the AP conduction time taken and conduction distance increased proportionally with
age; conversely the conduction velocity decreased with age. It has been shown that aging induces
degenerative changes in AP conduction, contributed to by the observed loss of Cx43 protein. Cx43 is
a potential therapeutic target for attenuating the age-related deterioration of the cardiac pacemaker.
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KCNQ Potassium Channel

Although the incidence and prevalence of cardiovascular pathologies are known to increase with
aging, the molecular and genetic basis of these processes has been difficult to decipher, in part
because of the lack of suitable model systems. However, some animal models have been very
rewarding in our quest to understand the developmental mechanisms of cardiac dysfunction and
certain dysrhythmias. For example, Drosophila melanogaster has emerged as one of the principal
model organisms used for studying the biology of aging in general, and in particular the cardiac
functional changes developing with aging. Ocorr et al. [92] have developed specific heart function
assays in Drosophila and found that the fly’s cardiac performance, in a way similar to the human
heart, deteriorates with aging by developing a progressive increase in electrical pacing-induced HF
as well as in dysrhythmias [92]. According to these investigators, the insulin receptor and associ-
ated pathways have a dramatic and heart-autonomous influence on age-related cardiac performance
in flies, suggestive of potentially similar mechanisms in regulating cardiac aging in vertebrates.
Dysfunction in KCNQ and KATP ion channels also appears to contribute to the decline in heart
performance in the aging flies, in addition to their conserved role in protecting against dysrhyth-
mias. Further studies on Drosophila by Ocorr et al. [93] revealed that the aging fly tends to develop
an elevated incidence of cardiac dysfunction and dysrhythmias concomitantly associated with a
decrease in the expression of the Drosophila homolog of human KCNQ1-encoded K+ channel α-
subunits. In humans, this channel is involved in myocardial repolarization, and functional defects
in it are associated with increased risk for Torsades de Pointes dysrhythmias and sudden death. On
the other hand, and as pointed out by these investigators hearts from young KCNQ1 mutant flies
exhibit prolonged contractions and fibrillations reminiscent of Torsades de Pointes dysrhythmias.
Interestingly, these mutant flies exhibit markedly increased susceptibility to pacing-induced cardiac
dysfunction at young ages, characteristics that are observed only at advanced ages in the wild-type
(WT) flies. Furthermore, the fibrillations observed in mutant flies correlate with delayed relaxation
of the myocardium, as revealed by increases in the duration of phasic contractions, extracellular
field potentials, and in the baseline diastolic tension. The authors noted that their findings suggest
that K+ currents, mediated by a KCNQ channel, contribute to the repolarization reserve of the fly
hearts, ensuring normal excitation-contraction coupling and rhythmical contraction. However, since
these dysrhythmias, in both WT and KCNQ1 mutants, become worse as flies age, additional factors
may be also involved.

Mitochondrial Channels

Mitochondria, the powerhouse of the cells, are considered to be the most important cellular
organelles to contribute to aging, mainly because of their role in the production of reactive oxygen
species (ROS), in the initiation of apoptotic cell remodeling and in efficient ATP synthesis. Besides
their important roles in normal cell functioning, mitochondria participate in many events including
calcium signaling, stress responses and regulation of the cell life-death transition, both in necro-
sis and apoptosis. Defects in mitochondria function are associated with aging including changes
in mitochondrial membrane potential (��m) and the opening of the mitochondrial permeability
transition pore (either termed the PT pore or mitoPTP), essential components to the cell life-death
transition and the promotion/acceleration of aging [94–100].

The chemiosmotic gradient of protons across the inner mitochondrial membrane is, in large part
a result of an ion concentration difference that provides the energy necessary to synthesize ATP by
the respiratory chain. Ca2+influx into mitochondria via the Ca2+-uniporter, driven by ��m plays
a contributory role in ATP production in response to the increased demands for metabolic energy
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by the cell. On the other hand, excessive uptake of Ca2+ by mitochondria can trigger the mitoPTP
opening, which then causes collapse of the ��m. As a result, not only will ATP synthesis be further
compromised but also a more severe cellular damage will occur.

Importantly, the mitochondrial KATP (mitoKATP) channel is involved in ischemic precondition-
ing (IPC) in heart and brain [95, 100]. Blockage of the K+ movement through this channel in
mitochondria will abolish the endogenous protective effect induced by either multiple brief periods
of ischemia or pharmacological treatments, whereas enhancement of mitoKATP activity by selective
K+ channel openers can protect cells from severe ischemia-reperfusion (I/R) injury. Furthermore,
defects in the mitoPTP, Ca2+ transporter, and mitoKATP are involved in the aging processes, includ-
ing the aging heart [94–100].

Ion Channels/Transporters in Mitochondria

While ion channels have been described in all intracellular membranes, and in particular in the
sarcoplasmic membrane (with its fundamental involvement in cellular electrophysiological func-
tion), mitochondrial channels are implicated in the maintenance of ion homeostasis, mitochondrial
matrix volume, membrane potential, and ATP synthesis. For instance, Ca2+ influx into mitochondria
through specific uniporters can buffer excessive Ca2+when too much Ca2+ is loaded in the cytosol,
whereas Ca2+efflux, via antiporters, can release extra Ca2+into the cytosol, when an increased
requirement for Ca2+is signaled [101, 102]. Furthermore, Ca2+influx signaling can directly stim-
ulate ATP production pathways in mitochondria, and other ion transport channels (e.g., potassium,
sodium and chloride) participate in the formation of electrochemical gradient across the mitochon-
drial membranes and generation of a membrane potential. It is evident that this substantially negative
membrane potential is essential for ATP synthesis and constitutes a driving force for Ca2+uptake by
mitochondria. In addition, mitochondrial transporters for Ca2+, K+, Cl+, and Na+ play important
roles in cell growth, death, and functioning under both physiological and pathological states.

Mitochondrial Ca2+-Channels/Transporter

Ca2+is taken up by mitochondria by a pump driven by proton-motive force (i.e., δ�m), employ-
ing a ruthenium red sensitive-uniporter [103]. Despite extensive attempts to purify the transporter
[104–108], the molecular and biochemical identity of the mitochondrial Ca2+ uniporter remains
undetermined.

With the development of sensitive fluorescent Ca2+indicators and new techniques, including
microscope-based photometry and laser confocal microscopy, real time mitochondrial Ca2+uptake
in intact cells can be measured. For example, Ca2+transients have been shown in mitochondria
of hepatocytes, neurons. skeletal and smooth muscle cells, vascular endothelial cells and beating
cardiomyocytes [109–111]. Studies with isolated adult rabbit cardiac myocytes loaded with fluo-
rescent Ca2+ indicators demonstrated that mitochondrial Ca2+levels rise and fall during excitation-
contraction (E-C) coupling in response to electrical stimulation and isoproterenol [109, 110]. In
addition, studies using two-photon microscopy and genetically expressed “chameleon” Ca2+ sen-
sors have shown that skeletal muscle mitochondria take up Ca2+ during in vivo contraction induced
by motor nerve stimulation, which is rapidly released during relaxation [111]. These studies have
confirmed not only the presence of the uniporter mediating mitochondrial Ca2+ influx but have also
indicated that the primary (but not exclusive) mechanism of Ca2+ efflux involves the mitochondrial
Na+/Ca2+ antiporter or Na+/Ca2+ exchanger (mNCX) in exchanging Ca2+ for influx of Na+.
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Mitochondrial Ca2+ Cycling

Consistently, in both non- and excitable cells, there is Ca2+ cycling taking place in respiring mito-
chondria. Mitochondrial Ca2+ cycling plays a very important role in the modulation of oxidative
phosphorylation (OXPHOS), namely ATP production, and in the regulation of global cellular Ca2+

homeostasis. Calcium is an allosteric activator of several mitochondrial dehydrogenases, including
glycerol 3-phosphate dehydrogenase, the pyruvate dehydrogenase multienzyme complex (PDH), α
ketoglutarate dehydrogenase (also called 2-oxoglutarate dehydrogenase, OGDH), and NAD-linked
isocitrate dehydrogenase (NAD-IDH) [112]. While FAD-glycerol 3-phosphate dehydrogenase is
located on the outer surface of the inner mitochondrial membrane, PDH, NAD-IDH and OGDH are
located within the matrix. PDH is the rate-limiting enzyme for glucose oxidation, and NAD-IDH
and OGDH are important enzymes in the tricarboxylate (TCA) cycle. Therefore, the changes in
matrix free Ca2+ determined by the Ca2+ uniporter and Na+/Ca2+ exchanger directly modulate
these activities and consequently ATP production. In fact, it has been found that the active uptake of
two Ca2+ ions yielded the same amount of O2 uptake as one molecule of ADP, indicating that Ca2+

influx signaling could stimulate mitochondrial respiration. Moreover, in cultured cardiomyocytes,
increased mitochondrial ATP synthase activity has been demonstrated in response to increased
intramitochondrial Ca2+levels [113].

Mitochondrial Ca2+ cycling plays a pivotal role in the regulation of intracellular Ca2+ homeosta-
sis, in both non- and excitable cells, although only a small amount of Ca2+ is taken up by mitochon-
dria [114]. Mitochondrial free Ca2+ content is estimated to be ∼ 100 nM in unstimulated cells while
it increased to 600 nM in stimulated cells. Increased mitochondrial Ca2+ levels were found over the
course of many contractions in rapid paced cardiac myocytes [115]. In addition, mitochondrial Ca2+

content varied with cytosolic Ca2+, which increases upon activation of specific signaling events
giving rise to Ca2+ transients. In electrically stimulated cardiac myocytes, changes in mitochon-
drial Ca2+content were detected during each individual contraction cycle; namely, a substantial
amount of Ca2+ was rapidly taken up during early systole and released during later systole and
diastole [116]. Treatment with ruthenium red to block the Ca2+ uniporter in neurons immediately
following challenge with N-methyl-D-aspartate (NMDA) resulted in a rapid and transient increase
in cytosolic Ca2+ without a corresponding increase in mitochondrial matrix Ca2+, whereas blocking
mitochondrial Ca2+ extrusion with a mNCX inhibitor depressed cytosolic Ca2+ and prolonged the
time for matrix Ca2+ level to recover [117]. These findings suggest that mitochondrial Ca2+ cycling
is significantly involved in intracellular Ca2+ handling.

Further support for the view that the mitochondria organelle participates in the regulation of
intracellular Ca2+ signaling emerged from the recent studies by Cheranov and Jaggar with smooth
muscles from cerebral artery which found that pharmacological depolarization of mitochondria
reduced Ca2+ sparks and waves frequency and increased global intracellular Ca2+ concentration,
whereas inhibition of mitoPTP caused opposite changes [118]. Although a large amount of Ca2+

can be accumulated in mitochondria, the ionic concentration of Ca2+ inside the mitochondria may
be only slightly affected suggesting that mitochondria might act as Ca2+ sinks under conditions of
cytosolic Ca2+ overload.

Ca2+ Transporter in Aging

There is increasing evidence that mitochondrial Ca2+ cycling is impaired in aging, by declining Ca2+

uptake via Ca2+ uniporter, reduced Ca2+ retention capacity, a possible decrease in mNCX activity
and elevated Ca2+ extrusion instead through sensitized mitoPTP opening. For instance, during aging,
the calcium compartmentation in synaptosomal mitochondria decreases, and this decline has been
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associated with a reduction in the activity of the mitochondrial Ca2+ uniporter [119]. Moreover, in
aging rodent cerebral neurons and synaptosomes, increased cytosolic Ca2+ levels have been reported
in both basal and depolarization-induced states, likely a consequence of age-modified intracellular
Ca2+buffering and extrusion systems rather than a result of increased calcium influx. The recovery
rate of cytosolic Ca2+ after stimulation is also slowed in aged cells. Altered Ca2+ handling in aged
neurons, characterized by increased cytosolic Ca2+ at rest and slowed recovery after stimulation,
is directly correlated with mitochondrial membrane potential and significantly delayed mitochon-
drial repolarization, which suggest that mitochondrial dysfunction (e.g., reduced mitochondrial Ca2+

uptake or Ca2+- mediated bioenergetic activation) may contribute to changes in intracellular Ca2+

homeostasis [120]. Similarly, Jahangir et al. [96] reported that Ca2+ content in heart mitochondria
from senescent rat was significantly reduced compared to adult mitochondria, and suggested that
the age-associated decline in mitochondrial Ca2+ content could arise from decreased Ca2+ uptake,
impaired binding capability or enhanced Ca2+ extrusion.

Recently, Murchison et al. [121] evaluated the capacity of mitochondria to buffer large Ca2+

influxes in forebrain neurons from aged Fischer rats. The amplitude of Ca2+ transients induced by
high K+ depolarization was significant less in aged neurons than in young neurons when assessed
n the presence of a mitochondrial Ca2+ uniporter inhibitor, indicating that aging mitochondria
have a significant buffering deficit during larger Ca2+ influx through voltage-gated Ca2+ channels
(VGCCs). This was accompanied by decreased mitochondrial membrane potential as gauged by
JC-1 staining. The decreased capacity of buffering Ca2+ influx in mitochondria is mainly due to a
dysfunctional Ca2+ uniporter in the aging neurons. This view is consistent with gathered observa-
tions from studies of mitochondria of senescent rat hearts, in which the rate of Ca2+ uptake was
reduced by about 20% in senescent compared to adult rats [96], and also from studies in aging rat
brain synaptosomes [122].

At present, it is unknown whether slower Ca2+ uptake by mitochondria is due to a depressed
function or a reduced density of Ca2+ uniporters. However, it is well-recognized that mitochon-
drial membrane potential, maintained by electrochemical gradients across the organelle, is a major
driving force of Ca2+ influx through Ca2+ uniporters, and it has also been documented in a variety
of cells from different animal species, including human that aged mitochondria exhibit decreased
membrane potential, as demonstrated by staining of cells with fluorescent dyes including rho-
damine 123, JC-1, tetramethylrhodamine methyl ester (TMRM), chloromethyl-tetramethylrosamine
(CMTMR, Mitotracker Orange), and chloromethyl-X rosamine (CMX-Ros) [96–125]. Unfortu-
nately, the changes or differences in fluorescence intensity may not precisely mirror the changes
in mitochondrial membrane potential. However, the use of a tetraphenylphosphonium electrode to
monitor changes in ��m may avoid many of the problems associated with fluorescent probes [126].
Using a tetraphenylphosphonium-cation sensitive electrode, Kokoszka et al. [127] have measured
��m in mouse liver mitochondria preparations and found a decrease of 10 mV in membrane
potential in organelles derived from old mice as compared to young and middle-aged animals.
Similarly, analysis of the distribution of labeled tetraphenylphosphonium revealed several distinct
subpopulations of hepatocytes from old but not young rats indicating marked heterogeneity in mito-
chondrial membrane potential in aging [128]. Although 10% of cells from old rats maintained
the same ��m (154 mV) as young animals, 65% were depolarized by 60 mV and 25% exhib-
ited dramatic depolarization by more than 80 mV. Using a multichannel system equipped with
tetraphenylphosphonium (TTP+)-selective probe and a Ca2+-selective electrode, Jahangir et al. [96]
found that senescent cardiac mitochondria displayed both a 15% reduction in membrane poten-
tial and a significantly slower rate of mitochondrial Ca2+ uptake compared to adult mitochondria.
Taken together, it is reasonable to conclude that decreased mitochondrial membrane potential is a
prominent feature of aging cells, which is most likely responsible for the reduced mitochondrial
Ca2+ uptake. However, whether changes in expression or density of the Ca2+ uniporter within
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the mitochondria are the primary cause of aging-mediated decline in mitochondrial Ca2+uptake
remains undetermined. Changes in Ca2+ affinity and cooperativity of the uniporter have been demon-
strated in synaptosomes of senescent rats [119]. The eventual determination of the gene sequence
and structure of the mitochondrial Ca2+ uniporter should allow further clarification of the age-
mediated regulation of its expression and provide further insight into its role in aging-mediated
channelopathy.

Reduced Ca2+ content in mitochondria with aging may also be associated with increased
mitoPTP opening or increased Ca2+ extrusion through Ca2+antiporters. Enhanced activation of
mitoPTP has been reported in a variety of aged or senescent cells including lymphocytes, neu-
rons, hepatocytes, and cardiac myocytes [94, 125, 129–131]. One measure of mitoPTP activation
is its susceptibility to Ca2+ load as assessed by mitochondrial Ca2+ retention capacity (CRC) in
isolated mitochondria [94]. Upon exposure to a sequence of Ca2+ pulses, energized mitochondria
accumulate Ca2+ until a threshold matrix load is reached promoting opening of the mitoPTP, in
association with an abrupt release of accumulated Ca2+from mitochondria. In addition, Goodell and
Cortopassi have reported that mitoPTP rates in response to 20 mM Ca2+were significantly faster in
hepatocyte mitochondria from old mice compared to mitochondria from young adult mice [129].
A reduced threshold for calcium-induced, cyclosporin-sensitive calcium release, was demonstrated
in isolated brain and liver mitochondria by Mather and Rottenberg [131]. Subsequently, this group
reported that the enhanced activation of the mitochondrial permeability transition in T lympho-
cytes of old mice is likely responsible for the aging-induced attenuation of sustained elevation of
cell free calcium (in response to ionomycin) and Ca2+ signaling in T lymphocytes [125]. Inter-
estingly, heart mitochondria from 24 month-old senescent Fischer 344 rats when challenged with
consecutive 15 nmoles Ca2+pulses accumulated Ca2+ for 3–4 pulses compared to seven pulses for
mitochondria from young adult rat heart [96]. This resulted in nearly a 45% reduction in the overall
Ca2+ retained in senescent compared to adult mitochondria. Taking into account the 20% reduction
in Ca2+ uptake, a large amount of Ca2+ might “leak” out from aged mitochondria. Furthermore,
increased susceptibility of mitoPTP opening to Ca2+, which likely arises from reduced mitochon-
drial membrane potential may result in enhancement of Na+-independent Ca2+ extrusion in aged
mitochondria.

Another possibility leading to decreased mitochondrial matrix Ca2+ levels may be linked to
age-associated changes in mitochondrial NCX activity or expression; altered activity or expression
of sarcolemmal NCX has been reported in aging cells [132, 133, 134]. However, it is presently
undetermined whether mitochondrial NCX is involved in disturbed Ca2+ handling in aging despite
its critical role as the major mechanism to extrude mitochondrial Ca2+ and in maintaining a certain
amount of matrix Ca2+ under physiological condition.

It should be noted that reduced mitochondrial Ca2+ content may have deleterious effects on mito-
chondrial function including ATP synthesis because of the involvement of Ca2+ in the activation of
mitochondrial Ca2+-dependent dehydrogenases, which control substrate oxidative phosphorylation.
Several studies have reported that mitochondrial ATP production is decreased in aging albeit in a
tissue-specific manner [135–137]. Drew et al. [135, 138] reported that with age, ATP content and
production decreased by approximately 50% in isolated rat mitochondria from gastrocnemius mus-
cle, although no effect was noted in the heart, brain or liver. On the other hand, Jahangir et al. [96]
reported an aging-associated 58% decrease in ADP-stimulated mitochondrial respiration rate and
23% reduction in ATP production rate in cardiac mitochondria from 24 month old Fischer rats.
Recently, an estimated 8% per decade reduction in mitochondrial ATP production rate has been
found in aged human skeletal muscle [136]. Therefore, the efficiency of ATP synthesis in aging
mitochondria is reduced in some tissues, which is not only associated with reduction in mitochon-
drial respiratory enzyme complex (i.e., I, II, and IV) activities [137, 139], but also with reduced
matrix Ca2+, and the functional depression of mitochondrial Ca2+-dependent dehydrogenases. PDH
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activity, rate-limiting enzyme for glucose oxidation, was found to be reduced by 40% in brain
tissues from patients with autopsy-confirmed Alzheimer’s disease (AD) [140], though conflicting
results have been obtained from aged animals [141]. Also, NAD-ICD activity was decreased in
aged rat brain, skeletal muscle, and heart suggesting defective activity of the TCA cycle in aged
mitochondria [142–145]. Furthermore, glycerol-3-phosphate dehydrogenase, an important enzyme
that transfers electrons from glycerol-3-phosphate to the mitochondrial ETC was also decreased in
aged skeletal muscle [142] and this may have an inhibitory effect on ETC efficiency. Finally, at
present it is unknown to what extent reduced matrix Ca2+ content influences the TCA cycle and
ATP synthesis efficiency in aged mitochondria.

Mitochondrial K+ Channels

K+ Uniporter/KATP Channel

Net K+ flux across the inner mitochondrial membrane is extremely important for the control of mito-
chondrial volume. Mitochondrial K+ uptake is primarily mediated by diffusive leak through a K+

uniporter driven by the high electrical membrane potential maintained by redox-driven, electrogenic
proton ejection and K+ efflux is regulated by an 82-kDa inner membrane K+/H+ antiporter.

Mitochondrial K+-selective channels were first reported by Inoue et al. who described a K+

current with a conductance of ∼10 pS recorded in fused giant mitoplasts prepared from rat liver
using inside-out patch clamp technique [146]. Its activity was further confirmed in studies with lipo-
somes and lipid bilayers reconstituted with proteins partially prepared from the inner membranes of
mitochondria [147–149]. This channel (shown in Fig. 11.2) is blocked not only by ATP with a Ki of
0.8 mM but also by a number of inhibitors including antidiabetic sulfonylureas, 5-hydrodecanoic
acid (5-HD), MCC-134, as well as plasma membrane KATP channel blockers 4-aminopyridine
(4-AP), glibenclamide, glipizide, glimepiride, and HMR 1098 and is activated by potassium channel
openers (KCOs) [150], and reactive free radicals (superoxide anion) [148].

While the sarcolemmal KATP channels are composed of heteromultimeric complexes of regu-
latory sulfonylurea receptors (SUR) and potassium inward rectifier (Kir) subunits, the molecular
identity of mitoKATP channels is not yet completely known. Reports from a number of different
laboratories suggest that the mitoKATP channel like the sarcolemmal KATP channel belongs to the
inward rectifier K+ channel family [149, 151]. Using immunofluorescence and immunogold stain-
ing, it has been shown that the pore-forming α-subunits of sarcolemmal KATP channels, Kir 6.1, are
also present in rat skeletal muscle and liver mitochondria [152]. In addition, using immunohisto-
chemistry and in situ hybridization this subunit was localized in rat brain mitochondria. Recently,
using antibodies and confocal microscopy, Singh et al. [153] found that both Kir 6.1 and Kir 6.2
subunits were localized to mitochondria of rat ventricular myocytes. In brain mitochondria, similar
findings were reported as well [154]. On the other hand, the presence of either known sulfonylurea
receptors (SUR1 or SUR2 subunits) in the mitochondria appears to be questionable, though it has
been suggested that SUR2A-subunit might exist in rat cardiac mitochondria [153]. Furthermore,
other components are potentially present in the mitoKATP channel, which may be responsible for
distinguishing its responses from the sarcolemmal KATP channel [150].

Recent studies have suggested that activation of PKCepsilon leads to an increase in Kir6.2-
containing KATP channels localized in mitochondria [155]. Nevertheless, the lack of agreed upon
structure for the mitoKATP channel including a well-defined pore forming subunit has hampered a
more complete understanding of its role and significance in IPC and of its demonstrated cardipro-
tective role by modulating mitochondrial membrane potential, energy metabolism and apoptosis as
discussed below.
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Fig. 11.2 Mitochondrial Ion channels in aging
The opening of mitochondrial K+ channels (mitoKATP) in the inner membrane normally triggered by ROS, ATP
levels, ligands binding to an assortment of membrane receptors and the involvement of protein kinases (PKC, P13K),
which can mediate cytoprotection are affected with aging. In addition to K+ influx, matrix volume and ROS levels
are affected by the opening of these channels. Mitochondrial K+ influx is also mediated by the KCa channel, which is
activated by Ca2+. Ca2+ enters the mitochondria via an aging-regulated uniporter (with VDAC involvement) and by
the RaM transporter; increased mitochondrial Ca2+ can activate enzymes of the TCA cycle, ETC and complex V as
well as modulate the opening of the mitoPTP; Ca2+ efflux is primarily managed by the Na+/Ca2+ exchanger (NCE).
Ca2+ can also enter the mitochondria as can a large number of small metabolites via the mitoPTP opening The major
proteins comprising the mitoPTP at contact sites, adjoining the inner (IM) and outer mitochondrial (OM) membranes,
including hexokinase (HK), adenine nucleotide translocator (ANT), creatine kinase (CK), cyclophilin-D (CyP-D),
porin (VDAC) and the peripheral benzodiazepine receptor (PBR) as well as the VDAC-associated proapoptotic protein
(e.g., Bax) and antiapoptotic protein (Bcl-2), whose competition is paramount in apoptotic cell death are also shown.
Aging affects VDAC and ANT proteins, mainly by ROS/RNS oxidative damage.

Mitochondrial KAT P Channel in Aging

The biological significance of mitochondrial KATP channels in cardiac function and cardiopro-
tection has attracted a great deal of attention. Gathered observations indicated that the mito-
chondrial KATP channels play a crucial role in endogenous cardioprotection, and KATP channel
openers can prevent myocardial I/R injury in both organ and cell levels. Numerous studies have
suggested that the protective effects of ischemic (IPC) and pharmacologic preconditioning (induced
by anesthetics, adenosine receptor agonists, PKC activators, opioid agonists, adrenergic recep-
tor agonists, nitric oxide releasers, B2-bradykinin receptor agonists, M2-muscarinic receptor ago-
nists, and AT1-receptor antagonists) involve the activation of mitoKATP channels. The opening
of mitoKATP under conditions of high mitochondrial membrane potential leads to matrix alkalin-
ization and consequently to generation of moderate levels of ROS, which may beneficially trig-
ger the activation of multi-signaling pathways responsible for cardioprotection [156]. This finding
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is further supported by evidence that application of ROS scavengers blocked IPC. This impor-
tant finding has been extensively studied and a number of excellent reviews on the subject are
available [150, 157–160].

It has been suggested that mitoKATP opening participates in the regulation of mitochondrial bioen-
ergetics in cardiac myocytes [158, 161–163]. since drug-induced opening of mitoKATP causes pro-
found uncoupling of mitochondrial oxidative phosphorylation, decreased mitochondrial membrane
potential, and a decline in mitochondrial Ca2+ uptake [164–166]. Reduced membrane potential has
also been observed in liver mitochondria treated with a mitoKATP opener [167], although diazoxide
or pinacidil-induced opening of mitoKATP channels was found to have little direct effect on mito-
chondrial bioenergetics or respiration [163]. The uptake of K+ by the mitoKATP channels also plays
a role in the regulation of mitochondrial steady-state matrix volume. Several studies have suggested
that the effects of KATP channels on mitochondrial bioenergetics may depend on both the work-state
of myocytes with a high-work state associated with transient mitochondrial swelling, preservation
of intermembrane structure and permeability to adenine nucleotides (i.e., ADP and ATP) as well as
in response to ischemic insult [163, 168].

An important issue is whether age-association in alterations in mitoKATP are involved in mito-
chondrial defects associated with aging heart, since a significant decline in the density of sarcolem-
mal KATP channels (stemming from decreased levels of the SUR2A subunit) has been reported with
aging in female guinea pigs as we previously noted [89]. That mitoKATP channels are impacted in
aging has been suggested (albeit indirectly) by observations that aging animals display a reduced
myocardial tolerance to I/R injury and an impaired cardioprotection from either IPC [169–171] or
anesthetic preconditioning [172, 173]. In addition, other aspects of the preconditioning signaling
cascade may be age-sensitive as well.

Lesnefsky et al. [170] have reported that aged rat hearts subjected to I/R exhibited more severe
tissue and function damage than adult, suggesting an increased susceptibility to damage in elderly
hearts. This phenomenon was thereafter confirmed in different species of animal models and in
humans by a number of investigators. In young and adult hearts, an endogenous cardioprotective
mechanism can be called into play against lethal challenges when the myocardium or myocytes are
preconditioned by a number of sublethal stimuli. This preconditioning mechanism has been found
to be insufficient in aged or senescent hearts in experimental animal models [169–175] and in aging
humans [176–178].

Since mitoKATP channel activation is generally considered a contributory effector component
in the preconditioning pathway (and may be involved as well in the triggering mechanism of the
IPC response, mitoKATP channel defects may in part lead to ineffective preconditioning in aging
hearts [179]. This assumption was tested by studies with isolated Langendorff-perfused hearts from
young, middle-aged, and aged Sprague-Dawley rats [175]. One of the intriguing findings was that
pretreatment with the mitoKATP channel opener diazoxide alone failed to produce cardiac protec-
tion against I/R in aged rats (age 20 months) although it caused full protection in young adult rats.
Furthermore, Lee et al. [176] reported that defective IPC in a cohort of elderly patients could be over-
come by the administration of nicorandil, another mitoKATP channel specific opener, and therefore
the aging-mediated decline in IPC effectiveness was attributed to attenuated activation of mitoKATP

channels. Recently the protective effects of mitoKATP channel opening have been assessed in mature
and aged (but not senescent) male and female rabbit hearts against I/R injury [180]. The results of
this study demonstrated marked infarct-limiting effects of diazoxide treatment in both mature male
and female hearts leading to postischemic functional recovery, whereas benefits of this KCO treat-
ment were more limited in the aged male heart and entirely absent in the aged female heart. These
data further suggest that defective function of mitoKATP channels is more severe in aged female
heart.

Although there is evidence that the cardioprotective signaling pathways acting through mitoKATP

channels may be compromised with aging, it is unknown whether aging-attenuated cardiac
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mitoKATP channel function is due to changes in their density/number, responsiveness to stress
stimuli, or defective communication to downstream effectors (e.g., respiratory ETC). Single
channel recordings have shown that the opening and the density of surface sarcolemmal KATP

channels in skeletal muscle were reduced in aging rat [181]. Since mitoKATP channels likely
consist of similar components, pore-forming subunits (Kir 6.1 and Kir 6.2) and regulatory sub-
units analogous to the sulfonylurea receptor (SUR2), these channels may undergo aging-mediated
alterations resembling those in sarcolemmal KATP. These changes in ion channel function might
be regarded as defining an age-associated channelopathy. The modulation of this channel’s cardio-
protective capacity by diverse signaling ligands (e.g., adenosine and bradykinin) and specific
channel openers/closers may be useful in blunting or reversing this aging-mediated channel
dysfunction.

The negative effects of mitoKATP channel defect in aging can also be inferred from its physio-
logical roles in regulating mitochondrial function. The opening of mitoKATP channels increases K+

influx leading to increased matrix K+, and mitochondrial matrix swelling which not only reverses
matrix contraction caused by OXPHOS but also may improve fatty acid oxidation, ATP production
and help to keep VDAC closed due to space expansion, thereby reducing the rate of ATP hydroly-
sis [168]. In addition, elevated matrix K+ results in a small but significant reduction of the mitochon-
drial membrane potential which reduces the electrogenic driving force for Ca2+ uptake through Ca2+

uniporter and inhibits mitoPTP opening. Also increased mitochondrial matrix K+ increases ROS
production from ETC [182–185], that activates a wide range of kinases and triggers signaling cas-
cades essential for preconditioning [186–188]. On the other hand, the defect in mitoKATP channels
in aging are likely not so severe and may be masked or compensated by other mechanisms. Probably,
the largest influence that aging-altered mitoKATP channels exert is by increasing the threshold of the
myocytes in response to damaging stimuli such that the mitoKATP channels become less sensitive to
stress signals and increased IPC regimens are necessary to promote effective CP in aging animals
and humans [175, 176].

Mitochondrial PTP

The mitoPTP was described more than three decades ago following the discovery that energized
mitochondria undergo a sudden permeability increase of the inner membrane to solutes of molec-
ular mass up to ∼1.5kDa as a result of Ca2+ accumulation [101]. The mitoPTP is a regulated
pore and also a large-conducting, voltage-dependent, non-selective channel with a diameter of
about 3.0 nm. The permeability of this channel can be modulated by factors including anoxia,
ROS, and changes in the energetic balance of mitochondria. Although the channel is a complex
entity comprised of VDAC at the outer membrane, the adenine nucleotide translocase (ANT) in
the inner membrane, and cyclophilin-D (CyP-D) in the mitochondrial matrix [189], (shown in
Fig. 11.2), interactions with other proteins including the peripheral benzodiazepine receptor, Bax
and Bcl-2 (in the outer membrane), creatine kinase (CK, in the intermembrane space), and hexok-
inase (HK-1 or II, tethered to VDAC on the cytosolic face of the outer membrane) have also been
reported.

Mitochondrial PTP in Aging

Under physiological conditions, the mitochondrial inner membrane is impermeable to almost
all metabolites and ions, and the mitoPTP is in a closed conformation, which is essential for
normal mitochondrial function. Under some stress conditions such as I/R, oxidative stress (OS),
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and Ca2+ overload, the mitoPTP undergo conformational change, form a non-selective channel,
and allow passive diffusion of solutes with molecular masses up to about 1.5 kDa to cross the
inner and outer membranes, but do not permit matrix proteins (with masses larger than the
mitoPTP exclusion limit) to diffuse through the pore. Therefore, the osmotic force of matrix
proteins results in accumulation of water and small molecular solutes increasing matrix volume
or matrix swelling. An immediate consequence of mitoPTP opening is the collapse of mito-
chondrial membrane potential. As a consequence, oxygen consumption is initially increased
and ATP produced by glycolysis is hydrolyzed (by the reverse operation of F0F1 ATPase lead-
ing to ATP depletion) [94, 190, 191]. Severe matrix swelling leads to further rupture of the
outer membrane releasing proapoptotic factors like cytochrome c, triggering irreversible cell
death.

Age-associated increase in mitoPTP opening was first demonstrated in liver [129], and in lym-
phocyte mitochondria from old mice [130]. Initially, the sensitivity of mitoPTP was assessed by
the so-called calcium retention capacity (CRC) [192]. Later, defects in CRC were demonstrated
in isolated brain and liver mitochondria from 20 month-old mice [125]. In these studies the age-
related dysfunction was attributed to mitoPTP, based on the discovery that in vitro CRC and
swelling rate of mitochondria from old animals could be restored to control values upon addition
of cyclosporin (CsA). Furthermore, increased susceptibility to mitoPTP opening in heart mito-
chondria has been reported as a reduced CRC in preparations from 24 month-old Fischer 344
rats [96]. In our laboratory, we have found that the opening of mitoPTP, evaluated by mitochondrial
swelling, was significantly greater in mitochondria from senescent Fischer 344 rats (30 month-
old) than from young adult (Marin–Garcia et al. unpublished data). These data suggest that the
mitoPTP complex is susceptible to Ca2+ load in the mitochondrial matrix, although this phe-
nomenon has not yet been demonstrated in myocardium in vivo; evidence of increased cell death
in aged rat heart [193], and skeletal muscle [194], supports the likelihood of mitoPTP opening
in vivo.

It is not yet clear why the mitochondrial mitoPTP undergoes functional changes during aging. As
we have discussed in previous chapters, with aging, there is increased OS in somatic cells, which
tends to be more prevalent in those cells rich in mitochondria, such as cardiomyocytes whose mito-
chondrial respiratory activity is elevated. Increased oxidative damage to proteins by ROS or reactive
nitrogen species (RNS) has been broadly implicated in aging, and can be gauged by elevated levels
of protein carboxyls and nitrated residues as noted in Chapter 4.

Mitochondria are not only considered the major source but also the targets of ROS during the
aging process, and increased mitochondrial ROS formation would be expected to cause mitochon-
drial protein oxidative damage in the senescent animals [195, 196]. Of particular interest, because of
its dual role in mitochondrial bioenergetic metabolism and as a putative component of the mitoPTP,
ANT has recently been found to be one of the mitochondrial proteins most susceptible to ROS
during aging [197], and this ANT oxidative damage is mostly displayed as carbonylation. Increased
ANT carbonyl modification has been found in aged houseflies [197], as well as in aging mam-
malian species [198]. In addition, ANT contains three redox-sensitive cysteine residues on loops
projecting into the matrix compartment. These residues are particularly susceptible to oxidation
by sulfenic acid moieties and mixed disulfides if the normally high intramitochondrial glutathione
(GSH)/glutathione disulfide (GSSG) ratio is not maintained during periods of OS [199]. Indeed,
GSH/GSSG ratio is significantly reduced during aging [200–204]. ANT carbonyl modification is
associated with a reduced capability to exchange ADT/ATP across the inner membrane, which may
cause the inhibition or uncoupling of OXPHOS and the collapse of ��m, turning mitochondrial
ATP synthesis into hydrolysis. Moreover, ANT oxidation may also shift from its native state as a
gated pore (mediating ADP/ATP exchange) into a non-selective pore, allowing free permeation of
small ions and metabolites across the inner membrane.
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ANT conformation conversion is affected by cyclophilin-D (CyP-D) in the mitochondrial matrix.
CyP-D contains a relatively high proportion of polyunsaturated fatty acids that could be oxidized
by ROS to generate highly reactive lipid fragments such as 4-hydroxy-2-nonenal (HNE) and 4-
hydroxy-hexenal (HHE). These lipid peroxidation by-products may interact with or modify specific
thiol groups on ANT leading to adduct formation, thereby inhibiting ANT activity [205], and also
increasing CyP-D binding to ANT [206, 207], thereby destabilizing ANT, and sensitizing mitoPTP
to Ca2+ [208].

The mitochondrial outer membrane protein VDAC appears also to be particularly targeted in
aging. VDAC (originally called porin) serves as a functional channel through which most metabo-
lites entering or leaving the mitochondria pass, and which has been increasingly implicated as
a pivotal coordinator in communication between mitochondria and cytosol, by interaction with
ANT, CK, and the peripheral benzodiazepine receptor under both physiological and pathological
conditions [209, 210]. The conductance of VDAC has been found to be voltage or ��m depen-
dent with marked ion selectivity. Highest conductance occurs at low potential, with preference
for anions such as phosphate, chloride, adenosine nucleotides, and other metabolites, while the
sub-conductance states occurring at higher positive or negative potential are associated with a
shift to small cations and impermeability to ATP and ADP. The closure of VDAC prevents the
efficient exchange of ATP and ADP between cytosol and mitochondria. In addition, VDAC con-
tains Ca2+ binding sites and participates in the regulation of the mitochondrial Ca2+ homeosta-
sis [209, 211]. Moreover, as noted above, VDAC constitutes another mitoPTP component which
has been shown to interact directly with proapoptotic stimuli and proteins including Bax resulting
in cytochrome c permeation through the outer membrane [212–214]. As noted in Chapter 4, tyro-
sine residues in proteins are particularly vulnerable to oxidative damage and subject to conversion
into 3-nitrotyrosine (3-NT) by reactive nitrogen species including NO and peroxynitrite (ONOO−),
which are normally produced under physiologic condition and increased with aging. This nitration
of tyrosine can compromise the functional and/or structural integrity of target protein [215]. Kanski
et al. [216] employing proteomic analysis using 2-D gel electrophoresis combined with nanoelectro-
spray ionization-tandem mass spectrometry (NSI-MS/MS) revealed that there is an age-dependent
nitration of VDAC in mitochondria. Increased VDAC nitration is very likely related to excessive OS
in mitochondria since similar changes have been found in diabetic hearts, which exhibit enhanced
OS [217]. Importantly, it remains to be determined whether aging-mediated oxidative modifica-
tion of tyrosine residues directly alters the property of VDAC or sensitize VDAC to its regulators
in an in vivo model. Cell studies have demonstrated that superoxide anions can induce VDAC-
dependent rapid and massive cytochrome c release and enhance mitoPTP to Ca2+ in permeabilized
HepG2 cells [218].

Ca2+ is also a key trigger for mitoPTP formation, possibly by binding to the negatively charged
cardiolipin head groups on the inner face of the inner membrane, thereby disrupting the stabilizing
interactions between cardiolipin and ANT [219]. Since mitochondrial Ca2+ content tends to decrease
with aging as noted above, the impaired mitochondrial Ca2+ handling and reduced threshold of
mitoPTP to Ca2+ may be critical in further mediating mitoPTP in aging. Moreover, in response
to stress such as I/R, heart mitochondrial Ca2+ significantly increased with aging (about two-fold
greater in senescent animals) indicative of Ca2+overload potentiating mitoPTP opening [97]. Taking
these findings together with the evidence of increased lipid peroxidation (e.g., HNE formation, as
discussed above) in senescent hearts on reperfusion, it seems that aging hearts are increasingly vul-
nerable to reperfusion damage brought about by increased mitochondrial Ca2+ and OS, the twin trig-
gers for mitoPTP formation. Other factors such as age-dependent increased CK nitration [219, 220],
age-dependent decreased hexokinase levels [221, 222], and decreased nucleotide pool [223]. may
also facilitate the formation of ANT-VDAC complex, or sensitize mitoPTP promoting permeability
transition during the aging.
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Pharmacogenetics/Pharmacogenomics in Dysrhythmias/Channelopathies
of Aging

Pharmacogenetics and Pharmacogenomics

In the past many marketed drugs, including antidysrhythmics, were withdrawn by the pharmaceu-
tical companies because of the occurrence of prodysrhythmic effects including some with lethal
consequences. The related fields of pharmacogenomics and pharmacogenetics appear to have the
potential to improve drug development by tailoring drug therapy based mainly on the individual’s
ability to metabolize drugs which are determined only in part by age, and influenced by disease,
environmental factors (e.g., diet), concurrent medications and variant genetic factors specifying the
transport, metabolism and targets of the drug. The availability of new pharmacogenetic tests may
allow pharmaceutical companies and the physician to identify those individuals who are at risk for
severe dysrhythmias.

Genes polymorphisms including SNPs, frequently associated with different types of dysrhythmia
phenotypes, may directly affect the heart electrical activity and these gene variants often inter-
act differentially with drug therapy. For example, the voltage-gated potassium channel α subunit
KCNE2 protein is expressed in the ventricles, and under different pathophysiological conditions,
such as myocardial ischemia and aging, it can play diverse roles in modulating ventricular electrical
activity. Careful use of certain drugs with variable interactions with the genetic background may be
possible in the future if rapid and affordable genetic screening of defective genes becomes available;
nonetheless, this may only apply to the more common polymorphisms predisposing to acquired
dysrhythmias, such as T8A and Q9E in MiRP1 (also known as KCNE2), or Y1102 in SCN5A (the
sodium channel α subunit) [224].

On the other hand, specific DNA polymorphisms may make an individual insensitive to some
medications, affecting the overall response to therapy. For example, two variants polymorphisms
(P532L and R578K) in the KCNA5 gene which encodes the α subunit of the IKur current, both
residing in the C-terminus, were found to be resistant to block by quinidine [225]. Furthermore,
particular drugs may affect more than just one gene or protein. In a review on the antidysrhyth-
mic potential of the Kv1.5 channel blocker in treating atrial dysrhythmias, Brendel and Peuk-
ert noted that these blockers were not selective since they blocked other ion channels [226]. On
the other hand, it appears that the additional inhibition of Kv4.3 and KACh by these compounds
may be beneficial in their antidysrhythmic effects, or at least does not affect the atrial selectiv-
ity of a Kv1.5 blocker. However, it is worth noting that marked block of IK1, HERG or Na+

channels may lead to the loss of atrial selectivity thus increasing the risk of lethal ventricular
prodysrhythmia.

Since some patients achieve the desired therapeutic response, while others do not, with a subset of
patients experiencing variable adverse effects that ranges from mild to life threatening, it is evident
that genetics may be an important contributor to this variable drug response. Pharmacogenomics
is a field focused on unraveling the genetic determinants of variable drug response. While current
research is largely focused on a limited candidate gene approach, which allows for description of
significant genetic associations with variable response, it often does not explain the genetic basis
of variable drug response enough to be useful clinically [227]. Given that most drug responses
involve a large number of proteins, all of whose genes could have several polymorphisms, it seems
unlikely that a single polymorphism in a single gene would explain a high degree of drug response
variability in a consistent fashion, suggesting that a polygenic, or genomic approach might be more
appropriate [228, 229].

Undoubtedly, pharmacogenomics has the potential to improve the use of cardiovascular
drugs, particularly in the elderly, through the selection of the most appropriate drug therapy in



Conclusions 371

an individual, based on their genetic information. However, it may take some time before the
available genetic information is widely used in making drug therapy decisions, although it is evident
that new and important findings in this area will continue to appear, and the experimental approaches
will continue to evolve.

Conclusions

The pathophysiology of cardiovascular aging, like aging in any other system in human, is a com-
plex process involving multiple cellular and molecular changes, all part of the multiple phenotypes
of aging. For example, aging has significant deleterious effect on the cardiac conduction system,

Fig. 11.3 Remodeling resulting from the aging-modulation of mitochondrial ion function
Mitochondrial ETC defects result in electron leak, ROS overproduction followed by formation of reactive nitro-
gen species (RNS) and lipid peroxidation (e.g., HNE). Increased oxidative stress in turn damages mitochondrial ion
channel function. Sensitized mitoPTP causes loss of mitochondrial Ca2+, decreased Ca2+ uptake, and reduced ��m,
which in turn reduces OXPHOS and ATP synthesis; increased mitoPTP also promotes increased mitochondrial vulner-
ability to Ca2+loading and the release of apoptogenic factors (e.g., AIF, cyt c) from the mitochondria which sets into
motion the apoptotic pathway including caspase activation leading to cell death. Mitochondrial KATP is also targeted in
aging resulting in reduced cardiac tolerance to stress and loss of preconditioning cytoprotection; moreover, decreased
K+ influx and electrochemical gradient results in diminished OXPHOS. Reduced Ca2+ uniporter activity not only
decreases mitochondrial Ca2+ uptake, dampening Ca2+ stimulatory effects on mitochondrial bioenergetic metabolism
but also exaggerates intracellular Ca2+ disturbance leading to elevated cytosolic Ca2+ levels. Also shown (as indicated
by double-headed arrows), is that mitoKATP and mitoPTP channel modulation can trigger ROS production, which can
further target ETC activities, as does increased HNE. HNE: 4-hydroxyl-2-nonal; cyt c: cytochrome c; AIF: apoptosis
inducing factor; ��m: mitochondrial membrane potential. Lighter vertical arrows indicate reduced or increased levels
whereas denser arrows denote relationship within a pathway.
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and processes leading to sinus node dysfunction and AV block are common in the elderly. Besides
advances in pharmacotherapy and pharmacogenomics (see above section), in the last 3–4 decades
through technological advances, refined pacing therapies, and advanced algorithms and database
resources now provide the physician with a wealth of clinically important information. While adding
to the complexity of pacing therapy, these features, if used correctly, can lead to improve the out-
comes and quality of life in many patients. Therefore, it is important for cardiologists/physicians
involved in care of the elderly to clearly understand pacing therapy and to consider its potential
application.

With aging the ion channels undergo functional and/or structural changes that are not only
associated with cellular dysfunction but which also may contribute to the progression of cellular
senescence and defining the age-associated channelopathy. Of particular interest the mitochondrial
ion channels, particularly K+ channels, Ca2+ channels, and megachannel (mitoPTP), play pivotal
roles in the communication between mitochondria and cytosol, regulation of intracellular Ca2+

homeostasis, mitochondrial bioenergetic, metabolism, and modulation of cell survival and death.
However, with aging these ion channels undergo functional and/or structural alterations, which are
not only associated with the development of mitochondrial dysfunction but also contribute to the
progression of cellular senescence (Fig. 11.3) defining an age-associated channelopathy.

Blockade or reversal of ion channel degeneration may improve not only mitochondrial function
but it may also be beneficial in slowing the process of aging. Furthermore, elucidation of the genetic
structure of the molecular components of these channels will lead to the identification of mutational
or polymorphic gene variants which mediate the effects of aging, therapeutic treatments or diverse
physiological stimuli on channel function. Increased awareness that with aging the incidence of
dysrhythmias and channelopathies increase may lead to better management and further research
interest in the search for the basic molecular mechanisms that underly aging. Furthermore, this will
significantly enhance our understanding of the spectrum of aging phenotypes.

Summary

• Defects in the heart rate and rhythm (dysrhythmias) increase with aging.
• Compared to young adults a higher incidence of atrial dysrhythmias, including atrial premature

beats, atrial fibrillation (AF), atrioventricular block (AV block), and ST-T changes are present in
the elderly with an otherwise normal heart.

• Paroxysmal supraventricular tachycardia (PSVT), ventricular tachycardia (VT) and ventricular
blocks in the aging individual are mainly associated with structural cardiac defects. Furthermore,
age-related changes also include increased activity of the sympathetic nervous system, which may
be an important pathophysiological component in tachydysrhythmias and premature ventricular
contractions.

• Screening of a significant number of individuals with dysrhythmias has led to the discovery of
numerous mutated genes, in particular those encoding subunits of proteins that constitute the
cardiac ion channels.

• Aging does not effect the activation of the sympathetic nervous system occurring in HF, sug-
gesting that other factors such as CAD and MI may impact the increased incidence of HF with
aging.

• Cardiac electrophysiological studies using a number of animal models have significantly con-
tributed to our knowledge of the changes occurring with aging.

• The effect of aging on the electrophysiological properties of the left atrium (LA), and in particular
on specific LA sites and in ouabain-induced dysrhythmias in rabbits have been recently evaluated.

• LA regional heterogeneity and LAPW dysrhythmogenesis appear to increase with aging.
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• Experimental studies in animal models have provided key insights on the correlation of
changes in ion channels affecting protein expression, with changes in ventricular activity and
dysrhythmias.

• With age there is an increased incidence of SA node dysfunction with the highest prevalence
found in the elderly population.

• Extensive atrial remodeling occurring in aging provides a mechanism not only for SND but
also for other atrial dysrhythmias, mainly AF, which may develop in up to 50% of patients
with SND.

• With aging, Cav1.2 protein decreased together with a reduction in spontaneous activity of
SA node. This decrease in turn increases susceptibility of the node to L-type Ca2+ channel
blockers.

• The loss of Cav1.2 channels together with depletion of Cx43 protein not only will decrease elec-
trical conductivity but also will increase the chances for SA node dysfunction with age as well as
the prevalence of dysrhythmias.

• Ionic currents differ in aged versus adult right atrial cells, such that a reduced Ca2+ current and
augmented outward currents could contribute significantly to the altered AP contour of the aged
RA cell.

• AVNRT is the most common regular supraventricular tachycardia in the elderly patients.
• In patients older than 65 years, AVN-RT may lead to severe, sometimes life-threatening symp-

toms, despite the fact that the tachycardia is not as fast as in younger patients.
• AF is the most common dysrhythmia seen in the elderly. It involves extensive remodeling of the

cardiomyocyte electrical properties, ECM and fibrosis, and in the aging heart it could lead to
acute HF, without clinically apparent cardiac disease.

• Atrial structural remodeling is a key determinant and by itself can initiate AF, without the need
for preexisting repolarization gradients.

• Aging is frequently associated with progressive AV conduction system disorders affecting the SA
node, AV node, and/or the His bundle branch-Purkinje system.

• The elderly are prone to develop symptomatic bradydysrhythmias that may require pacemaker
implantation.

• In addition to extracellular changes, with aging apoptosis may play a significant role in the devel-
opment of AV block since apoptosis appears to be one of the physiologic processes responsible
for the normal reduction in AV node size observed from fetus to adulthood.

• Histological studies from patients who developed isolated AV block demonstrated an increase in
fine collagen fibers in and around the AV node and His-Purkinje system.

• Mutations in the SCN5A gene have been associated with hereditary Lenègre/Lev disease initially
described as an acquired complete AV block with RBBB or LBBB and widening QRS complexes.

• In women, the increased risk associated with prolonged QT for cardiac death was more
pronounced than in men, and risks estimates did not change after adjustment for poten-
tial confounders, including history of myocardial infarction, hypertension and diabetes
mellitus.

• Abnormal QTc prolongation on the electrocardiogram should be viewed as an independent risk
factor for sudden cardiac death.

• Studies on the effect of age and gender on QT dispersion have shown that elderly males have
significantly greater QT and QTc dispersion than elderly female.

• Age and gender have different, genotype-specific modulating effects on the probability of cardiac
events and electrocardiographic presentation in LQT1 and LQT2 patients.

• Syncope, a common occurrence in the elderly, is often associated with a worse outcome than in
adult patients requiring complementary tests, such as tilt-table test (TTT).

• Guidelines update for implantation of pacemakers and antidysrhythmia devices and their indica-
tions have been classified in several categories by the ACC/AHA/NASPE in 2002.
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• Since the publication of the above recommendations, the indications for pacemaker therapy in the
elderly have continued to evolve including as an adjunct therapy in advanced stages of HF and in
dysrhythmias unresponsive to medical therapy (e.g., adjunct therapy for AF).

• Aging is associated with an increase in both the prevalence and complexity of PVBs; these can
be single (uniform or multiform), in couplets, or in short runs of ventricular tachycardia. In the
absence of cardiac functional or structural defects there are not apparent increases in cardiac
mortality in these individuals.

• There are important differences in the electrophysiologic characteristics of patients with VT ver-
sus those with VF since ventricular dysrhythmias recurrence at follow-up was different in patients
who presented with VT than in those who originally presented with VF.

• With aging ion channels undergo functional and/or structural alterations, which are not only
associated with the development of cellular dysfunction but also contribute to the progression
of cellular senescence, defining an age-associated channelopathy.

• Aging-associated changes in AP, IK1, Ito, and ICa, L of rat ventricular myocytes possibly contribute
to the cardiac dysfunction of the aging heart.

• Opening of sarcolemmal KATP channels is an important endogenous cardioprotective mechanism,
mainly in the aging heart.

• Aging is associated with a decrease in the number of sarcolemmal KATP channels in hearts from
females, but not males. This phenomenon seems to be associated with an age-dependent decrease
in concentration of circulating estrogens.

• Age-dependent decrease in the number of sarcolemmal KATP channels generates a cardiac pheno-
type more sensitive to ischemia, which again seems to be responsible for decrease in myocardial
tolerance to stress that occurs in elderly women.

• The Cav1.2 channel protein plays an essential role in the aged-related deterioration of a function-
ing pacemaker. With age its protein expression decreases, and concurrently there is a reduction
in the spontaneous activity of the SA node providing evidence of the significant role that Ca2+

channels play in the genesis of dysrhythmias associated with aging.
• Aging induces degenerative changes in action potential conduction, contributed to by the loss of

Cx43 protein. Interestingly, Cx43 is a potential therapeutic target for quashing the age-related
deterioration of the cardiac pacemaker.

• Drosophila melanogaster has emerged as one of the principal model organisms used for studying
the biology of aging in general, and in particular the cardiac functional changes developing with
aging. Dysfunction in KCNQ and KATP ion channel seems to contribute to the decline in heart
performance in aging flies.

• Drosophila tends to develop an elevated incidence of cardiac dysfunction and dysrhythmias con-
comitantly associated with a decrease in the expression of the Drosophila homolog of human
KCNQ1-encoded K+ channel α-subunits. In humans, this channel is involved in myocardial
repolarization, and functional defects in it are associated with increased risk for Torsades de
Pointes dysrhythmias and sudden death.

• Defects in mitochondria function are tightly associated with aging, and these defects include
changes in mitochondrial membrane potential (��m) and the opening of the mitochondrial per-
meability transition pore (mitoPTP), essential components to the cell life-death transition and the
promotion/acceleration of aging.

• Mitochondrial Ca2+ cycling has been characterized as impaired in aging, by a reduction in Ca2+

uptake via Ca2+ uniporter, reduced Ca2+ retention capacity, a possible decrease in NCX activity,
but elevated Ca2+ extrusion through sensitized mitoPTP opening.

• During aging, Ca2+ compartmentation in synaptosomal mitochondria decreases, and this decline
has been associated with a reduction in the activity of mitochondrial Ca2+ uniporter.

• Enhanced activation of mitoPTP from a variety of aged or senescent cells including lymphocytes,
neurons, hepatocytes, and cardiac myocytes has been reported.
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• That mitoKATP channels participate in the processes of aging has been suggested by observations
in aging animals that their heart has a reduced tolerance to I/R injury and experiences diminished
overall effectiveness of cardiac IPC.

• Evidence suggests that the cardioprotective signaling pathways acting through mitoKATP channels
are compromised with aging. It is unclear whether aging-attenuated cardiac mitoKATP channel
function is due to changes in its density, responsiveness to stress stimuli, or defective communi-
cation to respiratory ETC.

• It is not clear why mitochondrial mitoPTP undergoes functional changes during the aging. With
aging, there is increased OS in somatic cells, which tends to be more prevalent in cells rich
in mitochondria, such as cardiomyocytes whose mitochondrial respiratory activity is elevated.
Increased oxidative damage to proteins by ROS or reactive nitrogen species (RNS) has been
implicated in aging, gauged by increased protein carbonyls and nitration.

• Proteomic analysis showed that there is an age-dependent nitration of VDAC in mitochondria.
Increased VDAC nitration is very likely related to excessive OS in mitochondria since similar
changes have been found in diabetic hearts, which exhibit enhanced OS.

• The related fields of pharmacogenomics and pharmacogenetics appear to have the potential to
improve drug development by tailoring drug therapy based mainly on the individual’s ability to
metabolize drugs which are determined only in part by age, and influenced by disease, envi-
ronmental factors (e.g., diet), concurrent medications and variant genetic factors specifying the
transport, metabolism and targets of the drug.

• Increased awareness that with aging the incidence of dysrhythmias and channelopathies increase
may lead to better management and further research interest in the discovery of the molecular
mechanisms that underlie aging.
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Chapter 12
Genetics of Life Span: Lessons from Model Organisms

Overview

Until the early 1990s, the evidence for genetic components involved in aging and longevity was
rather lacking with no actual aging genes formally defined. In this chapter, we will discuss the use
of model organisms to identify and functionally characterize genes that affect aging and longevity.
In particular, we will focus on data from yeast, C. elegans, Drosophila and mice that have not only
identified, highly conserved genes (most with homologues in human), which can modulate aging and
longevity in all species thus far tested, but that also implicate the involvement of larger signaling
pathways to which the genetic components identified contribute. Further progress in the identifi-
cation of upstream and downstream components in these pathways is beginning to provide both
illumination of the sequence of intracellular events that are involved in aging/longevity pathways,
and delineation of extracellular stimuli and environmental factors and stresses that can modulate
their operation. Identification of both the genetic components, their interaction with upstream and
downstream components and modulating factors, may be of great significance in the discovery of
new targets for aging therapies.

Introduction

The identification of genetic factors involved in determining longevity in relatively simple organisms
such as the nematode C. elegans, the yeast Saccharomyces cerevisiae and the fly Drosophila
melanogaster derives in large part from their relatively short generation and overall lifetime,
the extremely well-defined genetic and cell information available for each of these species and
perhaps most importantly, the capacity to use in each extremely powerful and informative molecular
techniques of gene targeting and gene transfer. In yeast, gene targeting by homologous recombi-
nation, gene overexpression on episomal plasmids and genetic techniques to definine epistatic and
gene-product interactions, including yeast 2-hybrid analysis, may allow construction of strains null
for specific alleles, correction of specific defects and overall elucidation of the sequence of upstream
and downstream pathway components. Similarly, molecular genetic techniques including the use of
RNA-mediated interference (RNAi) to target specific gene action in C. elegans cells and p-element
insertion for targeting gene action in Drosophila have been instrumental in identifying specific
genetic components, and definition of their role, in pathways of aging. Moreover, mice that have
been shown to contain homologues/orthologues of the great majority of the genes identified in the
other simpler model organisms (showing the striking conservation of these genes in aging longevity
pathways), also offer an unusual well-developed transgenic technology (as described in Chapter
3) with the ability to construct strains with specific null alleles or overexpressed functions. Strains
of mice also have been created that model many of the aging phenotypes characteristic of human
premature aging and progeria diseases, as well as aging-associated cardiovascular pathologies.
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Insulin/IGF-1 Pathway in C. elegans

Mutations in daf-2, a regulatory gene encoding a insulin/IGF-1 receptor [1] doubled the life span of
fertile, active C. elegans [2]. Moreover, genetic mosaics that lack the DAF-2 protein in either cell
at the two-cell stage, are long-lived suggesting that cells that lack DAF-2 must be able to transmit
a signal for longevity to wild-type cells [3]. This life span extension required the activity of a sec-
ond gene, daf-16 which encodes a forkhead FOXO-related transcription factor (DAF-16). Further
observations have showed that the DAF-2 receptor activates a conserved phosphatidylinositol 3-OH
kinase (PI3-K) signaling pathway that affects life span, in part by regulating the nuclear localization
of the DAF-16 protein [4, 5]. Null mutations in daf-16 suppressed the increased longevity resulting
from mutations in daf-2 indicating that lack of DAF-16 bypasses the need for this insulin receptor-
like signaling pathway, and also suggests that the principal role of DAF-2 signaling is to antagonize
downstream DAF-16 function. Furthermore, human FKHRL1 could partially replace DAF-16 in C.
elegans which suggests it is a DAF-16 orthologue [5].

Besides DAF-16, the heat shock-transcription factor HSF-1 is also required for daf-2 muta-
tions to extend life span by activating specific longevity genes, including small heat-shock proteins
(HSPs) [6, 7]. Overexpresssion of HSF-1 extends worm life span as does stress-activated HSF-1,
accompanied by the downstream expression of the small HSPs. Heat shock also promotes DAF-16
nuclear localization, and DAF-16 is required for the expression of small HSPs after heat shock [6, 8].

Longevity of daf-2 mutants and the impact of heat stress on longevity also requires the function of
AAK-2, a catalytic subunit of AMP-activated protein kinase [9]. This implied that AAK-2 functions
as a sensor that couples life span to metabolic energy levels and insulin-like signals. Moreover, the
overexpression of AAK-2 in C. elegans increased life span, and the ability of a number of other
genes (to be discussed later) to promote longevity (e.g., daf-2, sir-2, clk-1, isp-2) was dependent on
AAK-2 function [10].

Mutations in other genes from within the insulin/IGF pathway also lead to enhanced longevity.
Mutations in age-1 encoding the catalytic subunit of the PI3 kinase result in longer life [11].
Although it has been suggested that the reduced fecundity noted in age-1 mutant strains might be
associated with the increased longevity, recent data have showed that the age-1 mutant, as well as
the daf-2 mutant, can extend C. elegans life span without leading to a reduction or delay in fecun-
dity [2, 12]. Furthermore, other observations have indicated that the insulin/IGF-1 signaling path-
way controls longevity and reproduction independently of one another. Studies with RNAi directed
against daf-2 demonstrated that decreased activity of DAF-2 resulting from RNAi treatment, main-
tained only during early development (in pre-adult worms), resulted in reduced fecundity with no
effect on life span; however, reduced DAF-2 expression, resulting from RNAi treatment initiated in
adulthood, significantly increased life span without reducing fecundity [13]. Additionally, DAF-18,
a homologue of the tumor suppressor PTEN in C. elegans regulates both longevity and the formation
of the dauer quiescence stage by mediating insulin/IGF-signaling pathway [14].

PTEN encodes a dual-specificity phosphatase that regulates the intracellular levels of phos-
phatidylinositol 3, 4, 5-trisphosphate (PIP3), generated by AGE-1/PI3-K, by specifically dephos-
phorylating position 3 on the inositol ring; this suggests that PTEN/DAF-18 antagonizes the DAF-
2/AGE-1 pathway. Mutation of daf-18 suppresses life extension and constitutive dauer formation
associated with daf-2 or age-1 mutants, and inactivation of daf-18 by RNAi mimics this suppression
which suggests a longevity-promoting action of DAF-18/PTEN [14, 15]. Moreover, human PTEN
can substitute for DAF-18 and can restore the dauer and longevity phenotypes in worms devoid of
DAF-18 [16].

Using a variety of methodologies, it has been possible to identify a large number of genes
that are transcriptional targets of DAF-16. A subset of these downstream genes are involved in
the modulation of OS, including several antioxidant proteins; other genes are involved in cellular
stress signaling (e.g., HSPs), metabolic regulation and fat storage functions [17–20]. Comparative
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genetics has also been employed to identify 17 genes shared by both C. elegans and Drosophila, each
of which contained a DAF-16/FOXO binding site (TTGTTTAC) within its promoter region [18].
Interestingly, both negatively and positively regulated genes were found to bear conserved DAF-16
binding sites suggesting that DAF-16 can act both as a transcriptional activator and a repressor.
The model emerging from these studies is that the insulin/IGF-1 system acts as a longevity module
with upstream master regulators (e.g., DAF-2 and DAF-16/FOXO) controlling a wide variety of
downstream genes with diverse functions (shown in Fig. 12.1) [21, 22].

It is noteworthy that the DAF-2/DAF-16 downstream longevity genes not only extend life span
but also serve to protect the worms from harsh external environmental stresses such as heat, UV
and oxidative damage. The stress-resistant phenotype, encompassed by these genes expression, can
be effective with metabolic as well as environmental stresses. Beyond regulating adult longevity
in C. elegans, the insulin/IGF pathway also can trigger entry into a growth-arrested larval state of
metabolic quiescence called the dauer state. Progression of a dauer-specific altered morphology,
including the development of an impermeable cuticle, and metabolic program (i.e., reduced Krebs
[TCA]) cycle and respiratory [ETC] metabolism) in response to harsh environmental stresses, is in
part triggered by a downregulation of the insulin/IGF-1 signaling pathway [23].

It has been suggested that the decline in TCA cycle activity and ETC pathways serves as a com-
mon element of both the dauer and long-lived phenotypes, resulting in reduced ROS generation [24],
although a recent transcript profiling study found decreased levels of ETC and TCA gene expression
in dauers but not in daf-2 mutants [25]. Nevertheless, both dauer and long-lived mutants have been
shown to utilize alternative sources of metabolic energy (with less ROS generation), including the
upregulation of genes involved in the glyoxylate cycle (primarily located in the peroxisomes), as well
as gluconeogenesis and trehalose synthesis [25, 26]. Gene transcript profiling by SAGE analysis with
dauer larvae has also indicated significant upregulation of anaerobic pathways [27].

While the insulin/IGF-1 pathway can be invoked into triggering the dauer-specific responses to
environmental stress, as well as for protection against endogenous stresses that accelerate aging,
the responses are not invariably the same (i.e., the long-lived insulin/IGF-1 mutants are not in fact
dauers in disguise) [21]. Although some daf-2 mutations (termed class II) can produce dauer-traits
in adults, other mutations (class I) do not. Extension of life span in these mutant worms occurs with
normal metabolism, reproduction and body morphology [28]. Similarly, mutations that moderately

Fig. 12.1 Insulin-IGF-1
signaling regulates longevity
in C. elegans
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increase the activity of DAF-16 result only in life span extension, while more severe mutations result
in a constitutive dauer phenotype.

Insulin/IGF Signaling in Other Eucaryotes

In Drosophila melanogaster similar to C. elegans, when insulin-like signaling is reduced aging is
slowed. When the insulin-like receptor (InR) or its receptor substrate (chico) are mutated [29, 30],
or when insulin-producing cells are ablated, life expectancy is extended by more than 50%. In both
these organisms, the presence of a functional insulin/IGF-signaling pathway accelerates biological
aging, and inhibition of this axis extends life span.

Observations with mice and mammalian systems have been rather ambiguous. Using genetic
mouse models, e.g., the Ames and Snell dwarf mice, and female mice that are heterozygous for
the IGF-1 receptor, Igf1r +/−, it was found that a reduction in plasma levels of insulin and/or
IGF-1, or reduction in insulin/IGF-1 signaling may be correlated with increased longevity and
retarded aging [31]. At least three genes have been identified (Pit1dw, Prop1df, Ghr) in which
loss-of-function mutations lead to dwarfism with reduced levels of IGF-1 and insulin, as well as
to increased longevity in mice [32–35]. However, animal models with deficiencies in IGF-1 are
complicated by the simultaneous alterations in growth hormone or hypopituitarism, which result in
multiple endocrine defects and developmental abnormalities. These factors markedly complicate the
interpretation of data drawn from dwarf mice in the assessment of the role of IGF-1 in biological
aging and life span. On the other hand, loss-of-function mutations in the insulin receptor can result
in shortened life span in mice, albeit tissue-specific constructs have provided variable responses.

Brain-specific (NIRKO), liver-specific (LIRKO), and muscle specific insulin receptor knock mice
(MIRKO) develop obesity, insulin resistance and impaired glucose regulation and have increased
morbidity and shorter life span [36–38]. However, mutations of the insulin receptor in adipose
tissue have the opposite effect. Fat-specific insulin receptor knockout mice (FIRKO) have normal
food intake, marked decrease in fat mass, lower fasting plasma insulin levels at 2 and 10 months
respectively, and live longer [38]. Mice with global mutations of the insulin receptor genes exhibit
metabolic derangements at birth, with β-cell failure in days, and death due to diabetes ketoacido-
sis [39]. Interestingly, mutations of the insulin receptor have been described in humans, causing
different degrees of insulin resistance and diabetes and are associated with increased morbidity and
mortality due to atherosclerosis, CVD, obesity and diabetes.

Similarly in humans, reduced IGF-1 activity is known to be associated with significant morbidity
in adulthood with an increased risk of developing CVD, diabetes, osteoporosis and neurodegener-
ative diseases. IGF-1 knockout mice (Igf1–/–) show severe intrauterine growth restriction with a
birth weight 60% of normal, and a majority die shortly after birth; though, depending on genetic
background, some do survive and reach adulthood [40]. Similarly, mice homozygous for the IGF
receptor null allele are not viable at birth. However, heterozygous knockout mice for the IGF-1
receptor live 26% longer than the wild type. This increase is gender-specific; females live 33%
longer than wild-type females, whereas the male mice have an increase in life span of 16% [35]. The
Igf1r (+/–) mice display greater resistance to oxidative stress (OS), a known determinant of aging
and no changes in metabolism, physical activity or fertility.

Moreover, information from studies with both human and other mammals clearly indicate a pro-
gressive decrease in IGF-1 with age. Restoration of IGF-1 levels in elderly individuals by growth
hormone (GH)-replacement therapy have shown to reverse the age-related decline in IGF-1 and
have significant health benefits. Gathered observations suggest that an aged phenotype results from
anabolic hormone deficiency in which GH and subsequently IGF-1 deficiencies play significant
roles.
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The contradictions between increased life span, resulting from disruption of the insulin/IGF-1
receptor in nematodes and flies, and the shortened life span and increased aging in mammals with
genetic or acquired defects in insulin signaling pathway have been in part explained by the acqui-
sition in mammals of more complicated metabolic pathways over evolution with different receptors
for insulin and IGF-1, and distinct pathways and diverse functions in specific tissues of the mammal.
In higher organisms, signaling through the insulin/IGF-1 pro-survival pathway is widely recognized
to be neuroprotective and cardioprotective as well as important for neuronal and myocyte growth
and physiology.

Another interesting wrinkle involving the insulin/IGF-1 signaling with respect to aging/longevity
in mice has come from the identification of the Klotho gene, named after the Greek goddess who
spun the thread of life. Klotho is an aging suppressor gene which is predominantly expressed in the
distal convoluted tubules in the kidney, the parathyroid glands, and the choroid plexus in the brain,
all of which interestingly enough are indispensable for the regulation of calcium homeostasis, and
which extends life span when overexpressed in mice [41]. Mice carrying a loss-of-function mutation
(arising from an insertional mutation at the gene’s 5′ end) in the Klotho gene [KL (–/–) mice] also
known as the klotho mouse, develop aging-like symptoms around 4 weeks after birth and suffer from
multiple age-related disorders observed in humans, including osteoporosis, skin atrophy, ectopic
calcification, arteriosclerosis, and pulmonary emphysema as well as a shortened life span (usually
around 2 months of age) [42]. Klotho deficient mice also display severe hyperphosphatemia (high
serum concentrations of phosphates) in association with increased concentrations of 1,25(OH)2D3,
the active metabolite of vitamin D, which plays an important role in calcium metabolism [43].
In addition, the klotho mouse has reduced blood glucose and insulin levels and exhibits abnormal
energy homeostasis manifested by increased glucose tolerance and insulin sensitivity, lower energy
reserves (e.g., glycogen and lipid) and reduced body temperature [44]. Moreover, Klotho overex-
pression induces resistance to insulin and IGF-1 [41].

The Klotho gene encodes a single-pass transmembrane protein whose extracellular domain shares
sequence homology with the β-glucosidase enzymes. In addition to its membrane form, the Klotho
protein is present in the cytoplasm mostly in association with the endoplasmic reticulum and Golgi
apparatus. In addition, the extracellular domain is cleaved and secreted into the blood and cere-
brospinal fluid and functions as a circulatory hormone that binds to a cell-surface receptor and
inhibits insulin/IGF-1 signaling [45]. Other functions of Klotho associated with its cellular, mem-
brane and secreted forms will undoubtedly surface as discussed below.

Several observations have shown that Klotho can effectively block insulin-mediated glucose
uptake, not at the level of insulin receptor-ligand binding, but by disrupting one or more alternative
insulin-dependent intracellular signaling pathways including both the suppression of the tyrosine
phosphorylation of insulin and IGF-1 receptors leading to their inactivation as well to the repression
of already active insulin receptors, which were previously tyrosine phosphorylated by insulin stim-
ulation [41]. This inactivation of insulin/IGF-1 receptors results in reduced activity of IRS proteins
and their association with PI3-kinase, thereby inhibiting insulin and IGF-1 signaling.

Klotho protein increases the resistance to OS at the cellular and organismal level, which poten-
tially contributes to its anti-aging properties. Klotho protein activates the FoxO forkhead transcrip-
tion factors that are negatively regulated by insulin/IGF-1 signaling, thereby inducing expression
of manganese superoxide dismutase (MnSOD), thereby facilitating ROS removal and confers OS
resistance [46].

A premature aging-like phenotype that is quite similar to that of Klotho-deficient mice has been
found in transgenic mice containing knock-out alleles of fibroblast growth factor23 (FGF23), albeit
many of the abnormalities in klotho mice including arteriosclerosis, skin atrophy and emphysema are
not present [47]. Common to both phenotypes, is the development of severe hyperphosphatemia in
association with increased concentrations of 1,25(OH)2D3 [48]. As a potential explanation for this
overlap in premature-aging and biochemical phenotypes, it has been suggested that Klotho affects
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the signal-transducing activity of multiple FGFs by binding to their receptors as the cofactor with
FGF23; direct binding of Klotho to multiple FGF receptors (FGFRs) has been demonstrated [49].
Moreover, both Klotho and FGF23 functions are required for the negative regulation of the 1-
hydroxylase gene, encoding a rate-limiting enzyme involved in active vitamin D synthesis [43].
Therefore, in addition to the OS generated by the insulin/IGF-1 pathway by disruption of Klotho
function, Klotho can also contribute to the premature-aging phenotype by virtue of its effect on
phosphate and calcium homeostatic regulation, and the hyper-production of the vitamin D metabo-
lite in Klotho-deficient strains. We hesitate to call this a secondary function of Klotho since recent
reports have shown that the premature aging phenotype in both the Klotho−/− and Ffg23−/− mice
can be dramatically reversed (prolonging knockout-mouse survival to more than 6 months with few
observable abnormalities) when fed a vitamin D-deficient diet or by ablation of the 1-hydroxylase
gene [50]. Another Ca2+ related function of the Klotho protein that has been recently revealed is
that it can modify sugar chains (hydrolysizing extracellular N-linked oligosaccharides) and activate
the transient receptor potential ion channel TRPV5 through its activity as a β-glucuronidase, pre-
venting the internalization and inactivation of plasma-membrane located Ca2+ channels with a net
effect of increasing Ca2+ reabsorption in the kidney [51]. It remains to be seen whether the effects
of the multi-functional Klotho protein on Ca2+ and phosphate homeostasis reported in the mouse
are as highly-conserved as the insulin/IGF-1 pathway and operative in determining aging/longevity
phenotypes in other organisms, including both worms and man.

Tissue-Specific Roles of Insulin/IGF-Signaling

Kenyon et al. have shown that the insulin/IGF-1 pathways involved in aging are tissue-specific, with
certain cell-types acting as ‘signaling centers” [52]. In particular, activity of the forkhead transcrip-
tion factor DAF-16 in the intestine, which also serves as the animal’s adipose tissue, completely
restores the longevity of daf-16– germline-deficient animals therefore affecting DAF-16 activity in
other tissues, and substantially increases the life span of daf-16– mutants. In addition, recent data
suggest that several tissues in C. elegans act as signaling centers to mediate function of the ortholog
of the human tumor suppressor gene PTEN, DAF-18 in regulating both dauer formation and life
span [53].

The D. melanogaster insulin-like receptor mediates the phosphorylation of dFOXO, the equiv-
alent of nematode DAF-16 and mammalian FOXO3a. dFOXO regulates D. melanogaster aging
when activated in the adult pericerebral fat body [54]. Moreover, increasing FOXO activity in adi-
pose tissue affected the activation of this pathway (i.e., insulin gene expression) in other tissues
(i.e., neurons). This is similar to findings with FIRKO mice, which have reduced fat mass, are pro-
tected against age-related obesity and resulting metabolic abnormalities, and display an increased
life span probably brought about by effects on insulin signaling [38]. This suggests that reduced
adiposity, even in the presence of normal or increased food intake, can extend life span, perhaps
as a result of the prevention of obesity-related metabolic disorders including type 2 diabetes and
atherosclerosis [55].

Metabolic Pathways Involved in Longevity in C. elegans

A pivotal link between mitochondrial metabolism and longevity has been pointed out by the demon-
stration of long-lived strains with a dysfunctional electron transport chain (ETC). The isp-1 muta-
tion is a missense mutation in a nuclear-DNA encoded component of respiratory complex III and
results in reduced oxygen consumption, decreased sensitivity to ROS, and increased life span [56].
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In addition to mutations that target mitochondrial ETC, gene silencing experiments using RNAi have
also shown that downregulated mitochondrial function (e.g., mitochondrial leucyl-tRNA synthetase
[lrs-2], ATP synthase) significantly increased life span and stress resistance in C. elegans [57, 58],
as has treatment with the mitochondrial inhibitor antimycin A [59]. Given the essential role that
ETC plays in the production of ATP and the demonstration that complete removal of this capacity
often results in extensive cell dysfunction and premature death in most cell-types, the findings in
C. elegans are somewhat surprising because they revealed that disruption of many of the key com-
ponents of the normal mitochondrial energy-generating machinery do not result in death, but rather
result in adult life span extension.

Four maternal-effect mutations termed the clock mutations were shown to promote life span
extension independent of the insulin/IGF-1 pathways affected in dauer formation (i.e., involving
DAF-2 and DAF-16) [60]. Amongst these long-lived mutants of C. elegans, clk-1, is unable to syn-
thesize ubiquinone, CoQ(9), a cofactor in the mitochondrial respiratory chain. Instead, the mutant
accumulates a novel ubiquinone species called demethoxyubiquinone(9) (DMK) and small amounts
of rhodoquinone(9) as well as dietary CoQ(8) [61]. The CLK-1 protein is highly conserved among
eucaryotes with structurally-related homologues in yeast and human and localizes to mitochon-
dria [62]. Overexpression of CLK-1 activity in wild-type worms shortens life span and increases
mitochondrial respiration whereas the clk-1 mutants, associated with life span extension, sustain
moderately reduced mitochondrial respiration [61].However, no gross changes in metabolic output,
as assessed by oxygen consumption, heat production rates and ATP content were found in clk-1
mutants (nor in any of the other clock-mutant strains), nor was there evidence of cooperatively
increased ROS scavenging activity (i.e., catalase and SOD activities) in the clk-1 mutant [63].
Recently, analysis of isolated mitochondria from clk-1 mutants revealed a specific OXPHOS defect
resulting from impaired electron transfer from complex I to complex III, whereas individual respi-
ratory complex activities and OXPHOS initiated through complex II were normal [64]. Since both
complex I and II use quinone, differential interactions with the quinone pool may be inferred and
indicates that a more detailed examination of electron transport may be required beyond measure-
ments of total oxygen consumption and of individual complex evaluation. Nevertheless, the electron
transport defect present in the clk-1 mutant appears to relate less to a change in overall metabolic
function (since ATP levels appear normal) but may pertain more to altered ROS levels and OS
generation by the disabled respiratory complexes.

Silencing of ubiquinone biosynthesis genes including clk-1 in C. elegans using RNAi recapitu-
lated the clk-1 mutant phenotype extending life span, lowered ubiquinone levels and reduced super-
oxide levels [65]. Moreover, withdrawal of coenzyme Q from the diet of wild-type worms extends
the adult life span by approximately 60% [66]. The discovery that ROS production is reduced
in the clk-1 mutants further supports the oxidative damage theory of aging [67]. Parenthetically,
cytoplasmic ROS reduction has also been implicated in germline and vulval developmental delays
occurring in clk-1 mutants, calling attention to the importance of ROS as signaling molecules in
development [68].

It is also noteworthy that both human and mouse CLK-1 not only show strong structural similiar-
ities but are functionally conserved as well [69, 70]. Transgenic expression of the wild-type mouse
clk-1 orthologue into clk-1 C. elegans mutants reverted the extended life span of clk-1 mutants to
levels comparable to those found in wild-type control [70]. Analysis of the knockout mutation of
the mouse orthologue mclk1 indicated that CLK-1 and ubiquinone are necessary for normal mouse
development, with mclk1−/− embryos arresting development at midgestation [71, 72]. Embryonic
stem (ES) cells and embryos from these knockout strains accumulate a metabolic intermediate,
demethoxyubiquinone instead of ubiquinone and exhibit a modest decline in respiratory function
and lower ROS levels. Hekimi et al. have demonstrated that ES cells derived from mclk-inactivated
embryos tend to be more protected from OS and damage to DNA [73]. Moreover, they also found
that mclk1 +/− mice, whose growth and fertility are normal, display a substantial increase in life
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span in each of three different genetic backgrounds. These observations suggest that the distinct
mechanism by which clk-1/mclk1 affects lifespan is evolutionarily conserved from nematodes to
mammals.

A methyl viologen (paraquat)-sensitive mutant, mev-1, hypersensitive to oxygen exhibits a
markedly shorter life span compared to wildtype C. elegans [74]. Furthermore, increasing levels
of oxygen concentration exacerbated the aging rate and life span reduction of mev-1 mutants [75].
Strains bearing this mutation accumulate markers of aging (such as fluorescent material resembling
lipofuscin and protein carbonyls) faster than the wild-type. Ishii et al. have found that mev-1 is a
missense mutation in the SDHC gene encoding the large subunit of the enzyme succinate dehy-
drogenase cytochrome b, a component of respiratory complex II, and the ability of complex II to
catalyze electron transport from succinate is compromised in mev-1 worms [76]. This mutation
leads to a marked increase in superoxide anion levels, suggesting that endogenous ROS production
at a defective complex II leads to the onset of oxygen hypersensitivity and premature aging [77].
Studies employing ultrastructural analysis of mev-1 mutants noted evidence of mitochondrial abnor-
malities (especially in muscle cells), a loss of mitochondrial membrane potential, and altered and
supernumerary apoptotic cells [78]. In addition, mev-1 mutant worms harbor increased levels of
nuclear DNA damage as indicated by significantly higher mutation frequencies under hypoxia than
in the wild-type strain and suggesting that enhanced mitochondrial OS can be a significant source of
genomic instability, which is a landmark of aging [79]. These defects resulting from increased ROS
(and aberrant ETC) likely underlie the failure of mev-1 mutants to complete embryonic development
under hyperoxia, as well as its reduced life span. It is also noteworthy that treatment of mev-1 mutant
strains with coenzyme Q10 (CoQ10) both eliminated the life span reduction, reduced superoxide
levels and the number of apoptotic cells [80].

The gas-1 mutation was detected initially by its capacity to confer enhanced sensitivities to
volatile anesthetics such as isoflurane [81]. Similar to mev-1 mutants, life span of gas-1 mutants
are decreased compared to wild-type worms [82]. The gas-1 mutant contains a Arg-> Lys mis-
sense mutation in the gene encoding the 49-kDa subunit of the mitochondrial NADH: ubiquinone-
oxidoreductase (respiratory complex I). This mutation results in a profound decline in complex
I-dependent metabolism in mitochondria, as measured by rates of both OXPHOS, electron transport
and increase in complex II-dependent metabolism [83]. Moreover, strains containing suppressors
of gas-1 had elevated OXPHOS rates, decreased oxidative damage to mitochondrial proteins and
increased life span. Interestingly, in contrast to wild-type strains in which the DAF-16/FOXO tran-
scription factor normally resides in the cytoplasm and only becomes translocated to nuclei upon
activating stimuli such as OS, DAF-16 resides and is constitutively expressed in the nuclei of both
mev-1 and gas-1 mutants even under normal growth conditions [84]. Treatment of these mutants
with the antioxidant CoQ10 reversed the nuclear translocation of DAF-16. These findings further
implicate the role of OS from mitochondrial perturbations in impacting the insulin/IGF-1 signaling
pathway.

While it is well-established that a deficiency of the mitochondrial protein frataxin causes
Friedreich ataxia, an autosomal recessive neurological disorder, presumably because of altered
iron metabolism and increased mitochondrial ROS production, the precise physiological role
of frataxin in mitochondria and its role in aging remain largely undetermined. Studies in patient
lymphoblasts have demonstrated decreased activity levels of enzymes containing iron-sulfur clusters
including mitochondrial aconitase and succinic dehydrogenase (complex II), reduced heme levels
and elevated superoxide levels [85]. Two recent studies have also demonstrated using a transient
knockdown model of C. elegans frataxin deficiency, that RNA interference applied to the expression
of the frataxin homologue (frh-1) significantly altered life span and sensitivity to OS [86, 87].
One study found that reduced frataxin levels increased life span [86], while the second study in
contrast reported a decrease in life span, and increased sensitivity to OS [87]. The latter study
also demonstrated genetic interaction between frh-1 and mev-1 suggesting a possible role of the
C. elegans frataxin in the ETC. Moreover, studies with targeted disruption of hepatic frataxin in mice
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obtained similar results to the latter study including impaired mitochondrial function, increased OS
and decreased life span [88].

Despite the large accumulation of mutant genes which impact longevity in C. elegans, there
is limited information concerning the pathobiology of aging in this organism. In a recent study
examining the cell integrity of different tissues in aging animals using ultrastructural analysis and
specific cell-type visualization with green fluorescent protein, a striking preservation of the nervous
system, even in advanced old age, was reported in contrast to a gradual, progressive deterioration
of muscle, resembling human sarcopenia [89]. This study also reported evidence of both stochastic
processes as well as contributory genetic factors as significant in C. elegans aging, contributing
to extensive variability both among same-age animals and between cells of the same type within
individuals

Several studies have extended the search for genetic mutations and factors that influence longevity
by making use of RNA interference to systematically screen large sets of C. elegans genes for gene
inactivations that increase life span [90–92]. In screening 5690 genes, Lee et al. reported that genes
critical to mitochondrial function stood out as a principal sub-group of genes affecting C. elegans
life span [90]. While long-lived worms with impaired mitochondria had lower ATP content and
oxygen consumption, they exhibited differential responses to free-radical and other stresses sug-
gesting longer life span could not be necessarily attributed to lower free radical production. Another
screen found 23 novel genes which increase life span and these fell broadly into 4 classes: genes that
influence life span through DAF16/FOXO/insulin/IGF-1, genes that influence mitochondrial respi-
ration, genes that affect the response to dietary or caloric restriction and genes that affect integrin
signaling, which are known to influence life span in flies [92]. Using genetic epistasis interaction
analysis, nearly all of the novel genes detected could be associated with known aging-regulatory
pathways or processes; conversely, mutations in other pathways (except DNA metabolism) were
not contributory to life span extension in this study. Interestingly, many genes already known to
be involved in aging in C. elegans were not identified in this screen suggesting that this selection
was under-representing the full spectrum of longevity genes and that more genes remain to be found.
Moreover, this selection would not be expected to include functionally redundant genes nor neuronal
genes (which interestingly are refractory to RNAi in C. elegans). This caveat is important since
other types of genetic screens revealed that loss-of-function mutations in several genes important
for sensory neuron development can extend life span [93].

Another systematic screening of RNAi selected genes reported 89 novel longevity genes [91].
Over 25% of the genes identifiable by function (17 of 66), were involved in some aspect of
metabolism, such as carbohydrate metabolism, alcohol metabolism, citric acid cycle, OXPHOS,
and purine metabolism. In addition, this analysis identified genes encoding components of the
DAF-2/insulin-like signaling pathway, as well as genes involved in signal transduction, protein
turnover, and gene expression. A considerable number of these candidate longevity genes are highly
conserved. Genetic interaction analyses with the new longevity genes revealed a subset that acted
upstream of the DAF16/FOXO transcription factor or the Sir2.1 protein deacetylase, while others
appear to function independently of DAF16/FOXO and Sir2.1, and may define new pathways to
regulate life span [94].

SIR/Sirtuins

Using the genetically tractable model organism baker’s yeast, Saccharomyces cerevisiae, primary
genetic determinants of replicative life span in yeast were initially identified from genetic screens
of starvation-resistant strains for long-lived mutants. Among these mutants were included members
of the SIR (silent information regulator) gene family [95]. Subsequent studies revealed that loss-
of-function of SIR2 significantly shortened yeast life span, whereas increased SIR2 gene dosage



396 12 Genetics of Life Span

extended it [96]. A SIR2 orthologue subsequently detected in C. elegans was similarly shown to
extend life span with increased dosage [97].

Interestingly, SIR2 had been previously identified as a mediator of gene silencing of the mat-
ing type loci in yeast [98]. In yeast, transcriptional silencing occurs at a number of chromosomal
loci including telomeres, the two mating-type loci (HML and HMR), and rDNA locus RDN1. The
establishment of inactive heterochromatin at telomeres, mating-type loci and at the rDNA requires
a complex including Sir2. Overexpression of Sir2 increases the extent of silencing at both telom-
eres and rDNA, suggesting that Sir2 is a limiting component of the silencing apparatus. Evidence
strongly suggests that SIR2 mediates its effect on yeast aging primarily through its generation of
heterochromatin at the rDNA, and suppression of both the recombination between rDNA repeats
and the formation of extra-chromosomal circular forms of rDNA (ERCs) [99]. SIR2’s action as a
NAD-dependent histone deacetylase (HDAC) mediates this chromatin remodeling effect, and has
rendered it the founding member of a large family of NAD-dependent histone deacetylases termed
the sirtuins. The sirtuin proteins are conserved from prokaryotes to eucaryotes, and include seven
human sirtuin isoforms. The NAD+ dependence of SIR2 may permit the regulation of its activity
through changes in the availability of this co-substrate, allowing the enzyme to sense the bioenergetic
and redox states of the cell and set the life span accordingly. Moreover, SIR2 activity can be elevated
by genetic and physiological interventions that decrease the levels of NADH, a competitive inhibitor
of Sir2 [100].

A critical target of the SIR2 deacetylase activity is the FOXO forkhead transcription factors,
shifting FOXO dependent responses away from cell death and towards cell survival contributing to
enhanced longevity. In addition to the demonstration by genetic analysis in C. elegans that SIR2
acts upstream of DAF-16 in the insulin-like signaling pathway [97], several studies have shown that
SIRT1, the mammalian homologue of SIR2, deacetylates FOXO factors (e.g., FOXO 1,3 and/or 4)
and modulates their transactivation function [101–103]. The effect on FOXO function lead to the
attenuation of FOXO-induced apoptosis and potentiation of FOXO3’s ability to induce resistance to
OS. Other recently identified SIRT1-regulated transcription factors which operate in aging as well
of considerable significance in cardiovascular signaling pathways include peroxisome proliferator-
activated receptor γ (PPAR-γ), peroxisome proliferator-activated receptor γ coactivator 1α (PGC-
1α), NF-κB, p53, p300 and the cell-cycle and apoptosis regulator E2F1 [104–107].

While an extensive discussion of caloric restriction (CR) in mediating aging and longevity will be
forthcoming in a later chapter, it is important to mention here that a link between SIR2 and CR has
been suggested by studies in yeast [100], although recent studies have found evidence of life span
extension in yeast strains which is SIR-2 independent [108]. Similarly, while some studies supported
a role for respiration in adjusting NAD+/NADH ratios affecting SIR2 with CR in yeast [109], more
recent observations have shown that CR can occur in yeast in respiration-deficient strains [110]. In
nematodes while increased Sir2 can extend life span, a direct link to CR has not been demonstrated.

A direct connection between SIR2 activation and CR has been more convincingly demonstrated in
studies with Drosophila [111]. This study found that an increase in Drosophila Sir2 (dSir2) extends
fly life span, whereas a decrease in dSir2 blocks the life span-extending effect of CR. Recent studies
have suggested that the mammalian Sir2 orthologue, Sirt1, is required for the induction of at least
a phenotypic component of the complex physiological and behavior patterns associated with CR
in mice [112]. Moreover, Sirt1 activates a critical tissue-specific component of CR in mammals;
i.e., fat mobilization in white adipocytes [113]. Upon food withdrawal, Sirt1 protein binds to and
represses PPAR-γ transcriptional activation downregulating genes mediating fat storage. In Sirt1 +/−

mice, mobilization of fatty acids from white adipocytes upon fasting is compromised. In 3T3-L1
adipocytes, overexpression of Sirt1 attenuates adipogenesis, and RNAi-mediated silencing of Sirt1
expression enhances it. In addition, upregulation of Sirt1 in differentiated fat cells triggers lipolysis
and loss of fat. The involvement of Sirt1 in fat reduction is likely a contributory factor in extending
life span.
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TOR

Several components (TOR and raptor) of another nutrient sensing pathway have been recently impli-
cated in both life span extension in several model organisms, and as part of the CR pathway in
yeast [114]. The target of rapamycin (TOR) encodes a protein kinase that mediates a highly con-
served signaling pathway that couples amino acid availability to ribosomal S6 protein kinase activa-
tion, translation initiation, and cell growth. In addition, TOR responds to changes in growth factors,
amino acids, oxygen tension, and energy status. As with the insulin/IGF-1 pathway, inhibition of
the TOR signaling pathway in Drosophila extends life span. Overexpression of upstream regulators
such as tuberous sclerosis complex genes 1 and 2 (dTsc1, dTsc2), which inhibit TOR expression,
or dominant-negative forms of dTOR or dS6K all cause life span extension, dependent on the
nutritional status [115]. Similar to findings with the insulin/IGF-1 pathway, modulation of TOR
signaling expression in fat tissues is sufficient for life span extension. In C. elegans, LET-363/TOR
deficiency mediated by targeted RNA interference more than doubles the worm life span [116].
Evidence from genetic analysis suggests an interaction of the insulin/IGF-1 and TOR pathways
with nutrient-sensing TOR acting downstream of DAF-16 to regulate protein synthesis. Mutations
in the C. elegans homologue of the TOR accessory protein, raptor (DAF-15) also extend adult life
span and daf-15 transcription is regulated by DAF-16, that in turn is regulated by daf-2 insulin/IGF
signaling [117].

Disruption in TOR signaling, as a result of either mutation or targeted pharmacological interven-
tion (e.g., rapamycin treatment), resulted in enhanced chronological life span in yeast (i.e., the time
cells in a stationary phase culture remain viable), a potential model for aging of post-mitotic tissues
in mammals [118]. Decreased TOR activity also resulted in increased accumulation of storage car-
bohydrates and enhanced stress resistance. Furthermore, removal of either asparagine or glutamate
from the media significantly increased stationary phase survival suggesting that TOR plays a role
in starvation-induced stress and CR modulation of life span. In addition, TOR modulates replicative
life span in yeast in response to nutrients and modulates CR; CR failed to increase life span in TOR
mutants [114].

Another critical aspect of TOR action relevant to aging is its effect on stress response and sig-
naling of mitochondrial dysfunction. The mTOR is mainly localized in the mitochondrial outer
membrane (although a cytosolic form has also been reported) [119]. Moreover, mTOR along with
accessory proteins such as raptor form a stress-sensing module consisting of mitochondria and
mitochondrial outer membrane-associated mTOR, integrate diverse stress signals, including nutri-
ents, cAMP levels, and osmotic stress with cellular responses such as transcription, translation,
and autophagy. Mitochondrial bioenergetic function and membrane potential serve as a regulatory
intermediate on TOR activity [120, 121]. Raptor (regulatory associated protein of mTOR) binds to
p70S6 kinase (p70s6k) and 4E-BP1 and is essential for TOR signaling in vivo and it appears to serve
as an mTOR scaffold protein; binding to mTOR substrates is required for effective mTOR-catalyzed
phosphorylation in vivo [122].

Interestingly, mTOR pathway plays a significant role in determining both resting oxygen con-
sumption. and oxidative capacity [123]. This conclusion was mainly inferred from the correlation
of mTOR/raptor complex formation with overall mitochondrial activity. Following treatment with
the mTOR inhibitor rapamycin, disruption of this complex lowered membrane potential, oxygen
consumption and ATP synthetic capacity. Furthermore, this inhibition resulted in marked alteration
in the mitochondrial phospho-proteome suggesting that TOR phosphorylation of intramitochondrial
proteins is part of the mechanism of TOR action.

Modulation of the mitochondrial permeability transition (PT) pore (also located at the junc-
tion of the mitochondrial inner and outer membranes) is regulated by the activity of glyco-
gen synthase kinase-3β (GSK-3β), which is under convergent regulation by the protein kinase
B/Akt and mTOR/p70s6k pathways [124]. This pathway has been described in cardiomyocytes and



398 12 Genetics of Life Span

implicated in the cardioprotective pathway in response to hypoxic insult. In isolated mouse heart
and cardiomyocytes inhibition of TOR signaling with rapamycin confers preconditioning-like pro-
tection against ischemia-reperfusion injury [125]. Limiting the opening of the PT pore also likely
prevents apoptosis (Fig. 12.2). Furthermore, studies in yeast and animal cells have shown that mTOR
serves as part of the mitochondrial retrograde response, a signaling pathway of communication from
mitochondria to the nucleus that involves multiple factors that sense mitochondrial dysfunction and
transmit signals to effect changes in nuclear gene expression [126, 127].

Other Genetic Factors in Aging Drosophila

Drosophila is another valuable model organism employed to identify genetic determinants of aging
and to find genetic variations that can affect aging. Flies are particularly well suited for such studies
since they develop to adulthood quickly, have a relatively short life span, their genome has been
sequenced and contains extensive homologues in mammals; powerful genetic tools are available to

Fig. 12.2 Several signaling pathways, including IGF-1, mTOR and SIR2 interact in aging
Shown is the IGF-1 ligand binding to its cell surface receptor (associated with insulin receptor substrate-1 (IRS-1).
Downstream of the receptor, the signal is transmited to the kinases (PI3K and subsequently Akt). The activated Akt
inhibits the translocation of the proapoptotic BAD to the mitochondria, stemming mitoPTP (mPTP) and inhibiting
apoptosis; similarly, it attenuates glycogen synthase kinase-3β (GSK-3β) activity-reducing mPTP. Akt also activates
mTOR signaling part of the mitochondrial retrograde pathway. Akt phosphorylates FOXO, inactivating it, increas-
ing its translocation from the nucleus to the cytosol, reducing its DNA binding and stemming its positive effect on
longevity. In contrast, the sirtuin (SIR2) activates FOXO transcriptional activity by reversing its acetylation. Similarly,
SIR2 inactivates p53 by deacetylation and attenuates its apoptotic program.
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manipulate it [128, 129]. A number of genes involved in the prolongation of life span have been
found, further increasing the number of pathways involved in aging response, and noticeable paral-
lels between functional senescence in Drosophila and humans have been revealed. In addition, the
aging fly heart is an informative model to study the genetics of age-sensitive organ-specific pathol-
ogy [130]. For instance, as in elderly humans, maximal heart rate is significantly and reproducibly
reduced with aging in Drosophila, which also manifests an age-associated increase in cardiac dys-
rhythmias [131].

Besides the previously discussed defects in the insulin/IGF-signaling (e.g., chico and InR), SIR2
and TOR pathways that promote increased longevity in flies, mutations in other pathways affecting
fly aging have also been identified.

Mutations that confer resistance to OS have been noted to display a longevity phenotype. For
instance, fly longevity was found to be prolonged by mutations in the Egm gene encoding enigma, a
mitochondrial protein with homology to enzymes of the β-oxidation of fatty acids [132]. Complete
loss of enigma function affects development and is lethal; low levels engendered by a hypomorphic
allele also resulted in premature lethality. Nevertheless, intermediate amounts of the enigma protein
present in heterozygous flies, significantly increase life span and tolerance to OS. Egm’s extensive
sequence homology to ACAD, an enzyme that catalyzes the first of the four reactions that constitute
one cycle of the β-oxidation pathway, its mitochondrial localization, and the decreased levels
of triglycerides reported in Egm mutant cells, suggest that mutations in β-oxidation metabolism
can mediate both life span extension and OS, and appear to characterize a novel longevity
pathway.

Mutations in components of several signal transduction pathways have been shown to impact
longevity in flies. The evolutionarily conserved Jun N-terminal kinase (JNK) signaling pathway
has been shown to be a genetic determinant of aging in Drosophila, and acts as a coordinator in
the induction of protective genes in response to oxidative challenge with JNK signaling activity,
alleviating the toxic effects of ROS [133]. Besides, flies harboring mutations that augment JNK
signaling accumulate less oxidative damage and live dramatically longer than wild-type flies. Further
analysis of the JNK mediated longevity extension has shown that JNK signaling interfaces and/or
overlaps with the insulin/IGF-1 signaling pathway. JNK requires the transcription factor Foxo to
extend life span in Drosophila [134], and under conditions of low insulin/IGF-1 pathway activity
Foxo increases life span. This analysis has also demonstrated that JNK antagonizes insulin/IGF-1
signaling, causing nuclear localization of Foxo and inducing its targets, including growth control and
stress defense genes; both JNK and Foxo restrict insulin/IGF-1 activity systemically by repressing
ligand expression, particularly in neuroendocrine cells.

That the G-protein signaling system has a potential role in aging has been suggested by the
discovery that mutation of a G-protein coupled receptor (GPCR), encoded by Methuselah, extends
Drosophila life span and provides enhanced resistance to various forms of stress, including starva-
tion, high temperature, and dietary paraquat, a free-radical generator [135]. Moreover, mutations in
two endogenous peptide ligands of Methuselah, designated Stunted A and B result in increased life
span and resistance to OS [136].

The observation that long-lived mutants are more resistant to multiple environmental stresses
underlies the use of screening cDNA libraries of stressed versus unstressed flies by subtractive
hybridization to identify stress-regulated genes, which can subsequently be tested for their effect
on longevity [137]. Profiling of stress-mediated gene expression identified 13 genes, several already
known to be involved in longevity and other genes such as hsp26 and hsp27. Overexpression of
either hsp26 or hsp27 extended the fly life span by 30%, and increased stress resistance to multiple
stimuli, validating the use of multiple-stress screening to identify new longevity genes. It is notewor-
thy that both ubiquitous or motorneuron-targeted overexpression of HSP22, a small mitochondrial
heat shock protein, significantly increased life span and increased resistance to oxidative damage
and thermal stress [138].
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Insertional mutations in the INDY gene (“I’m not dead yet”), resulted in a near doubling of
the average fly adult life span without a decline in fertility or physical activity [139]. Sequence
analysis revealed that Indy is closely related to a mammalian sodium dicarboxylate cotransporter, a
membrane protein that transports Krebs cycle intermediates (e.g., dicarboxylates and citrate) through
the epithelium of the gut and across the plasma membranes of organs involved in intermediary
metabolism and storage.

Given that ROS and OS are a focal point in several aging signaling pathways in Drosophila,
increasing mitochondrial proton leakage by augmenting mitochondrial uncoupling would appear to
be a viable intervention postulated to decrease mitochondrial ROS production, and also a potential
site to impact longevity. Introduction of the gene for the human uncoupling protein UCP2 (hUCP2),
targeted to the mitochondria of adult fly neurons, resulted in increased state 4 respiration, reduced
ROS production and oxidative damage, elevated resistance to the free radical generator paraquat, and
an extension in life span without compromising fertility or physical activity [140]. These findings
were complemented by an entirely different experimental approach, the addition of the uncoupler 2,
4-dinitrophenol (DNP) to the nutritional mixture of larvae that significantly increased the average
life span of the flies without changing their maximal life span [141], although this treatment resulted
in poor overall viability.

Caution must be used in inferring that reducing OS in itself can promote fly longevity. Mutant
flies overexpressing the mitochondrial adenine nucleotide translocase (ANT) had significantly lower
ROS production mainly because they had lower membrane potential, but their life span was not
significantly extended compared to wild type [142]. Conversely, the use of CR in flies extended life
span but was not correlated with a significant difference in mitochondrial ROS production, compared
with controls. In addition, simultaneous overexpression of the antioxidant enzymes MnSOD and
catalase, ectopically targeted to the mitochondrial matrix of transgenic Drosophila strains resulted in
a decrease in mitochondrial H2O2 release, enhancement of free methionine content, enhanced resis-
tance to experimental OS (induced by dietary H2O2 administration or by exposure to 100% ambient
oxygen) and surprisingly, resulted in reduced life span by up to 43% [143]. Furthermore, feeding the
SOD mimetic drugs Euk-8 and −134 and the mitochondria-targeted mitoquinone (MitoQ) to both,
wild type and SOD-deficient flies also demonstrated that exogenous antioxidants can rescue the
pathology associated with compromised defenses to OS, but failed to extend the life span of normal,
wild-type animals [144]. In wild-type flies all three drugs showed a dose-dependent increase in
toxicity, an effect that was further exacerbated in the presence of the redox-cycling drug paraquat.
A potential conclusion from these findings is that mitochondrial ROS/H2O2 is essential in normal
physiological processes and needed to attain a normal life span. Interestingly, in SOD-deficient flies,
antioxidant drugs increased life span and the effects were sex-specific and variable, depending on
dosage and the developmental stage when drugs were given.

Presently, increasing attention has been focused on a complex series of phenotypes that promote
longevity in Drosophila [145, 146]. These phenotypes involve antioxidant upregulation, altered
metabolic and mitochondrial energetic regulation (including changes in ETC as well as fatty acid
metabolism), mechanisms to stem ROS production, protection against OS and leakage from mito-
chondria. Critical to the success of a long-lived phenotype, is a finely tuned balance of oxidant
and antioxidant, stressor and stress-responder. The identification of genetic factors that can provide
protection against stress and affect life span continues to grow, and has provided both insights and
several surprises. In Drosophila, systematic gain-of-function mutagenesis utilizing GAL4-UAS con-
structs has permitted the identification of genes that may not be easily detectable by loss-of-function
screening approaches. This has been assisted by conditional features of gene “mis”-expression sys-
tems especially useful for studying late-stage biological processes, such as those involving adult
behavior or life span [147, 148]. This method employed the mis-expression of large gene inserts,
incorporated into a vector and containing an upstream activating sequence (UAS), in the presence
of a GAL4 transgene induced throughout the adult stage to assess the effects on the aging process.
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Of 646 inserts, 23 conferred relatively longer longevity with six related to stress resistance or redox
balance (DmGST2, hsp26, nla, and Drosophila homologues of mammalian TRX, GILT and POSH),
confirming the importance of stress resistance in the extension of longevity. Further experiments
with POSH, a scaffold protein containing RING finger and four SH3 domains whose ubiquitous
overexpression in adult stage extends fly longevity, showed that its overexpression in neural-specific
tissues was sufficient to extend longevity, whereas overexpression during development in non-neural
tissues induced apoptosis, largely via activation of the JNK/SAPK pathway [149].

Recently, gathered observations have shown that overexpression of a homologue of apolipopro-
tein D (ApoD) resulted in increased resistance to hyperoxia and starvation, as well as extension of
fly life span under normoxia [145]. Moreover, targeting specific tissues/organs (e.g., neuronal, fat
bodies etc.) with specific genes has proved to be highly successful. In addition, the identification of
molecular changes, landmarks of longevity and development of biomarkers of aging have presented
an alternative to survivorship as a measure of longevity accelerating the potential identification of
both genetic and pharmacological interventions that can prolong fly life span [150]. Obviously, it
will be of great interest to find if the same series of phenotypic changes and molecular landmarks of
longevity can be replicated in human.

Mouse Models of Aging

Previously, we have briefly discussed insulin/IGF-1 signaling in mouse models. In this section, we
will present several mouse aging/longevity models that appear to be independent of this pathway.

Mice containing a homozygous deletion of the p66Shc gene have an extended life span (by 30%)
and exhibit increased stress resistance [151]. The p66Shc adaptor protein is a cytoplasmic signal
transducer involved in the transmission of mitogenic signals from activated receptors to Ras. In addi-
tion to mitogenic signaling, p66Shc promotes apoptosis in several cell-types acting in response to a
variety of stimuli, and is an indispensable downstream target of the stress-activated tumor suppressor
p53 in promoting apoptosis [152]; the absence of p66Shc in null mice correlates with reduced levels
of apoptosis in response to H2O2 or UV light. Moreover, deletion of p66Shc protects mouse embryo
fibroblasts from apoptosis induced by OS, while overexpression of p66Shc in wild-type fibroblasts
increases their susceptibility to H2O2 [153].

Several recent studies have reported that a fraction of cytosolic p66Shc localizes to the mitochon-
dria [154, 155]. Within the mitochondria, p66Shc complexes with mitochondrial HSP70, a chap-
erone that acts as an antiapoptotic factor. Dissociation of this inhibitory complex by UV radiation
leads to the release of monomeric p66Shc. p66Shc causes apoptosis by modulating ROS-induced
mitochondrial damage and by the release of apoptogenic factors. Activated p53 effects a sustained
rise in ROS levels implicated in the opening of the mitochondrial PT pore, the release of apoptogenic
factors including cytochrome c, and the cytosolic assembly of the apoptosome. While expression of
p66Shc is required for p53 to increase ROS and induce cytochrome c release [152], its role in PT pore
modulation remains undetermined. In cells in which p66Shc is absent, the characteristic response
to OS (i.e., H2O2 treatment) of cytochrome c release and reduced membrane potential is blunted
indicating that p66Shc, when present, spurs the destruction of mitochondria and the dispersal of
cytochrome c [154].

Several elegant experiments have shown that p66Shc serves as a redox enzyme in mitochondria
resulting in the direct generation of mitochondrial ROS (i.e., H2O2) by using reducing equivalents of
the mitochondrial ETC, through the oxidation of cytochrome c [156]. In support of this mechanism,
redox-defective mutants of p66Shc are unable to induce mitochondrial ROS generation and swelling
in vitro or to mediate mitochondrial apoptosis in vivo.
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In addition, p66Shc−/− fibroblasts derived from transgenic mouse embryos display abnormal
mitochondrial energetics, with reduced oxygen consumption in both coupled and uncoupled states
and reduced mitochondrial NADH metabolism [155]. The reduced oxidative capacity observed in
p66Shc− cells is counter-balanced by a metabolic switch encompassing augmented aerobic glycol-
ysis and increased lactate production.

Similarly, mouse transgenic models have been informative to support a role of mitochondrial
bioenergetic function in aging. Larsson et al. have shown markedly increased apoptosis in cells
from embryos containing a homozygous disruption of the mitochondrial transcription factor A gene
(TFAM), and increased apoptosis in the hearts from cardiac-specific TFAM knockout animals that
also displayed severe myocardial respiratory chain deficiency [157]. These findings have provided
direct in vivo evidence that respiratory chain deficiency (as a result of reduced mtDNA expression)
predisposes cells to apoptosis. However, in TFAM knockout mice, no evidence for induction in the
expression of enzymes involved in ROS scavenging was found, suggesting that OS is not an impor-
tant pathophysiological mechanism at least in these animals. As previously noted the critical role of
point mutations in mtDNA in aging has been recently highlighted in homozygous knock-in mouse
strains that express a proof-reading-deficient version of Polγ, the nuclear-encoded catalytic subunit
of mtDNA polymerase [158]. The knock-in mice developed a three-to five-fold increase in the lev-
els of mtDNA point mutations, as well as increased amount of deleted mtDNA. Increased somatic
mtDNA mutations were associated with reduced life span and premature onset of aging-related phe-
notypes, including cardiomegaly, thus, providing further link between mtDNA mutations and aging.
Further observations in mtDNA mutator mice unexpectedly did not find significant accumulation
of ROS, changes of antioxidant enzymes nor markers of OS; this occurs despite severe respiratory
deficiency, which in these strains may be the primary inducer of aging rather than ROS [159].

In longevity studies with higher organisms, there has been limited direct evidence for the role of
ROS and OS, pivotal features of the free radical theory of aging. Numerous studies have reported
a positive correlation between increased ROS production/oxidative damage and age [160–162], and
diverse manipulations that increase life span also diminish the age-related increase in oxidatively
damaged molecules [163, 164]. As previously discussed in this chapter, support for ROS involve-
ment in aging has been obtained from studies with different genetically modified C. elegans strains.
Studies with Drosophila in which antioxidant gene expression was modulated have been more
equivocal. For instance, overexpression of the cytosolic Cu–ZnSOD (SOD1) in a single cell-type,
the adult motoneuron, resulted in increased fly life span of up to 40% [165]. Similarly, CuSOD
overexpression extended the mean fly life span up to 48% [166], and MnSOD overexpression up
to 37% extension [167], with no additional benefit of overexpressing catalase in the same models.
Orr and Sohal have argued that life span extension in the fly model may be limited to short-lived
strains with a specific genetic background [168]. Other investigators have been unable to replicate
the increase in longevity with overexpression of CuSOD, MnSOD, catalase or thioredoxin reductase
in a variety of long-lived recipient strains [169].

Findings in mouse genetic models, in which the expression of different antioxidant enzymes
has been altered, have also cast doubt on the centrality of ROS accumulation in determining
longevity/aging. Homozygous transgenic mice with a two- to five-fold elevation of Cu-ZnSOD in
various tissues showed a slight reduction in life span, whereas hemizygous mice with a 15- to 3-fold
increase of Cu-ZnSOD showed no difference compared to nontransgenic littermate controls [170].
Another study has been reported in which overexpression of human Cu–ZnSOD in mice over a
19 month period resulted in neither changes in life span nor neuroprotection [171]. In mice het-
erozygous for a null mutation of SOD2 (MnSOD), reduced activity (roughly 50%) of this enzyme
is present in most tissues [172]. Increased oxidative damage, including markedly elevated levels of
8-oxo-2-deoxyguanosine (8oxodG) was found in both in nuclear DNA and mtDNA in all exam-
ined tissues of SOD2+/− mice compared with wild-type mice, as was a marked increase in tumor
incidence with aging. However, no difference in either mean or maximal life span was evident, nor
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was there any significant accumulation of biomarkers of aging, such as cataract formation, immune
response, and formation of glycoxidation products carboxymethyl lysine and pentosidine in skin
collagen in the life-long MnSOD-deficient strains. Therefore, life-long reduction of MnSOD activity
leads to increased levels of oxidative damage to DNA and increased cancer incidence but does not
appear to directly affect aging.

Studies in rat heart and liver [173, 174], and in aging human tissues including diaphragm, heart
and brain [175–177] have found marked aging-dependent elevation of oxo8-dG levels in mtDNA.
In rat heart, increase in mtDNA damage was correlated with mitochondrial respiratory dysfunction,
(i.e., reduced levels of complex I and IV activity) [174]. Collectively, these findings have led to the
hypothesis that aging-mediated accumulation of oxo8-dG to high levels leads to increased levels of
mtDNA mutations, triggering mtDNA instability, reduced rates of mitochondrial protein synthesis,
and production of mutant polypeptides that compromise mitochondrial respiration [178].

Nevertheless, a rigorous demonstration of mitochondrial dysfunction secondary to oxo8-dG accu-
mulation in mtDNA is still lacking. One recent study failed to find evidence of mitochondrial res-
piratory dysfunction even when levels of oxo8-dG are highly elevated [179]. Mice deficient for
oxoguanine DNA glycosylase (OGG1), an enzyme responsible for oxo8-dG removal, accumulate
oxo8-dG in mtDNA to levels 20-fold higher than in wild-type mice, yet their mitochondria are
functionally normal. No significant differences in either coupled or uncoupled respiration rates, ATP
synthesis rate or nor maximal activities of complexes I and IV (in liver and heart) were found. Nei-
ther was there indication of increased OS in mitochondria from OGG1−/− mice, as gauged by levels
of mitochondrial protein carbonyl content. This suggests that the accumulation of oxo8-dG is not
sufficient for the onset of mitochondrial respiratory dysfunction. Accordingly, both environmental
and genetic factors that might impact on the action of OS are being sought [180].

In addition, mice deficient for both of the major mitochondrial antioxidant enzymes MnSOD and
glutathione peroxidase (GPx) (SOD2+/−/GPX1−/−) appear phenotypically normal, and can exhibit
normal longevity and yet are extremely sensitive to OS [181]. Survival of the SOD2+/−/GPX1−/−

mice in response to exogenous stress including whole body γ irradiation or paraquat administra-
tion was reduced compared with that of wild-type. Moreover, endogenous OS induced by cardiac
ischemia/reperfusion injury promoted increased apoptosis in heart tissue from the double mutant
mice, compared to levels of mice deficient in either MnSOD or GPx alone. Therefore, while
longevity appears to be unaffected in these strains by modulating antioxidant enzyme levels, aging-
associated susceptibility to OS (particularly in specific tissues, including myocardium) is more pro-
nounced with increased ROS levels.

Interestingly, support for the role of ROS and for the free radical theory of aging has recently
emerged from the studies of Schriner et al. in which the overexpression of human catalase, nor-
mally localized in the peroxisome, when targeted to the mitochondria resulted in a 20% extension
of median and maximum life span in two strains of transgenic mice [182]. Older transgenic strains
harboring a 50-fold increase in their expression of the antioxidant catalase in cardiac and skeletal
muscle mitochondria, exhibited diminished H2O2 production, H2O2-induced aconitase inactivation
and oxidative DNA damage including reduced levels of aging-stimulated mtDNA deletions and
oxo8-dG. Moreover, older transgenic animals showed marked reduction in the aging-tissue patholo-
gies found in older control mice; in particular, a delay in the development of cataract formation,
arteriosclerosis and cardiac structural changes (e.g., subendocardial interstitial fibrosis, hyaline cyto-
plasmic change, vacuolization of cytoplasm, variable myocyte fiber size, hypercellularity, collapse
of sarcomeres and mineralization). In contrast, targeting human catalase to peroxisomes or nucleus
did not significantly extend the life span of transgenic mice. The increase in life span resulting from
the upregulation of a single gene involved in boosting antioxidant defenses, and its targeting to the
mitochondria, reinforces the notion that mitochondrial ROS and OS play a role in defining life span.

Parenthetically, it is interesting to note that the very long-lived naked mole rat (whose life span
of 27 years is over 10-fold longer than its close rodent relatives, rat and mice) exhibits neither an
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increased level of antioxidant enzymes (such as SOD, catalase and GPx) with age nor does it possess
a superior antioxidant armamentarium as compared to its shorter-lived relatives [183]. Moreover,
young naked mole-rats surprisingly have high levels of accrued oxidative damage [184].

Models for Premature Aging Syndromes and Progeria

An interesting model for studying human aging is a rare autosomal recessive disorder known as the
Werner syndrome (WS), which is characterized by accelerated aging in vivo and in vitro. Mutations
in the WRN gene encoding a RecQ DNA helicase are associated with the development of premature
aging in early adulthood including atherosclerosis, which would normally be primarily found in
old individuals. The vast majority of WRN mutations produce C-terminal truncations resulting in
impaired nuclear localization of the protein and functionally null alleles [185]. Cultured fibroblasts
from patients with WS display defects associated with telomere dysfunction, including accelerated
telomere erosion and premature senescence. These cells are genetically unstable, characterized by
an increased frequency of nonclonal translocations and extensive nuclear DNA deletions and have
a markedly reduced growth potential [186]. The WRN protein has been found to co-localize with
telomeric factors as well as with a number of proteins involved in DNA metabolism including repli-
cation protein A (RPA), proliferating cell nuclear antigen (PCNA), DNA topoisomerase I, DNA
polymerase � and p53, and primarily (although not exclusively) resides in the nucleolus [186, 187].
In addition to its helicase function, WRN has exonuclease activity, and participates in recombination,
DNA replication and repair functions as well as acts as a transcriptional activator. A model of WRN
and its contribution in aging is shown in Fig. 12.3.

Homologues for the WRN gene have been found in yeast, Drosophila, C. elegans and mice
and gathered observations in those model systems have proved informative. In yeast, the WRN

Fig. 12.3 In premature aging
WRN protein plays multiple
roles in DNA metabolism
Mutations in WRN helicase
result in changes in DNA
replication and
telomere-factor 2 (TRF2)
interaction leading to
telomere uncapping and
shortening, and inactivation
of DNA repair leading to
genomic instability,
activation of DNA damage
checkpoints and subsequently
leads to cell-cycle cessation
and apoptotic initiation.
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homologue SGS1 is required for genome stability; strains deleted for sgs1 show mitotic hyper-
recombination [188]. Mutation of SGS1 caused premature aging in yeast mother cells, on the basis
of a shortened life span, and also promoted aging-induced phenotypes of sterility and the reloca-
tion of the Sir3 silencing protein from telomeres to the nucleolus [189]. Furthermore, older SGS1-
deficient cells displayed enlarged and fragmented nucleoli. Mutations in SGS1 increased the rate of
accumulating gross chromosomal rearrangements including translocations and deletions containing
extended regions of imperfect homology at their breakpoints [190]. In the absence of telomerase
activity, sgs1 mutants show defective telomere metabolism with a higher rate of telomere erosion,
and display increased rates of growth arrest in the G2/M phase of the yeast cell cycle [191, 192].

Recent observations suggest that C. elegans may be a useful model for studying the premature
aging associated with WS. A C. elegans WRN protein homologue (WRN-1) has been immunolo-
calized to the nuclei of germ cells, embryonic cells, and other cells of larval and adult worms [193].
Interestingly, RNA interference studies have shown that inhibition of WRN-1 expression caused a
variety of developmental defects with accompanying signs of premature aging, such as earlier accu-
mulation of lipofuscin, increased tissue deterioration in the head as well as altered life span. WRN-1
deficient worms also exhibited abnormal DNA replication (accelerated S phase) and responses to
DNA damage, consistent with roles of the WRN protein in both DNA replication and repair, and its
contribution to the aging process.

In studies with the murine homologue of WRN, deletion mutations within the coding sequence
were generated in both ES cells and animals [194]. Although they exhibit reduced embryonic sur-
vival, homozygous WS mice appear normal during their first year of life. Homozygous WS ES cells
display a higher mutation rate and are significantly more sensitive to topoisomerase inhibitors (e.g.,
camptothecin) than are wild-type ES cells. Furthermore, mouse embryo fibroblasts derived from
homozygous WS embryos show premature loss of proliferative capacity recapitulating the pheno-
type of cultured fibroblasts from WS patients. However, in transgenic mice harboring a mutation
that eliminates expression of the C-terminus of the helicase domain of the WRN protein (analo-
gous to the most prevalent type of human WRN mutation), there was no overt sign of premature
aging or of altered life span [195]. Given the indicated importance of telomere events as a locus
of WRN action in both patient fibroblast and yeast studies, the different phenotypic responses to
WRN mutation in mice, compared to human, might be attributed to longer telomeres and a more
prevalent telomerase, which are known to be present in mice. Employing mice containing a telom-
erase (TERC-) mutation (to shorten the telomeres) and WRN-null mutations, strains were eventually
generated (several generations were required for the telomere loss) that recapitulated many of the
features of the WS phenotype including cataract development, graying hair, alopecia, osteoporosis,
type II diabetes and slow wound healing [196, 197]. These strains also developed cancers such as
lymphomas and soft-tissue sarcomas, that typically strike Werner syndrome patients but are rare in
the general population. Moreover, this mouse model also showed accelerated replicative senescence
and accumulation of DNA-damage foci in cultured cells. The pathology in these mouse strains was
also accompanied by enhanced telomere dysfunction, including end-to-end chromosome fusions
and loss of telomere repeat DNA [198]. These data suggest that the delayed manifestation of the
complex aging phenotypes associated with WRN deficiency are precipitated by the exhaustion of
telomere reserves in mice as indicated by telomere shortening. This notion is strongly supported by
recent findings of physical and functional interactions between WRN and TRF2, a telomeric repeat
binding factor essential for proper telomeric structure, [199, 200] and between WRN and telomeric
DNA [201].

Another mouse model of WS in which part of the helicase domain of the murine WRN homo-
logue was deleted has shown critical aspects of cardiovascular aging pathology. Homozygous mutant
mice developed severe cardiac interstitial fibrosis in addition to tumors, displayed features of aortic
stenosis, abnormal increases in visceral fat deposition and fasting blood triglyceride and cholesterol
levels followed by insulin resistance and high blood glucose levels [202], more so in adult female
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than males. Prior to the development of cardiac fibrosis, adult mice showed higher levels of ROS
in serum and heart tissue followed in time by an increase in cardiac oxidative DNA damage. The
increase in cardiac DNA damage can be easily anticipated since the WRN helicase plays a pivotal
role in DNA repair and it has been shown, using targeted RNAi in primary human fibroblasts, to
protect nonproliferating cells from oxidative DNA damage [203]. Furthermore, in a recent study,
Bohr et al. have shown that in contrast to normal diploid fibroblast, WS diploid fibroblasts continue
to proliferate after extensive H2O2-induced DNA damage and accumulate oxidative DNA lesions
further suggesting a specific role for wild-type WRN in the detection and/or processing of oxida-
tive DNA lesions [204]. WRN directly interacts with poly(ADP-ribose) polymerase 1 (PARP-1), a
nuclear enzyme that protects the genome by responding to DNA damage and facilitating DNA repair,
and theWRN/PARP-1 complex is involved in the cellular response to OS and alkylating agents, in
particular base excision DNA repair [205].

The source of increased generation of cardiac ROS and OS in the WRN-helicase deficient
mice is not clear, although it may in part originate from damage to mitochondrial respiration
secondary to increased DNA damage. Evidence of increased levels of leukocyte 8-hydroxy-2́-
deoxyguanosine and glutathione from whole blood have recently been reported in WS patients
compared to controls [206]. Interestingly, in a double mutant mouse strain containing mutations
in both PARP-1 and WRN, in vivo analyses revealed increased apoptosis and developmental defects
in embryos, as well as major increase in intracellular phosphorylation and oxidative DNA damage
in adult tissues [207]. Gene expression profiling of cultured cells from these double mutants showed
major misregulation of genes involved in apoptosis, cell cycle control, embryonic development,
metabolism and signal transduction. Notably, these mice exhibited a progressive increase in OS
with age.

Conclusion

It should be evident from the foregoing discussion that the use of this rather diverse group of organ-
isms has provided significant information about the genes and signaling pathways in aging and
life span determination. The strikingly conservation of genes and pathways involved in aging has
provided further insights into the insulin/IGF-1 and metabolic/OS contribution to aging and life span
extension, and imply numerous interactions between key components of these pathways that may
allow the identification of promising targets for reversing aging phenotypes and enhancing longevity.
The development of new screening modalities will undoubtedly define new genes and further define
relationships between the critical subcellular events underlying aging phenotype. Interestingly, while
many of these models have confirmed the negative role of ROS in aging, there is also some evi-
dence that ROS may provide important beneficial signaling in aging pathways. Furthermore, the
use of these models to recapitulate both phenotypic aspects of aging-associated diseases (including
premature aging syndromes and progeria), and to work out key molecular events underlying these
phenotypes, underline the relevance of these models in the understanding of human aging in addition
to defining tissue-specific changes with the aging processes.

Summary

• The identification of genetic factors involved in determining longevity in relatively simple organ-
isms such as the nematode C.elegans, the yeast Saccharomyces cerivisiae and the fly Drosophila
melanogaster derives in large part from their relatively short generation and overall lifetime, the
extremely well-defined genetics available for each of these species and most importantly, the



References 407

capacity to use extremely powerful and informative molecular techniques of gene targeting and
gene transfer.

• In C.elegans, the insulin/IGF-1 system acts as a longevity module with upstream master regulators
(e.g., DAF-2 and DAF-16/FOXO) controlling a wide variety of downstream genes with diverse
functions including chaperones, antioxidants and metabolic genes.

• Homologues of the C.elegans genes involved in insulin/IGF-1 are directly implicated in
Drosophila aging. Other genes (i.e., Klotho) involved in that pathway have been also described
in murine and human aging.

• Genes involved in mitochondrial bioenergetic functioning and in orchestrating OS responses have
been implicated in C. elegans and Drosophila longevity.

• Highly conserved sirtuin proteins (e.g., SIR2) originally described in yeast as a critical determi-
nant of longevity have also been found in C.elegans, Drosophila, mice and man, and are thought
to contribute significantly to aspects of aging in most of these species.

• Among their many regulatory roles, sirtuins are involved in chromatin remodeling, and interface
with the insulin/IGF-1 pathway, regulate in a variety of cell-types critical metabolic functions
including fat metabolism. In several species, sirtuins appear to modulate many of the responses
to caloric restriction (CR).

• The several components of the highly conserved TOR pathway (e.g., TOR and its accessory
protein raptor) comprise another nutrient sensing pathway that recently has been implicated in
extension of the life span of several model organisms, and also as part of the CR pathway in yeast.
TOR responds to changes in growth factors, amino acids, oxygen tension/stress, energy status,
integrates stress/starvation responses, mitochondrial bioenergetic function and protein synthetic
capacity.

• In mice p66Shc function has been shown to be an important determinant of life span and increased
stress resistance.

• The p66Shc adaptor protein is a cytoplasmic signal transducer involved in the transmission of
mitogenic signals from activated receptors to Ras; within mitochondria p66Shc induces apoptosis
by modulating ROS-induced mitochondrial damage and release apoptogenic factors acting in
response to a variety of stimuli as well as directly inducing the generation of ROS through the
oxidation of cytochrome c.

• Mouse transgenic models have been very important in defining the relationships between
increased tissue-specific apoptosis and respiratory damage, with mitochondrial-targeted dys-
function (e.g., TFAM knock-outs), increased apoptosis and cardiac dysfunction, with premature
aging phenotype in mice, with increased mtDNA mutations (e.g., DNA polymerase γ mutator
strains), and increased longevity and reduced aging-associated tissue dysfunction in transgenic
strains harboring mitochondrial-targeted antioxidant (e.g., catalase).

• Several human premature aging and progeriod syndromes have been shown to have well-
conserved components (e.g., WRN helicase protein ) which affect DNA repair, mitotic instability
and DNA damage in model systems including yeast, Drosophila, C. elegans and mice. These
model systems have also provided further insights on the broad role of WRN in aging-associated
DNA damage and the function of a broad array of DNA-associated proteins involved in repair,
transcription and replication.
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Chapter 13
Profiling the Aging Cardiovascular System:
Transcriptional, Proteomic, SNPs, Gene Mapping
and Epigenetics Analysis

Overview

Transcriptional and proteomic analysis of cardiovascular genes involved in aging and in
age-associated diseases and reported findings in animal models, cells models and human will
be discussed in this chapter. Furthermore, mapping of aging-susceptibility genes in human studies,
analysis of mutations and genetic polymorphic variants (including SNPs) in candidate genes and
their relationship with longevity and the phenotype of aging will be addressed together with the
most recent evidence that epigenetics, including DNA methylation and chromatin remodeling, may
contribute to the aging phenotype of cardiovascular cells.

Introduction

A primary tool for understanding the cellular and organ-specific changes occurring in aging is the
analysis of gene expression. Furthermore, age-associated changes in heart structure and function,
both in the normal and in the diseased state and even with specific aging interventions such as
caloric restriction, are associated with altered patterns of gene expression with characteristic profiles
for specific gene. The most common approach to examine quantitative and qualitative changes in
gene expression is to gauge relative changes in the abundance of gene transcripts. Until recently,
most of the changes in transcript abundance were identified one gene at a time, but new and
more global techniques including microarray profiling have permitted rapid, large-scale expres-
sion profiling. With this approach, simultaneous evaluation of the expression of diverse as well
as related genes may be achieved; in some cases elaborating a molecular signature that can uncover
commonalities in regulation that might not have been suspected otherwise, and also providing a
unique opportunity to identify aging biomarkers in specific cell-types, tissues or organs. A second
approach to evaluate gene expression and define novel aging biomarkers uses proteomic analysis.
In addition to gene expression analysis, this technique can be adapted to assess both qualitatively
and quantitatively post-translational modifications in proteins that may accumulate with aging and
senescence.

The use of linkage-analysis and case-association analysis to define genetic determinants in aging
has identified thus far a limited number of genes that impact longevity. However, new observations
using SNP polymorphisms and assessment of epigenetic factors in association with age appear to
promise new progress in the study of longevity and function. These represent nascent areas of great
interest and potential in defining the molecular subcontext of aging.
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Transcriptional Gene Profiling

In Chapter 3 we have examined the methodology of transcriptome profiling (primarily by microarray
analysis) and discussed its application to tissues and cell-types of several animal models as well as
noting several limitations with this approach. In this chapter we will explore in greater depth the
data collected with this technique and their potential significance.

Normal Aging Studies

Lee et al. in their study focusing on gene expression profiles in hearts of 30 month-old compared with
5 month-old B6C3F1male mice, found with aging significant modulation of gene expression with
over 10% of myocardial transcripts significantly changed [1]. Consistent with previous findings that
the aging heart undergoes extracellular matrix (ECM) protein deposition, fibrosis and cardiomyocyte
hypertrophy, genes that exhibited increased age-mediated expression included myocardial structural
genes involved in ECM components, collagen deposition, cell adhesion, and cell growth. Significant
upregulation was found for troponin T1, the gap junction protein connexin 43, intercellular adhe-
sion molecule 2, integrin-α6, actin-α 2 and a variety of collagens. Downregulated expression was
found with genes involved in protein synthesis (including numerous translation initiation and elon-
gation factors) and in genes associated with fatty acid oxidation (FAO), metabolism and transport
including carnitine palmitoyltransferase I (Cpt1), carnitine acetyltransferase, mitochondrial carni-
tine/acylcarnitine translocase and carnitine palmitoyltransferase II (Cpt2). These findings, in concert
with increased expression of genes involved in carbohydrate metabolism, in particular glycolysis and
glucose uptake (increased phosphofructokinase [PFK] and GLUT4) and downregulation of the gly-
colytic inhibitor PDK4, which phosphorylates mitochondrial pyruvate dehydrogenase and inhibits
its activity, suggested an aging-induced shift in myocardial energy metabolism.

Later on this group of investigators reported that genes involved in myocardial inflammatory and
stress responses are affected (primarily upregulated) in the aging sedentary mouse, suggesting that
the aging heart experiences oxidative stress (OS) leading to a pro-inflammatory state [2]. Upregula-
tion was found in the genes of the mitochondrial electron transport chain (ETC) such as cytochrome
c oxidase subunits COX Va and COX VIa, although genes for the uncoupling protein (UCP3) and
mitochondrial F1-F0 ATP synthase were downregulated. Decreased expression of genes involved in
fatty acid metabolism, such as methylacyl-CoA racemase, involved in peroxisomal FAO, and heart
fatty-acid binding protein (HFABP), which functions as a vehicle of cytosolic fatty acid transport,
was found. This is in agreement with previous observation of impaired cardiac FAO oxidation with
aging. As we shall discuss in more depth in a later chapter, a high proportion of the aging-mediated
transcriptional changes were reversed or at least partially attenuated in older animals subjected to
intensive exercise training.

Widespread alterations in gene expression in aging mouse heart have been also recently docu-
mented in 309 genes (from 26–28 month old mice), with roughly 50% of them upregulated [3].
Interestingly, this study also revealed that re-programming of myocardial gene expression appears
somewhat modest compared to transcriptome changes in the liver (over 1819 transcripts) and
hypothalamus (1085 transcripts), with only 9 transcripts shared between each type of tissue (includ-
ing the RIKEN cDNA 1500005K14 gene encoding cfm, and Amylase I). Of the remaining 300
genes altered in the aging heart, 91 genes also changed expression in either liver or hypothala-
mus. Grouping of the aging-affected myocardial genes by functional category showed a striking
upregulation of immune system-related and stress-response genes, and significant downregulation
of macromolecule biosynthesis as well as ion transport, particularly metal ion transport. Interest-
ingly, significant changes in myocardial FAO gene expression were not found unlike in the liver.
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Presumably the discrepancies between different studies arise from use of different strains and/or the
variability in the experimental animal ages.

The enzymes participating in FAO (which takes place both in the peroxisome and in the mito-
chondria) are largely regulated at the transcriptional level by the global nuclear regulators includ-
ing the fatty acid activated-peroxisomal proliferating activating receptor (PPAR) and its coactiva-
tor (PGC-1). Compared with 4 month-old sedentary rats, 23 month old sedentary rats exhibited
lower myocardial expression of PPAR-α, which was significantly higher in exercise-trained aged
rats, compared with sedentary aged rats. Moreover, Ietmitsu et al. found that in association with
changes in myocardial PPAR-α mRNA and protein levels, PPAR-α DNA binding to the transcrip-
tional regulatory elements on PPAR-α target genes encoding FAO metabolic enzymes is altered in
the aging heart, resulting in lower mRNA expression and enzyme activity of 3-hydroxyacyl CoA
dehydrogenase (HAD) and carnitine palmitoyltransferase-I (CPT1) [4]. On the other hand, Lemoine
et al. reported no significant changes in relative transcript levels of nuclear transcriptional regula-
tors, including PPAR-α, PPAR-�, PPAR-γ or PGC-1 (or of Sirt1, a histone-modifying enzyme that
interacts with PGC-1) in very old Fischer 344 rats (35 months) [5].

In contrast to the extensive “reprogramming” of the myocardial transcriptome revealed by the
aforementioned observations, Bodyak et al., in their gene profiling analysis of isolated ventricular
cardiomyocytes of aging mice compared to cardiomyocytes from young mice [6], have identified
a more limited subset of gene transcripts that accumulated at significantly different levels with
age. The age-affected genes included decreased transcript levels of several stress response pro-
teins including heat shock proteins (e.g., HSP70 and HSP25) and heme oxygenase (HO-1 also
known as HSP32), decreased levels of mitochondrial DNA (mtDNA) encoded-ETC transcripts
(e.g., cytochrome b, COX3), mitochondrial creatine kinase (Mi-CK), decreased transcript levels
of proteins involved in contraction (e.g., dystrophin, tropomyosin, troponin I, α-MHC, skeletal
actin, connexin43 and sarcoplasmic reticulum Ca2+-ATPase (SERCA2), and more uniquely, reduced
mRNA levels of several transcription factors (e.g., Nkx2.5, GATA-4, c-jun, JunB). Interestingly,
other investigators have also suggested that only a relatively small cohort (approximately 2%) of
expressed genes show significant changes in their levels of expression during aging [7]. Differential
display of gene expression during aging of the rat brain, heart and liver, revealed that levels of
c-fos, a component of the AP-1 transcription factor were downregulated with age. This is consistent
with previous data showing that reduced level of fos expression and of fos inducibility in rat hearts
occurred with age [8]. In addition, this study revealed a significant increase in mitochondrial RNA
during aging of the heart, in contrast to the findings of Bodyak et al. [6]

Mitochondrial gene expression in the aging heart has long been a contentious issue. Whereas
some investigators have reported a decline in the levels of mtDNA-encoded transcripts in senes-
cent rat heart [9–11], others have found either no significant changes[5, 12] or increased levels of
mtDNA-encoded mRNAs [7]. No changes in activity or transcript level of the mitochondrial tran-
scription factor mtTFA (also termed TFAM), implicated in mtDNA replication and transcription,
were detected in the aging rat and mouse heart compared to age-related increases reported in liver
and brain [13, 14], and in human skeletal muscle from aged subjects [15]. On the other hand, global
nuclear regulators of mitochondrial transcription such as the nuclear respiratory factors NRF-1 and
NRF-2 were found to be upregulated in the aging heart [5], as they have in skeletal muscle [15]. From
these observations it is evident that further research in this area is needed to elucidate the role of
nuclear regulatory factors and nuclear-encoded enzymes (Table 13.1) which regulate mitochondrial
biogenesis and mtDNA transcription, in the aging heart.

These gene profiling data have shown in some cases striking differences in comparison to Lee’s
et al. findings and suggest that a large subset of age-associated changes in myocardial transcript
abundance may in fact be associated with non-cardiomyocytes, strain differences or abnormal tran-
script abundance that may be related to the isolation procedures used and not necessarily to aging.
Furthermore, altered gene expression in specific cell sub-populations (e.g., myocytes), including
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Table 13.1 Nuclear-encoded factors involve in the regulation of myocardial mitochondrial biogenesis and mtDNA
transcription

Factor Function Principle target

PPAR-α Global transcription factor FAO genes
PGC-1 Transcription factor/coactivator FAO genes NRF-1,NRF-2, mtTFA
NRF-1 Transcription factor Nuclear ETC genes
NRF-2 Transcription factor Nuclear ETC genes
MtTFA (TFAM) Mitochondrial transcription factor, mtDNA replication

and maintenance
MtDNA-encoded ETC genes

TR Thyroid hormone receptor, transcription factor MtDNA and nuclear ETC genes
ANT Adenine nucleotide translocator, PT pore component,

DNA maintenance,
MtDNA

DNA polymerase γ mtDNA replication and repair MtDNA
TWINKLE mtDNA replication and repair, heliease MtDNA

changes in less-abundant transcription factors, might be obscured by transcript levels in neighbor-
ing cells (e.g., cardiac fibroblasts). Moreover, the disparity found in connection with mitochondrial
RNA levels in the aging heart compared to isolated cardiomyocytes, might be explained in part by
increased levels of mitochondrial RNA in other cell-types such as fibroblasts and vascular endothe-
lial cells (ECs). Expression levels of ND3, ND2, ATPase6 and 16S rRNA have been reported to be
elevated in senescent ECs and fibroblasts [16]. This highlights the necessity of taking into account
biological diversity when performing studies of aging, and that heart transcriptome (as well as
proteomic) analyses are complicated by factors such as tissue and cellular heterogeneity, genetic
variability, disease state and pharmacological intervention [17].

Another complicating factor that contributes to gene expression variation to be considered in
transcript analysis is the element of circadian regulation in which gene expression may follow a tem-
poral or diurnal rhythm. A number of critical physiological events including fatty acid responsive-
ness in isolated adult rat cardiomyocytes, changes in blood pressure, heart rate, and cardiac output,
diurnal variations in metabolic flux and contractile function have been primarily attributed to both
extracardiac (e.g., neurohumoral factors) and intracardiac (i.e., circadian clock) influences and their
complex interplay [18–21]. The intracellular circadian clock is largely transcriptionally based, and
functions to allow the cell to perceive the time of day, thereby enabling preparation for anticipated
environmental stimuli [20]. In adult rat cardiomyocytes, two metabolic genes whose expression,
both in vivo and in vitro, has been identified as undergoing significant circadian oscillation, are
pyruvate dehydrogenase kinase4 (pdk4) and uncoupling protein 3 (ucp3), both genes regulated by
PPAR-α. Storch et al. have reported that 8–10% of the myocardial genes assessed had circadian
expression patterns suggesting that temporal expression can be a critical variable in microarray/gene
profiling studies [22]. There is also evidence that the temporal pattern of circadian rhythms and the
transcriptional events that underlie them may also be profoundly altered in aging [23–25].

Age-associated Myocardial Transcription Responses to Oxidative
and Ischemic Stress

One of the surprising findings in the study of Lee et al. was the apparent absence of aging-mediated
changes in transcriptional profile for OS genes. To further investigate the age-modulated transcrip-
tional response to OS in the heart, the cardiac gene expression profiles of young (5 months old),
middle-aged (15 months old), and old (25 months old) C57BL/6 mice were subjected to a single
intraperitoneal injection of the ROS generator paraquat (50 mg/kg) [26]. A total of 55 transcripts
were found to be paraquat-responsive for all age groups. Genes commonly induced in all age
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groups include those associated with stress, inflammatory, immune, and growth factor responses.
Paraquat treatment induced several genes previously known to mediate stress responses, including
metallothioneins 1 and 2, GADD45, p21, and sestrin. In addition, the induction of several genes
appears to be associated with a protective metabolic stress response in the heart including Bcl-XL,
an antiapoptotic protein that allows cells to maintain oxidative metabolism during cellular stress by a
continuous transport of metabolites across the outer mitochondrial membrane, and 5′ nucleotidase,
an enzyme that controls the production of adenosine in the heart through the dephosphorylation
of AMP. Interestingly, only young mice displayed a significant increase in expression of all three
isoforms of GADD45, a DNA damage-responsive gene. Several immediate early response genes
(IEGs), including zfp36, btg2, cyr61, nr4a1, ptpn16 and atf3, induced by paraquat were considerably
higher in the younger animals. Many of these IEGs exhibit age-related alterations in expression and
have been shown to be dependent on mitogen-activated protein kinase kinase (MAPKK) signaling
for expression. Aging was also associated with impairment in the induction of several stress response
genes, including MAP3K6, and JunB. These data are, in great part, in agreement with earlier findings
showing that reduced levels of expression of the IEGs c-fos and c-jun in aged rat hearts follow
hemodynamic stress [27]. It is noteworthy that lower constitutive levels of several antioxidant genes
have been found in the aged heart, including glutathione peroxidase (GPx4), peroxiredoxin 1, perox-
iredoxin 2, peroxiredoxin 5, and both the cytosolic and mitochondrial superoxide dismutases, Sod1,
and Sod2 which suggest that with aging the ability of the heart to cope with OS decreases.

The differential transcriptional response of the aging heart to ischemia-reperfusion (I/R) was
evaluated in normoxic and post-ischemic murine hearts from young (2-4 months) and aged
(16–18 months) mice. RNA was extracted from isolated hearts subjected to either normoxic perfu-
sion or 20 min of global normothermic ischemia and 60 min of reperfusion and analyzed by cDNA
microarray analysis and quantitative RT-PCR [28]. Aged normoxic hearts exhibited upregulation
of genes involved in cell death (e.g., Bnip, Casp12, Fgf 12, Myc, Pdcd7), transporter activity (e.g.,
oxygen transport) and metabolism (primarily fatty acid metabolism: Aacs, Acsl5, Elovl6, Fasn and
Lpd). Most of the downregulated transcripts in aged normoxic hearts were involved in transcription
(including transcription cofactor activities), and cell communication such as G-protein coupled
receptor (GPCR) and bone morphogenetic protein (BMP) signaling components, with significant
changes in components of MAPK, WNT, JAK-STAT and TGF-� signaling pathways. Significantly
modified transcriptional response was found in association with the greater degree of ischemic
stress-mediated contractile impairment and cellular damage in aged as compared to young hearts
with selective changes in Ca2+, WNT, and NOTCH signaling pathways in aged hearts. Despite
a number of common responses to ischemia in both young and aged hearts (i.e., induction of
stress/defense response, heat shock protein and protein folding factors such as Brca2,Dnaja1,
Dnajb1, Dnajb9, Hsp105, Txnip), aging selectively modified ischemic transcriptional responses.
Genes uniquely induced by ischemia in aged hearts include the kruppel-like transcription factors
(Klf4 and Klf6), involved in regulating growth proliferation, ID1, ID2 and ID3 that are triggers
of cardiac apoptosis, and inhibitors of DNA binding and of bHLH transcription factors, protective
molecular chaperones that regulate apoptosis/survival pathways (e.g., Hspd1 also HSP60, Hspca),
BCL2-associated athanogene 3 (Bag3) and the tissue inhibitor of matrix metalloproteinases, TIMP4.
Nearly 25% of the identified downregulated transcripts possessed binding properties, including pro-
tein and nucleic acid binding. Genes involved in modulating apoptosis (e.g., Hspd1, Bag3, Hspca,
Lnk, Dnm2), hypertrophy and remodeling (e.g., Timp4, Il6st, Dscr1, Plaur), and angiogenesis (e.g.,
Klf 4, Klf 6, Wt1, F11r , Plaur) are altered in the aging ischemic heart.

IEGs are thought to trigger “adaptive” responses to stress/ischemia resulted in selective induc-
tion of Ier5 and selective repression of Cebpg, Nr1d2, Atf 3, and Atf 4 in aged hearts. With some
exceptions, a general picture of repressed IEG expression emerges in older hearts, consistent
with impaired adaptation to stress. On the other hand, young ischemic hearts displayed modified
expression of four genes involved in Toll-like receptor, WNT and TGF-� signaling (Jun, Atm,
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Nfkb1, Apc). Jun is upregulated (albeit not in the aging ischemic heart), whereas the other genes are
downregulated.

At the conclusion of this discussion, a few remarks are pertinent: (1) Aging is associated with
shifts in cardiovascular gene expression consistent with the phenotypic features of older hearts. (2)
Reduced tolerance with age may be related to modification of signaling (particularly WNT and
TGF-�). (3) Shifts in expression of immediate early genes, and genes important in control of cell
death/survival, angiogenesis and cardiac remodeling likely contribute to the aging phenotype. (4)
This phenotype is characterized by dysregulation of apoptosis with increased cardiomyocyte loss,
reduced vascularity and vasodilator reserve, and abnormal remodeling responses

CR in Heart and Skeletal Muscle

Lee et al. had also examined the effects of caloric restriction (CR) dietary regimen on transcript
profiles, initiated in middle-age in a second cohort of aging animals, and identified an altered tran-
scriptional pattern (compared to the untreated aging animals) that was rather broad-based (over
20% of profiled genes showed significant changes), with more than 75% of the changes associated
with myocardial aging, being either completely or partially reversed. The CR-mediated myocardial
transcriptome changes included the suppression of the structural gene transcription (e.g., collagen
and ECM proteins), downregulation of DNA-inducible transcripts (presumably indicative of less
endogenous DNA damage) and proapoptotic factors, and upregulation of DNA repair and antiapop-
totic factors, consistent with CR mediating a reduction of aging-induced endogenous damage. In
addition, CR mediated a reversal of a number of age-induced transcript changes leading to upreg-
ulated glycolysis and downregulated FAO; CR also completely prevented both age-related down-
regulation of the glycolytic inhibitor PDK4 and PFK upregulation, and partially restored FAO gene
expression consistent with CR modulating the age-induced myocardial metabolic shift, as shown in
Fig. 13.1 [29]. Further microarray-based observations on the effects on long-term CR on cardiac
gene expression also detected a pattern of altered murine gene expression consistent with reduced
myocardial remodeling and fibrosis, enhanced contractility and energy production, via FAO [30].
An 8-week regimen of CR reproduces nearly 20% of the genomic effects of long-term CR in heart,
compared to 75% in liver, suggesting that the genomic effects of CR may be established more
rapidly in mitotic (i.e., liver) than in post-mitotic (i.e., heart) tissues. Nevertheless, rapid reversal
of the aging phenotype by CR appears possible in both tissue-types. Molecular and histochemical
analysis revealed that both types of CR reduced myocardial natriuretic peptide precursor type B,
collagen expression and reduced perivascular collagen deposition. Moreover, the presence of smaller
cardiomyocytes in the left ventricle of long-term CR mice, suggests reduced age-related cell death.

Not unexpectedly, microarray gene profiling analysis of murine and monkey skeletal muscle
transcripts revealed a number of striking tissue-specific differences with regards to aging, as well
as sharing some commonalities with the myocardial/cardiomyocyte profiles [30, 31]. A reduced
proportion of genes appear to be affected overall in murine skeletal muscle aging as compared to
heart; roughly 2% of 6347 genes surveyed by microarray analysis displayed a greater than twofold
increase or decrease in expression levels as a function of age. A large percentage (nearly 20%) of the
aging-associated upregulated genes in gastrocnemius muscle in 30 month old mice are involved in
the induction of stress response including heat shock response genes (e.g., Hsp71 and Hsp27), OS-
inducible genes (e.g., HIC-5, a transcriptional factor induced by oxidative damage), DNA damage-
inducible genes (e.g., GADD45) and the mitochondrial creatine kinase. Genes involved in energy
metabolism were downregulated with aging, including genes associated with mitochondrial function
and turnover (e.g., mitochondrial lon protease, ATP synthase A subunit, NADP transhydrogenase)
as were genes associated with glycogen metabolism and glycolysis (e.g., α-enolase, phosphoprotein
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Fig. 13.1 Profiling of murine myocardial genes during normal aging and during caloric restriction
Specific metabolic genes affected either by upregulation (+) or downregulation (−) in the aging heart are shown,
including genes involved in plasma membrane glucose and fatty acid transport (e.g., GLUT4, FAT/CD36), cytoso-
lic gluconeogenesis, fatty acid metabolism and glycolysis (e.g., fructose 1,6 -bisphosphatase 2, enolase, fatty acyl
CoA-lipase, hormone sensitive lipase, phosphofructokinase). Also shown are genes involved in mitochondrial-based
metabolic processes including carnitine transport (e.g., CPT-1, CAT, CPT-II), fatty acid oxidation (e.g., Acyl CoA
dehydrogenase), pyruvate oxidation (e.g., PDK4), OXPHOS and electron transport/coupling (e.g., UCP3). Changes
in gene expression with caloric restriction (CR) are shown with arrows.

phosphatase, glucose 6-phosphate isomerase), the latter in marked contrast with their upregulation
in heart. Also significantly downregulated were genes involved in macromolecular synthesis includ-
ing squalene synthase, stearoyl-CoA desaturase, EF1-γ and the chaperone HSP70, and a concerted
decrease in the expression of genes involved in protein turnover. A significant number of downreg-
ulated genes such as the 20S proteasome subunit, the 26S proteasome component TBP1, ubiquitin-
thiolesterase, and the ubiquitin-specific protease UNP, are involved in the ubiquitin-proteasome
pathway of protein turnover.

Using a parallel group of animals subjected to CR, comparison of 30 month old control and
CR mice revealed that aging-related changes in gene expression profiles were significantly atten-
uated by CR, with 29% completely prevented by CR and 34% partially suppressed. Moreover,
CR induced a metabolic reprogramming characterized by a transcriptional shift toward energy
metabolism, increased biosynthesis, and protein turnover by both attenuating several key aging-
mediated changes (e.g., G-6-P isomerase, EF-1-γ, 26S proteasome component TBP1) as well as by
induction/repression of other genes. For instance, CR enhanced expression of transketolase, PPAR-γ
and PPAR-α, pyruvate kinase and fatty acid synthase and downregulated inducible genes involved
in metabolic detoxification, DNA repair, and the response to OS.

In a similar profiling analysis with vastus lateralis skeletal muscle derived from Rhesus monkeys,
genes involved in OS responses (e.g., NF-κB, metallothionein 1B, HSP70), detoxification (e.g.,
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several isoforms of cytP450, aldehyde oxidase), neuronal death and remodeling, and DNA repair
(e.g., p21, uracil-DNA glycosylase) were upregulated with aging, while genes involved in energy
metabolism, such as mitochondrial ETC and OXPHOS function, were downregulated, including
sarcomeric mitochondrial creatine kinase, NADH: ubiquinone reductase, ATP synthase-α and- γ
subunits, succinate dehydrogenase iron-protein subunit and cytochrome c oxidase subunits IV and
VIa [32]. Onset of CR in the middle-aged group of monkeys resulted in induction of structural
genes (e.g., desmin, laminin, actin and myosin heavy chain) and ECM genes, including several
collagens (collagen I 1 and 2 subunits, collagen VII 2 subunit, and collagen III 1 subunit) and
downregulation of energy metabolism genes (e.g., cytochrome c1, cytochrome c oxidase subunit
VII, cytochrome c subunit IV, sarcomeric mitochondrial creatine kinase, several ATP synthase sub-
units, and ubiquinol:cytochrome c reductase core protein II) suggesting that CR monkeys may be
in a hypometabolic state associated with reduced activity of the mitochondrial ETC. However, in
contrast to the significant reversal of age-related alterations at the transcriptional level in murine
skeletal muscle by CR, which include energy metabolism reprogramming, increased macromolec-
ular biosynthesis and turnover, and reduced oxidative induced damage, no beneficial effects of CR
were observed in aging rhesus monkey skeletal muscle. The observed differences between murine
and Rhesus gene expression may be attributable to potential problems with the timing of CR initia-
tion or differential species-specificity regarding the CR mechanism.

Transcriptome Profiling in Age-associated Cardiac Diseases

Global gene profiling analysis has also proven to be informative in documenting gene expression
patterns associated with diverse aging-associated cardiac pathologies including cardiac hypertro-
phy [33], myocardial ischemia [34], dilated cardiomyopathy [33], coronary artery disease [35], atrial
fibrillation[36] and heart failure (HF)[37] in tissues and cells from both animal models and human
subjects. Nevertheless, gene profiling studies with diseased human heart from either fresh or frozen
biopsied samples or transplant tissue contain mixed cell populations, are obtained from patients of
different ages, ethnicities and gender making it exceedingly difficult to determine to what extent
gene products are responsive to age and not to other sources of biological variation.

An interesting study employing microarray analysis to examine gene expression profiles in fail-
ing and non-failing human myocardium identified 162 candidate “HF-responsive” gene products
and demonstrated that the majority of changes in abundance were subject to diverse biological
inputs [38]. When modeled to take into account the three variables of HF, gender and age, only 5 of
these transcripts were linked to HF irrespective of sex or age (e.g., lumican and CCAAT-enhancer
binding protein), 15 transcripts demonstrated HF-associated changes in expression, which varied
by sex (e.g., calponin 1 and natriuretic peptide precursor A), and 10 transcripts demonstrated com-
plex interactions, involving HF, sex and age while only one of the transcripts, methionine tRNA
synthetase demonstrated a HF response that varied only as a function of age. Analysis of candi-
date gene expression in non-failing myocardium revealed that metallothionein 1L (Mt1l), a protein
implicated in cell defense, whose abundance increases with age regardless of normalization, is truly
age-responsive and independent of the hypertensive status [17].

This analytical approach has also been revealing in establishing expression profiles of genes
involved (or altered) in aging-associated neointimal formation, apoptotic progression and proin-
flammatory events in vascular cells [39, 40]. Expression analysis by cDNA-based microarray of
cytokines, chemokines, and their receptors in isolated coronary arteries of young (3 months old) and
aged (25 months old) male Fischer 344 rats showed that TNF-α (3.3-fold), interleukin-1� (IL1�)
(3-fold), IL-6 (2.9-fold), IL-6Rα (2.8-fold) and IL-17 (6.1-fold) genes were significantly increased
in older compared to young arteries suggesting that a proinflammatory shift in the profile of vascular
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cytokine expression may contribute to the aging-induced phenotypic changes in coronary arter-
ies [40]. Further studies using both microarray and real-time PCR indicated increased expression
of proapoptotic caspase 9 as well as TNF-α and TNF-� in aged coronary arteries in parallel with
a 5-fold increase in apoptotic ECs as gauged by DNA fragmentation and TUNEL analysis [39].
Interestingly, expression of TNFR1, TNFα-converting enzyme (TACE), Bcl-2, Bcl-X(L), Bid, Bax,
caspase 8, and caspase 3 were unchanged

Neointimal formation, a pathologic hallmark of several obliterative vascular diseases, includ-
ing atherosclerosis, post-stent restenosis, and allograft vasculopathy is more exaggerated in aging
rats after arterial injury than in their younger counterparts. Exaggerated neotimal formation in
response to mechanical injury has also been more recently reported in aging mice in concert with
increased vascular smooth muscle cell (SMC) proliferation and reduced apoptosis [41]. Analysis of
angiogenesis-related gene expression in vascular SMCs harvested from aging and young adult mice
subjected to wire injury of the carotid artery showed increased expression of PDGFR-α (11.4-fold),
restin (10.6-fold), Nos3 (8.6-fold), Fgfr4 (10.2-fold), and Erb2 (6.8-fold) in aging compared with
young vascular SMCs. In contrast, expression of Fgf4 (0.25-fold), Fgfr3 (0.11-fold), and cadherin 5
(0.46-fold) were lower in aging. Age-dependent increases in PDGFR-α likely contribute to increased
vascular SMC proliferation. This was further supported by a significant increase in overall prolif-
erative growth in aging vascular SMCs in the presence of 10 ng/mL of the PDGFR-α ligand and
mitogen PDGF-BB, findings which suggest an important role for the PDGF/PDGFR pathway in the
exaggerated neointimal formation associated with aging.

Proteomic Analysis

As with transcriptome analysis, proteomic analysis also provides an opportunity to evaluate gene
expression in aging tissues in a global fashion. This approach allows the assessment of gene expres-
sion at the protein level, as well as possible identification of novel cardiovascular and cardiac-specific
biomarkers of aging. Primarily, two methods have been employed in proteomic research, the com-
plete proteomic screening in which the entire proteome (i.e., all proteins) are characterized, and a
more limited proteomic analysis that is either targeted to specific candidate proteins or limited to
specific classes of proteins, or sub-proteomes. A critical review of the literature reveals that only a
few studies of complete myocardial proteomics in aging at the global level have been published.

One alternative method has been to focus on proteomes contained within specific subcellular
organelles such as mitochondria. In Chapter 3 we presented several methodologies for separation and
high-yield preparation of subcellular organelles such as mitochondria, Golgi bodies and endoplasmic
reticulum that are usually further analyzed by 2D gel electrophoresis, digitized imaging of 2D gel
electrophoresis, and mass spectrometry [42, 43]. Other methods of subfractionation of enzymatic
complexes have been utilized including the use of blue-native PAGE electrophoresis (BN-PAGE),
which allows the separation of large macromolecular complexes with both membrane and soluble
components preserving protein-protein interactions. This technique can be used to separate mem-
brane and other functional protein complexes as intact, enzymatically active complexes in the first
dimension that may be followed by a second-dimension separation by Tricine–SDS-PAGE, to allow
the separation of complexes into their component subunits, and can be combined with MALD1-PMF
(matrix-assisted laser desorption ionization peptide mass fingerprinting) for protein identification.
Studies with BN-PAGE have been useful in the analysis of all of the individual subunits of the
five ETC/OXPHOS respiratory complexes of the mitochondria from human heart [44]. Moreover,
BN-PAGE has recently been employed to compare and quantitatively assess (and isolate) the five
OXPHOS complexes from solubilized mitochondria of five different rat organs including kidney,
liver, heart, skeletal muscle, and brain [45], and to identify “an OXPHOS interactome” of over
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100 non-redundant soluble and membrane-embedded non-OXPHOS proteins comprised of con-
stituents of known mitochondrial protein complexes, several novel proteins, and proteins primarily
not localized in mitochondria (e.g., glycolytic enzymes). Data obtained from these partial mitochon-
drial proteome maps of various rat tissues can serve as a database for elucidating age-dependent
changes, including alterations in protein-protein interactions as well as in post-translational modifi-
cations [46].

Another method of protein analysis, particularly relevant to aging studies,involves the proteomic
evaluation of specific post-translational modifications (e.g., phosphorylation or oxidative changes).
This methodology has been greatly facilitated by the availability of specific antibodies to phospho-
rylated residues (e.g., phosphoserine or phosphotyrosine), protein carbonyls or nitrotyrosine. For
instance, Kanski et al. have identified cardiac proteins which undergo nitration as a consequence
of biological aging in aging Fischer 344/Brown Norway F1 rats using separation by 1- and 2-D
gel electrophoresis, and subsequent immunoblot analysis using an anti-nitrotyrosine antibody with
further identification by nanoelectrospray ionization-tandem mass spectrometry (NSI-MS/MS) [47].
Both soluble homogenate and solubilized mitochondrial proteins were analyzed and protein profiles
from whole hearts of young (5 months old) and old (26 months old) animals compared. Among
the 48 nitrated proteins identified in this study were proteins responsible for energy production
and metabolism including glycolysis, the tricarboxylic acid (TCA) cycle, or �-oxidation of fatty
acids. Affected proteins include α-enolase, α-aldolase, aconitase, methylmalonate semialdehyde
dehydrogenase, 3-ketoacyl-CoA thiolase, acetyl-CoA acetyltransferase, GAPDH, malate dehydro-
genase (MDH), creatine kinase, electron-transfer flavoprotein (ETF), manganese-superoxide dismu-
tase (MnSOD), F1-ATPase (ATP synthase), and the voltage-dependent anion channel (VDAC), as
well as proteins involved in the structural integrity of the cells (e.g., desmin). Since mitochondrial
proteins have been reported to be especially sensitive to NO-dependent modification under condi-
tions of acute OS during inflammatory processes or I/R [48, 49], it is not entirely surprising that
many of the proteins undergoing 3-NT accumulation are mitochondrial-localized including aconi-
tase (containing a redox-sensitive iron-sulfur cluster), ETF, a critical electron acceptor for several
dehydrogenases involved in the transfer of electrons to the main mitochondrial respiratory chain,
the TCA cycle enzyme MDH, the FAO enzymes acetyl-CoA acetyltransferase and 3-ketoacyl-CoA
thiolase, the mitochondrial-based free radical scavenger MnSOD, ATP synthase, and the outer mem-
brane protein VDAC. Nitration of VDAC and aconitase has also been demonstrated in hearts of
diabetic mouse models [50].

There is conclusive evidence of increased levels of protein carbonyl accumulation in aged
hearts [51–54], and indications that this accumulation can be reversed by long-term CR (in
rodents) [51, 55, 56]. Interestingly, short-term CR has the opposite effect resulting in a significant
increase in cardiac protein carbonyl content with aging [57]. At present, there is little information
as to which specific cardiac proteins are targeted by protein carbonylation in aging; and conflicting
data exist as to whether mitochondrial proteins are selectively targeted [10, 53]. Although a variety
of proteomic methods have been employed to identify specific protein carbonyl content in aging
liver and brain [58–60], these methods have not yet been applied to the aging heart.

Another critical post-transcriptional protein modification that occurs during aging with signifi-
cant cardiovascular relevance is glycation (which has been comprehensively discussed in Chapters 3
and 4). This process, which involves the addition of reducing sugars to specific proteins by non-
enzymatic reaction can be reversible, although glycated proteins subject to further oxidation can
form Advanced Glycation End-products (AGEs) that are irreversible. These modified proteins are
frequently heterogeneous and accumulate in the circulatory system and various tissues including the
heart [61]. Collagen, elastin and basement membrane are among the proteins most vulnerable to
AGE formation presumably because of their long-life and slow rate of turnover. The accumulation
of interstitial collagen (found in both the diabetic and in the aging heart), and the development of
increasing glucose-cross-links by AGE have been proposed as the primary basis for the increased
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myocardial stiffness and consequently, diastolic dysfunction in the aging heart. Further support for
a pivotal role of AGE in myocardial stiffening has been provided by the discovery that regimens
that specifically inhibit AGE formation such as diet restriction [62], and treatment with aminoguani-
dine [63], effectively prevent the pathological stiffening process associated with diabetes and aging.

Levels of cardiac AGEs determined by AGE-ELISA, evaluated in young (2 months) and aged
(24–26 month) mice were approximately 2.5-fold higher in aged hearts than young ones. A group
of proteins with a molecular range between 50 and 75 kDa with pI of 4–7 was distinctively modified
in the aged heart [64].

An important modulator of AGE and its effect in the myocardium bears particular mention:
an integral membrane protein receptor for AGE (RAGE). Interaction of this receptor with diverse
AGE has also been reported to lead to the production of pro-inflammatory cytokines and formation
of free radicals. By immunohistochemistry, the RAGE antigen was identified in cultured bovine
endothelium, vascular smooth muscle, monocyte-derived macrophages, bovine cardiac and neona-
tal rat cardiac myocytes, diverse neuronal tissues/cell-types and in the expanded intima of human
atherosclerotic plaques [65].

A role of RAGE in mediating AGE in I/R has been identified by the demonstration that RAGE
(and its ligands) are upregulated in the ischemic heart, and by the striking protection from myocardial
I/R injury exhibited by RAGE-null mice [66]. Moreover, RAGE activation is probably associated
with increases in inducible nitric oxide synthase expression and levels of nitric oxide, cyclic guano-
sine monophosphate (cGMP), nitrotyrosine and decreased myocardial energy metabolism; myocar-
dial ATP levels are restored in RAGE-null mice. Upregulation of the RAGE protein (detected by
Western blot) has also been reported in the atria of senescent and adult patients, and was associ-
ated with reduced heart function [67]. A comprehensive proteomic analysis of the specific proteins
targeted by the RAGE/AGE pathway in the aging heart is needed.

Cell Proteomics in Aging

In contrast to the complex tissue and cellular heterogeneity that comprises the heart, cell culture
systems are attractive models for proteomic analysis because they may provide more highly defined
systems with much lower inherent variability between samples. However, cells maintained in cul-
ture (particularly adult cardiomyocytes) while maintaining their protein synthestic capacity [68],
may display alterations in their pattern of protein expression significantly distinct from their profile
in vivo [69]. Nevertheless, the adult cardiac myocyte in culture can remain a highly differenti-
ated cell maintaining many of its previous in vivo characteristics [70–72] dependent on the use
of low-serum or no serum media and modification of culture growth substrate (e.g., agarose or
laminin-coated and not plastic plates or suspension culture). Relatively few proteomic investiga-
tions of isolated adult cardiac myocytes have been published, and none, that we are aware, with
aging.

Proteomic analysis has been carried out with ECs undergoing replicative senescence, as dis-
cussed in Chapters 3 and 5. Since the aging of ECs and vascular SMCs may play a significant
role in the pathophysiology of age-related vascular diseases, including atherosclerosis, proteomic
analysis may reveal potential mediators of susceptibility to these disorders as well as the trigger-
ing elements of replicative senescence. Using in vitro cultured human umbilical vein endothelial
cells (HUVECs) as an experimental model for replicative senescence, Kamino et al. have identi-
fied by 2-D electrophoresis (2-DE), 3 upregulated proteins and 5 downregulated proteins in senes-
cent HUVECs compared to young HUVECs [73]. Among the upregulated proteins in senescent
HUVECs was cathepsin B, a protease participating in both intracellular proteolysis and ECM remod-
eling. Proteomic analysis of 3 isolates of HUVECS derived from 3 umbilical cords has been also
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recently employed [74]. After HUVEC replicative senescence, lysates were subjected to 2-DE and
despite the variability of the three independent isolations, a common set of proteins that showed
senescence-dependent expression patterns was identified. Thirty-five proteins were found with LC-
Fourier transform MS with significant association to the senescent phenotype. The functional clas-
sifications comprised by this protein subset suggest that EC replicative senescence is accompanied
by changes in a number of diverse biological pathways. These include increased cellular stress (e.g.,
upregulation of HSP27, the NUAM subunit of respiratory complex I, transferrin (TRFE) and the
glutathione-s-transferease omega), protein biosynthesis (e.g., downregulation of EFI5a and nucle-
ophosmin (NPM)) and reduction in DNA repair and maintenance (e.g., downregulation of KU80
and RFA2) with both nuclear integrity affected (e.g., downregulation of the nuclear-envelope pro-
tein, lamin B) and altered cytoskeletal structure (e.g., upregulated α-actinin, annexin V, moesin and
downregulated microtubule binding proteins).

A major hallmark of HUVEC in vitro senescence is the increased frequency of apoptotic cell
death. Recent observations have shown that the onset of HUVEC senescence is accompanied by
a striking upregulation of extracellular proteins, including interleukin-8 (over 50-fold increase),
VEGI, and the IGF-binding proteins 3 and 5 [75]. These extracellular proteins modulate the apop-
totic response of human cells, and in the case of interleukin-8, are linked to the establishment of
atherosclerotic lesions.

Proteomic analysis has been used to compare normal and senescent HUVECs with HUVECs
transformed (and immortalized) with ectopic expression of the catalytic subunit of telomerase
hTERT [76]. While ectopic hTERT expression appears to lead to a stable, proliferating cell line
(with a growth rate similar to early passage HUVECs) with many characteristics of differentiation,
the protein expression profile was significantly different than that of normal early passage and senes-
cent HUVEC cells. For example, the marked 5-fold reduction in levels of cytokeratin 7 in senescent
HUVEC, which by destabilization of the cytoskeleton may contribute to the observed enlarged and
flattened morphology of these cells, was not seen in the transformed HUVEC cells. Moreover,
glutathione S-transferase, which has been described as marker for enhanced OS, is nearly 2-fold
upregulated in senescent HUVECs but not in TERT-transformed HUVECs. This study also identified
several protein changes specific to the senescent HUVEC phenotype and a role in atherosclerosis
worthy of note. ICAM-1 basal expression level was increased in senescent HUVECs promoting the
recruitment of monocytes to the artery wall, an early step in the development of atherosclerosis.
CHST3, an enzyme which catalyzes the sulfation of chondroitin sulfate and keratan sulfate, both
belonging to the ECM, is increased by 3-fold in senescent HUVECs; this is consistent with the
noted changes in the composition and structure of the ECM during the progression of atherosclero-
sis. Also upregulated (by 5-fold) in senescent HUVECs was calumenin, an EF-HAND low affin-
ity calcium binding protein, which has been identified in atherosclerotic lesions, while absent
in normal vasculature; it is also associated with the immunological defense system and amyloid
formation.

Using cultured human dermal microvascular ECs and 2-DE proteomic mapping, the effects of
various treatments (e.g., kinetin, epigallocatechin-3-gallate, all-trans-retinoic acid, and selenium)
on cell senescence have been assessed and a search for the aging-related proteins initiated [77].
These treatments resulted in 68 qualitative changes and 172 quantitative changes, of which 46
could be identified. Alteration in expression of proteins associated with cell cycle and cytoskeleton
including moesin, rho guanosine-5′-diphosphate-dissociation inhibitor, and actin has been found and
confirmed by both immunoblotting and confocal laser microscopy.

Proteomic analysis using 2-DE of vascular SMCs cultured from aorta of newborn (4 day old)
and aging (18 months old) Wistar rats found 10 proteins that were increased in the SMCs of older
animals; sequence analysis of one of these proteins (expressed only in old SMCs) identified it as
cellular retinol-binding protein (CRPB) [78].
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Genetics of Aging

In Chapter 12, we have described a number of animal and cell models of aging that have provided
multiple and informative tools (e.g., genes, pathways), and even paradigms, with which one can
study human aging. In this section, we survey 3 nascent areas of human aging analysis that are
currently being developed.

Mapping of Genes Involved in Aging

Genome Wide Scans

In humans, exceptional longevity accompanied by good cardiovascular health has a genetic compo-
nent that is suggested by identification of rare families showing clustering for this phenotype [79].
Twin studies have revealed that for individuals living to approximately 100 years, approximately
25% of the variation in life span is caused by genetic differences [80]. Such genetic components
are likely to influence basic mechanisms of aging, which in turn broadly influence susceptibility to
age-related illnesses.

An increased survival advantage may arise in individuals both lacking genetic variations that pre-
dispose to disease, and having variations that confer disease resistance (longevity enabling genes).
Further molecular genetic studies may allow the discovery of both longevity-enabling genes as well
as genes associated with an increased propensity to develop specific diseases. Given the marked
improvement in the human haplotype map, large-scale linkage studies of long-lived families will
likely be undertaken in the near future to assist in the quest to define genetic determinants of
longevity and basic aging [81].

To identify the genes contributing to a cardiovascular-healthy aging phenotype in humans, a 10
centimorgan (cM) genome screen has been performed in 95 pairs of male fraternal twins, concordant
for healthy aging [82]. Individuals meeting these criteria were defined as those attaining the age of
70 free of cardiovascular disease (coronary surgery, diabetes, heart attack, and stroke) as well as
prostate cancer. Six chromosomal regions were identified with logarithm of odds (LOD) scores
greater than 1.2 (p < 0.01). A locus on the long arm of chromosome 4 at marker D4S1564 produced
a LOD score of 1.67 suggesting an association with better physical aging and/or longevity. This was
the same marker previously linked to extreme longevity segregating as an autosomal dominant trait
in a study of 143 centenarians and their long-lived siblings [83].

The microsatellite D4S1564 interval spans 12 million bp that contains approximately 50 puta-
tive genes. To identify the specific gene and gene variants impacting life span, a haplotype-based
fine-mapping study of the interval was performed using densely spaced informative SNP mark-
ers [84]. The resulting genetic association study identified a haplotype marker within the micro-
somal triglyceride transfer protein (MTP) as a modifier of human life span within some individu-
als of specific backgrounds with evidence of moderate stratification. The genetic variant of MTP
associated with longevity involves a 2 SNP haplotype including both a MTP promoter mutation
(−493G) and with the major Q95 allele of MTP. The minor allele MTP95H is a semiconservative
mutation in exon 3 of MTP Q95H (glutamine to histidine at amino acid 95) and represents a risk
allele. Other groups have found genetic associations between MTP and several phenotypes including
lipoprotein profiles, insulin resistance, fat distribution, and most of these studies focused on the
−493G/T marker [85]. Interestingly, a significant association between specific variants of the MTP
gene in a Caucasian population of centenarians (from the US) was found, but this association was not
replicated in either French or German study populations [86]. The microsomal triglyceride transfer
protein has been identified as the rate-limiting step in lipoprotein synthesis and may affect longevity
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by subtly modulating this pathway and affecting lipid profiles; other data suggest that this gene may
also affect susceptibility to insulin resistance and obesity.

SNP Analysis in Aging and Aging Associated Disease Susceptibility

Studies of the frequencies of different alleles in young adults and aged individuals have implicated
several genes, such as ApoE and ACE, in longevity. However, such association studies are fraught
with difficulty, can easily give rise to spurious and unreproducible results through unsuspected
population subdivision; an approach making use of genetic relationships among relatives often is
desirable.

Lipoproteins (APOE)

Absence of DNA polymorphisms predisposing to age-associated diseases may be one way to achieve
exceptional old age. The marked decreased frequency of the apolipoprotein (apo) E4 allele among
centenarians exemplifies such a mechanism [87]. This finding is consistent with the strong asso-
ciation of APOE4 with hypercholesteremia, ischemic heart disease, age-related cognitive decline
and Alzheimer’s disease. Conversely, the E2 allele has been associated with longevity in French
centenarians and their siblings [88]. In a study of nonagenarian subjects from Belfast where there is
a high intrinsic incidence of cardiovascular disease, the E4 allele was reduced in the nonagenarian
group, the E3 unchanged and E2 frequency was increased suggesting that longevity is negatively
associated with the E4 allele and may be associated with E2 [89].

In a case-control study featuring Ashkenazi Jews, individuals with exceptional longevity and
their offspring were found to have significantly larger high-density lipoprotein (HDL) and low-
density lipoprotein (LDL) particle size [90]. In addition, these subjects have a lower prevalence
of hypertension, cardiovascular disease, and the metabolic syndrome in association with increased
homozygosity for the 405V variant in cholesteryl ester transfer protein (CETP), which is involved
in the regulation of lipoprotein and its particle sizes. Lipoprotein particle sizes may be heritable and
able to promote healthy aging.

A more recent longitudinal study examining 11 common polymorphisms in 224 older (≥75
years) Jerusalem residents of Ashkenazi ethnicity compared to a group of 441 younger subjects
(mean age, 22 years) found that variants in apoE, MHTFR, SOD2, IGF2, ApaI, and factor VII are
risk factors for a single outcome, survival to 75 years, in this population [91]. This is consistent
with the view that deleterious genes can significantly affect aging and predisposition to early-life
pathology and disease, including those that confer risk for developing vascular disease in the heart,
brain, or peripheral vessels (e.g., APOE, methyltetrahydrofolate-reductase (MTFHR), and mutation
at factor VII genes). A polymorphism in MTHFR, caused by the C677T point mutation, leads to
increased thermolability of the enzyme with reduced enzyme activity and has been associated with
longevity [92], and in selective populations, vascular defects such as stroke [93]. Further longitudinal
candidate-gene association studies will likely provide potential future progress in this area.

A recent study conducted in a relatively homogeneous population (making stratification effects
less likely) of US Ashkenazi Jewish centenarians, their offspring, and Ashkenazi controls found that
the −641C allele in the APOC3 promoter is present at a significant higher frequency in centenarians
and their offspring (20–25%), compared to controls (10%) [94]. This genotype was also associated
with lower APOC3 serum levels, a favorable profile for lipoproteins, reduction in cardiovascular risk
factors, including hypertension and decreased insulin sensitivity, as well as with enhanced survival.
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ACE

Variants in the gene encoding angiotensin I-converting enzyme (ACE) are biologically plausible
candidates for longevity. The cleavage of angiotensin I by ACE produces the octapeptide angiotensin
II, which is a potent vasoconstrictor, and polymorphisms in ACE have been reported to be involved
in cardiovascular diseases, including ischemic disease and myocardial infarction. One human ACE
polymorphism is caused by an Alu element insertion resulting in three genotypes (Alu+/+, Alu+/−,
Alu−/−, or ACE-II, ACE-ID, and ACE-DD, respectively), with ACE-II displaying lower ACE
activity.

The ACE genotype may be associated with longevity. Increased frequency of homozygosity for
the ACE-D allele in a German population of octogenarians has been found [95], which was further
supported in a longitudinal study;[96] however, this could not be confirmed in two large studies of
centenarians and younger controls [88, 97]. In addition, there is evidence from numerous studies
that differential ethnic and geographic distribution of specific ACE alleles may underlie or modulate
the age-related findings.

To clarify the functional role of the ACE polymorphism, its direct effect on cell survival has been
recently assessed [98]. ACE-II human ECs had lower angiotensin-II levels and 20-fold increased
viability after slow starvation compared to EC cells with the ACE-DD genotype. Moreover, only
ACE-II cells expressed the pluripotent/stem cell-maintenance factors nanog, numb, and klotho. ACE
inhibition by captopril in ACE-DD cells mimicked the ACE-II genotype. These results provide the
first evidence of a functional role for a naturally occurring polymorphism, having broad implications
in human biology, longevity, and disease.

KLOTHO

Longevity may also be affected by variants in the human homologues of the aging suppressor gene
Klotho (KLOTHO), which extends life span when overexpressed in mice. As we have previously
noted in Chapter 12, mice carrying a loss-of-function mutation in the Klotho gene develop aging-like
symptoms around 4 weeks after birth and suffer from multiple age-related disorders similar to those
observed in humans, including osteoporosis, skin atrophy, ectopic calcification, arteriosclerosis, and
pulmonary emphysema, as well as manifest a shortened life span (usually around 2 months of age).
A functional variant of KLOTHO (termed “KL-VS”), which harbors two amino acid substitutions
(F352V and C370S) in complete linkage disequilibrium is associated with reduced human longevity
(in a carefully selected population of homogenous Bohemian Czechs) when in homozygosity [99].
In a subsequent study of 525 Ashkenazi Jews composed of 216 probands (age ≥ 95 years) and 309
unrelated individuals (ages 51–94) genotyped for the KL-VS allele, a heterozygous advantage for
longevity was observed for individuals ≥ 79 years of age [100]. Furthermore, both decreased HDL
and higher systolic blood pressure (SBP) are associated with the homozygous KL-VS genotype
whereas the heterozygous individuals had a reduced incidence of stroke, lower SBP and increased
longevity.

Studies with gene variants in human homologues of another pivotal aging-pathway gene,
previously identified in mouse studies (p66Shc) and discussed in Chapter 12, have suggested
that p66Shc may be another aging-determinant factor in human longevity. In two independent
cohorts of respectively, 730 and 563 subjects aged 85 and over, when tested for association of
the only known non-synonymous polymorphism, Met(410)Val in p66SHC with longevity, an
increasing valine allele frequency was associated with increased age at death and lower mortality
rate [101]
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Epigenetics

Epigenetics can be defined as the study of heritable changes in gene expression non-related to
changes in the sequence of DNA. A number of processes are involved in epigenetics including
chemical modifications to DNA or to proteins closely interacting with DNA (e.g., histones), as well
as RNA. Moreover, epigenetic influences can be disrupted during aging, as well as by environmental
factors including toxins and diet.

DNA Methylation

Genomic methylation, which influences many cellular processes such as gene expression and chro-
matin organization, generally declines with cellular senescence although some genes paradoxically
undergo hypermethylation during cellular aging and immortalization. Epigenetic modification of
CpG islands in promoter regions is an important regulatory mechanism of gene expression in eukary-
otic cells. Hypermethylation of CpG islands may silence a gene, whereas hypomethylation of pre-
viously methylated CpG islands may facilitate gene expression. The pattern of methylation is cell-
type-specific and established during development of the organisms. Limited findings in a changed
CpG island methylation pattern have been found in a number of aging cardiovascular cells [102,
103], and more extensively in cancer. Aging-mediated changes in the levels of methylated cytosines
may promote chromosomal instability and rearrangements, which can increase the risk of neoplasia

Lopatina et al. [104] have found evidence that overall methylating activity by DNA methyltrans-
ferases (Dnmts), and in particular the maintenance of methylation activity of the Dnmt1 isozyme is
greatly decreased during cellular senescence in aging WI-38 fibroblasts. In contrast, in immortal-
ized WI-38 cells, DNA methylating activity was similar to that of normal young cells. Interestingly,
2 other Dnmt activities are upregulated in both senescence and immortalized cells. Reduced genome-
wide methylation in aging cells may be attributable to attenuated Dnmt1 activity whereas sporadic
hypermethylation in aging and immortalized cells may be linked to increased de novo methylation
by Dnmts other than the maintenance methyltransferase.

The majority of DNA methylation screening protocols generally utilize methylation-sensitive
endonuclease digestion or bisulfite treatment of the template followed by subsequent PCR ampli-
fication of a specific sequence (usually assessed with a single DNA gene sequence at a time). A
new more global approach combines methylation-sensitive enzyme digestion with the comparative
genomic hybridization technique to develop an array-based method to screen the entire genome for
changes of methylation patterns [105].

Chromatin Modifications

In addition to DNA methylation, post-translational changes (e.g., methylation, acetylation) to the
histone proteins comprising the chromatin scaffold enveloping the chromosomal DNA orchestrate
DNA organization and gene expression. Histone-modifying enzymes including methylases, acety-
lases and deacetylases are recruited to ensure that a receptive DNA region is either accessible
for transcription or that DNA is targeted for silencing. Active regions of chromatin tend to have
unmethylated DNA and have high levels of acetylated histones, whereas inactive regions of chro-
matin contain methylated DNA and deacetylated histones. Thus, an epigenetic “tag” is placed on
targeted DNA, marking it with a special status that specifically activates or silences genes.

The histone deacetylases (HDACs) are enzymes that are able to deacetylate lysine side chains
in histones as well as in specific non-histone proteins leading to altered states of conformation and
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activity [106, 107]. Of the 3 classes of human histone deacetylases, class I and II are zinc-dependent
amidohydrolases and class III enzymes depend in their catalysis on NAD+. Due to the homology
to the yeast HDAC Sir2p, the NAD+-dependent deacetylases are also termed sirtuins with seven
members (Sirt1-7) presently known in humans. As discussed in Chapter 12, sirtuins have been impli-
cated in the regulation of molecular mechanisms of aging with overexpression of sirtuin enzymatic
activity resulting in an increase of life span in the yeast S. cerevisiae and in C. elegans. Sirtuins have
been proposed to act as sensors for glucose uptake that respond to the levels of NAD+ but other
complex ways of action have been suggested as well. Sirtuin regulation of the highly conserved
insulin-IGF-1 signaling pathway has been observed for C. elegans and mammals, indicating a role
for sirtuins in the modulation of cell and organism adaptation to nutritional intake. In addition, the
human sirtuin SIRT1 regulates a number of transcription factors that modulate endocrine signaling,
including PPAR-γ , PGC-1α, forkhead-box transcription factors and p53.

Studies with the human sirtuin 3 (SIRT3) gene, which belongs to the evolutionary conserved fam-
ily of sirtuin 2 (SIR2) proteins that control life span in the forementioned model organisms, found
that a G477T variant of SIRT3 was associated with human longevity [108]. Males harboring the TT
genotype increased survival in the elderly, while the GT genotype was associated with decreased
survival.

Another variation in the human SIRT3 gene has been related to human longevity and arises as
a result of a VNTR polymorphism (72-bp repeat core) localized to intron 5 [109]. Varied SIRT3
alleles differ both for the number of repeats and for presence/absence of potential regulatory sites.
The VNTR region also has an allele-specific enhancer activity. In the analysis of allele frequencies
as a function of age in a sample of 945 individuals (20–106 years), the allele completely lacking
enhancer activity was found to be virtually absent in males older than 90 years suggesting that
underexpression of a human sirtuin gene may be detrimental for longevity.

Numerous environmental factors as well as physiological (e.g., ROS) and pharmacological stim-
uli may impact epigenetic regulation of gene expression in aging. Among the many agents that
have recently been assigned a potential role in epigenetic activation are plant-derived polyphenols,
such as resveratrol, found in grapes and red wine, which some evidence suggest act via activa-
tion of sirtuins in cells [110]. Moreover, sirtuins may be impacted by metabolic factors and by
CR albeit the mechanism remains largely undefined. Furthermore, recent observations indicate
that environmental factors and diet can perturb the way genes are controlled by DNA methyla-
tion and covalent histone modifications. Clearly, further research on the link between environment
and epigenetics in relationship to aging may result in potential therapeutic options, which could
be used to reverse some of aging’s detrimental consequences. Some of these will be described in
Chapter 15.

Conclusion

Studies involving transcriptome analysis of aging tissues have begun to provide an overall picture of
which genes are upregulated and which are downregulated. This can provide a “snapshot” or molec-
ular signature of aging that depicts some general programming changes in overall gene expression,
dependent on sampling time and tissue. This type of analysis has begun to facilitate the identifi-
cation of biomarkers that are not only associated with aging phenotypic changes but also can be
reversed with interventions such as CR. These investigations have also unveiled a classical pattern
of heterogeneity in genotypic expression that seems to characterize aging post-mitotic tissues such
as the heart. This heterogeneity arises from the multiple cell-types comprising these tissues that is
even more evident in cell-to-cell studies of single cardiomyocytes. The use of proteomic analysis in
aging studies has thus far been more limited. The most informative proteomic studies with respect to
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aging have targeted either specific groups of proteins, either organelle-specific (e.g., mitochondrial),
functional (e.g., metabolic) or modified (e.g., nitrated proteins) rather than using global snapshots of
the whole proteomic “enchilada”.

In reference to the genetic analysis of human aging, despite the problems posed by the pro-
nounced heterogeneity in genotypes, and difficult-to-control environmental factors, practical prob-
lems in conducting longitudinal studies and frequent methodological inconsistencies in sampling
and assessing phenotypes, a number of genes and gene variants that contribute to aging and to
aging-related diseases have been and continue to be identified. Furthermore, the molecular analysis
of progeria and premature aging has not only revealed genes involved in the onset of these aging
phenotypes and identified commonalities of gene expression profiles shared with normal aging, but
also has begun to unveil the epigenetic mechanisms that can be disrupted during aging, including
chromatin remodeling and DNA modifications.

Summary

• Gene expression profiling has been conducted in studies of the aging heart in mouse and rat
tissues, primarily using microarray analysis.

• In mouse heart, increased age-mediated expression of myocardial structural genes involved in
extracellular matrix (ECM) components, collagen deposition, cell adhesion, and cell growth has
been found, consistent with findings that the aging heart undergoes ECM protein deposition,
fibrosis and cardiomyocyte hypertrophy.

• Downregulated expression of genes involved in protein synthesis, including numerous translation
initiation and elongation factors, and in genes associated with fatty acid transport and metabolism
has been found.

• Genes involved in myocardial inflammatory and stress responses are primarily upregulated in the
aging sedentary mouse, suggesting that the aging heart experiences oxidative stress (OS) leading
to a pro-inflammatory state.

• Age-mediated re-programming of mouse heart gene expression was less extensive compared
to transcriptome changes in other organs (e.g., liver) and found little overlap in the expression
profiles of different aging tissues.

• A limited subset of gene transcripts that accumulated at significantly different levels with age has
been found in the gene profiling analysis of isolated ventricular cardiomyocytes of aging mice
compared to young mice.

• Biological diversity is necessary to be taking into account when performing studies of aging.
Transcriptome (and proteomic) analysis of heart tissue is complicated and limited by factors
such as tissue and cellular heterogeneity, genetic variability, disease state and pharmacological
intervention.

• Interventions such as caloric restriction (CR) and exercise have significant impact on gene pro-
files in aging mice with a large proportion of aging-associated transcript changes being either
completely or partially reversed.

• Global gene profiling analysis has proven to be informative in diverse aging associated cardiac
pathologies including cardiac hypertrophy, myocardial ischemia, dilated cardiomyopathy, coro-
nary artery disease, atrial fibrillation and heart failure.

• In tissues and cells of both animal models and human subjects gene profiling has also been reveal-
ing in establishing profiles of genes involved (or altered) in aging-associated neotimal formation,
apoptotic progression and proinflammatory events in vascular cells.

• Proteomic analysis allows the assessment of gene expression at the protein level, as well as the
identification of novel vascular and cardiac-specific biomarkers of aging.
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• Most informative proteomic studies have eschewed a complete proteomic approach in which
the entire proteome is characterized, and rather have utilized a more focused proteomic analysis
targeted to specific candidate proteins by function, or limited to specific classes of proteins, or
sub-proteomes of specific organelles (e.g., mitochondria or lysosomes) or containing specific
protein-modifications (e.g., nitration).

• Cell culture systems are attractive models for proteomic analysis since they provide more highly
defined systems with much lower inherent variability between samples than with aging tissues.

• Proteomic investigations have been carried out with endothelial cells (ECs) and vascular smooth
muscle cells (SMCs) undergoing replicative senescence and have been informative in showing
the potential mediators of susceptibility to atherosclerosis, as well as to the triggering elements
of replicative senescence.

• Genome-wide screening in some defined populations (e.g., centenarians and their families) and
SNP polymorphic variant analysis in case-association studies have allowed the identification of
several genes associated with human aging.

• Genes involved in lipoprotein metabolisms (APOE), signaling, inflammation and immune-
regulation have been clearly associated with differences in longevity, as well as in the suscepti-
bility to aging-associated diseases.

• Molecular genetic analysis has begun to reveal the mechanism of significant epigenetic contri-
butions to the expression of the aging phenotype, including DNA methylation and chromatin
remodeling, primarily through modifications of chromatin proteins including histones.
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Chapter 14
Translational Research: Gene, Pharmacogenomics
and Cell-Based Therapy in the Aging Heart

Overview

Cellular hallmarks of cardiac aging include a progressive accumulation of molecular damage in
nucleic acids, proteins and lipids. A primary cause of age-related accumulation of this molecular
damage resides in the inefficiency and failure of maintenance, repair and turnover pathways resulting
in structural myocardial remodeling and dysfunction. Increasing focus in molecular gerontology
has been directed at understanding the genetic and epigenetic regulation of myocardial survival
and maintenance mechanisms at the levels of transcription, post-transcriptional processing, post-
translational modifications, and interactions among various gene products [1]. In this chapter, we
will discuss several potential translational targets for modulating either aging or some of its more
pathogenic cardiovascular manifestations. A number of these therapeutic targets have shown some
evidence of success in early testing stages, whereas others await to be tested. In addition, we review
several approaches that have shown some success with preclinical models including specific gene
and cell-based therapy, chemotherapeutic and metabolic modulation, including intervention by free
radical scavengers and other molecules.

Introduction

As we have already pointed out, there are a considerable number of events occurring in aging con-
tributing to both the increased levels of cardiac and cardiovascular dysfunction, which appear to
occur with normal aging, and the enhanced susceptibility of the aged to age-related diseases.

The use of targeted therapies (primarily at the preclinical level), mainly performed with either
animal models or with isolated cells, will be presented in this chapter organized broadly in cate-
gories (with some overlap) of targeted organelles/events that are widely considered to be the primary
contributors to the aging pathology and phenotype; a number of these show considerable promise
in reversing specific aspects of aging. The order that these specific subjects are presented in the text
is not necessarily the order of significance in which they are involved in the aging process, nor in
the success of the therapies employed. These targeted events include: (1) Cell death and remodeling
with both apoptosis and necrosis as targeted events; (2) Initiation of pro-survival/proliferative cell
signaling pathways; (3) Modulation of cardioprotective pathways; (4) Attenuation of oxidative stress
(OS) and reduction of ROS levels and effects; (5) Treating or reversing mitochondrial dysfunction
and structural defects, including mtDNA damage; (6) Removing “biological garbage” (targeting
lysosomes, proteasomes and other approaches for enhancing recycling of cellular components); (7)
Targeting the nucleus to reverse DNA damage and genomic instability, attenuate transcriptional pro-
gramming involved in cell and tissue senescence and restore programming associated with prolifer-
ative growth, and restoration of telomere function; and (8) Restoring sarcomere contractile function
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Fig. 14.1 Targeted therapies in cardiac aging
This diagram shows the effects of targeting specific organelles/events associated with aging including sarcom-
eric/calcium cycling, cytosolic signaling pathways, mitochondria, lysosomes and nuclei. Phenotypic consequences
of these therapies including attenuated cell death, increased growth, attenuated replicative senescence, genomic insta-
bility and increased contractility are shown in the bottom tier.

by modulation of calcium cycling pathways and enzymes. A brief flow-chart detailing the categories
of targeted therapy in aging treatment and how these targeted categories may inter-connect with each
other is outlined in Fig. 14.1.

Primary Targets in Reversing Cardiovascular and Cardiac Aging Damage

Attenuating Cell-Death and Remodeling

As discussed in Chapter 3, there is evidence that suggest a significant relationship between cell-death
and CVD, particularly ischemic heart disease and congestive heart failure (HF), the most common
heart diseases in the elderly. This has provided the rationale for research directed to the treatment
and possible prevention of apoptosis, which may provide a means of decreasing the incidence of
HF as well as a strategy to increase the survival of endothelial and smooth muscle cells (SMCs) in
aging [2]. Interestingly, human endothelial cells from the umbilical vein (HUVECs) tend to acquire a
proapoptotic phenotype when reaching senescence, which likely results from ROS-induced damage
and associated signaling. This susceptibility to apoptosis in endothelial cells (ECs) is in striking
contrast with the replicative senescence exhibited by diploid human fibroblasts at the end of their
life span in which growth-arrested cells are resistant to various apoptotic stimuli [3].

A number of critical steps in the apoptotic pathway have been identified as viable targets vis-
à-vis apoptotic induction and have stimulated the development of efficient apoptosis-modulating
drugs. Interestingly, much of the information on these pathways and their modulators has come from
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recent studies of several forms of cancer which involve the inactivation of the apoptotic process, thus
enabling the cancer cells to continue to proliferate. For instance, compounds directly targeting the
mitochondria to trigger mitochondrial membrane permeabilization and apoptosis may be useful as
efficient cytotoxic drugs to treat hematological malignancies [4]. These include positively charged
α-helical peptides, which are attracted to and disrupt the negatively charged mitochondrial mem-
brane, thus inducing mammalian cell apoptosis when targeted intracellularly, inhibition of Bcl-2
and related antiapoptotic proteins, including antisense oligonucleotides (e.g., Genasense, currently
tested in phase III trials), small molecules that mimic the BH3 dimerization domain of these pro-
teins and kinase inhibitors [5]. While the reverse strategy (i.e., apoptotic inhibition) is more likely
to be beneficial in age-related targeted therapies, the effectiveness of such apoptotic-modulatory
approaches have proved highly informative.

Mitochondrial membrane permeabilization at the mitochondrial PT pore and at the outer mem-
brane (MOMP) has been demonstrated to be a central rate-limiting and critical early step of numer-
ous models of cell death in response to a variety of intracellular and extracellular stimuli. Opening
of the PT pore causes massive swelling of mitochondria, and rupture of the outer membrane. Both
MOMP and the PT pore are thought to be upstream of caspase activation, are in part under the regu-
latory control of the Bcl-2 family and contribute to the release of multiple proapoptogenic proteins
(e.g., cytochrome c, Smac/DIABLO, endonuclease G (Endo G), apoptosis-inducing factor (AIF),
and HtrA2/Omi) from the mitochondrial intermembrane space into the cytosol.

Numerous molecular and pharmacological studies have suggested that the adenine nucleotide
translocator (ANT), an integral PT pore component could be a therapeutic target [6]. ANT is a
bi-functional mitochondrial protein, mediating the exchange of cytosolic ADP and mitochondrial
ATP, and contributing to cell death via its capacity to become a lethal pore. Both ANT functions
are under the control of both the pro- and antiapoptotic factors of the Bax/Bcl-2 family, as well
as of a diverse assortment of agents (e.g., proteins, lipids, ions, pro-oxidants or chemotherapeutic
agents) that can directly modulate the pore-forming activity of ANT. Other components of the PT
pore are the voltage-dependent anion channel (VDAC), cyclophilin-D (Cyp-D: a mitochondrial pep-
tidyl prolyl-cis, trans-isomerase) and the mitochondrial peripheral-type benzodiazepine receptors
(PBRs). Recent studies performed with mice lacking Cyp-D have suggested that Cyp-D is essential
for the PT pore to occur and that the Cyp-D-dependent PT pore appears to be more critical in
necrotic as compared to apoptotic cell death and plays a crucial role in ischemia/reperfusion (I/R)
injury [7, 8]. Cyp-D is targeted by the immunosuppressant cyclosporin A (CsA), which has been
shown to be cytoprotective in many cellular and animal models. Mitochondrial pore opening is inhib-
ited by CsA analogues with the same affinity as they inhibit the peptidyl-prolyl cis–trans isomerase
activity of CyP-D [9]. There is strong interest in designing Cyp-D ligands without immunosuppres-
sant properties, which would have the potential of being useful therapeutic agents in a variety of
disease states [10].

Another potential target is the outer membrane PT pore component, VDAC/porin. Recent obser-
vations have shown that the antiapoptotic proteins Bcl-2 and Bcl-XL block the PT pore by direct
inhibition of VDAC activity. There is also evidence suggesting that direct Bcl-2 blockage of VDAC
homodimerization determines its gating capacity to cytochrome c and represents a novel mechanism
for inhibition of apoptosis [11].

Another putative component of the PT pore, highly abundant in cardiovascular cells (e.g.,
endothelium, the striated cardiac muscle, the vascular smooth muscles as well as circulating cells),
is the peripheral-type benzodiazepine receptors (PBRs), whose role in cell death is less clear. A large
array of synthetic ligands is available with affinity for PBR including both proapoptotic (FGIN-1-27)
and antiapoptotic (SSR180575) effects, suggesting that PBR may represent a promising therapeutic
target [12].

While it has become evident that not all apoptotic stimuli trigger PT pore opening, several studies
have suggested that stimuli, such as calcium overload, OS, or I/R injury, can mediate cytochrome
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c release directly through the PT pore. Recently, peptides have been employed to target PT pore
function and modulate apoptotic and/or necrotic induction [13]. Moreover, experiments with tissue-
targeted Bcl-2 overexpression (to be further discussed in a later section of this chapter) have shown
attenuation of apoptosis and cardiac dysfunction in an animal model of cardiomyopathy [14]. Using
strategies that combine co-immunoprecipitation, proteomics, and functional tests with proteolipo-
somes, a number of the intra/inter-PT pore protein interactions have been characterized leading to
a finer elucidation of the process of mitochondrial membrane permeabilization [15]. This type of
approach may also identify other interacting factors and regulators of PT pore function in cell death.

Since myocardial I/R injury involves both apoptotic and necrotic cell death, specifically target-
ing only apoptosis may not be adequate in entirely stemming myocardial injury. Recent studies in
Langendorff-perfused rabbit hearts subjected to global ischemia showed that the contribution of
necrosis to infarct size is significantly greater than that of apoptosis, and that treatment with irre-
versible caspase-3, -8, and -9 inhibitors reduced apoptosis in early reperfusion, but this protection
does not result in improved immediate postischemic functional recovery i.e., left ventricular peak
developed pressure (LVPDP) and systolic shortening (SS) [16].

Initiating Pro-Survival Pathways

An alternative strategy for reversing cell death progression involves the regulated activation of anti-
apoptotic, prosurvival pathways. Studies with IGF-1 have shown that overexpression of this growth
factor as well as activation of components of the downstream Akt/PI3K/PKB signaling pathway
can have a marked antiapoptotic effect on cells in vitro and in vivo. In addition to its effectiveness
in preventing cardiac apoptosis and promoting survival of cardiomyocytes, IGF-1 overexpression
confers extensive cardioprotection in both mouse and rat heart after myocardial infarction (MI) and
I/R injury [17–21]. While the precise mechanism by which the IGF-1/PI3K pathway inhibits apop-
tosis has not yet been fully defined, considerable evidence indicates that both IGF-1 and PI3-kinase
(PI3K) inhibit apoptosis by maintaining high levels of the antiapoptotic protein Bcl-2, largely by
activation of the transcription factor cAMP response element-binding protein (CREB) [22–24] and
by increasing the phosphorylation of the proapoptotic factor Bad [25]. Moreover, studies with IGF-1
overexpressing mice have shown that IGF-1 mediates many of the effects of growth hormone (GH)
on cardiovascular structure and function, and that IGF-1 can promote cardiomyocyte hyperplasia
and hypertrophy, improve contractility and inhibit apoptosis [21].

Gene products implicated in growth arrest and senescence, such as p27Kip1, p53, p16INK4a,
and p19ARF while present in myocytes of young wild-type mice were significantly increased with
age [26]. Levels of these proteins were markedly attenuated in transgenic mice containing overex-
pressed IGF-1. In wild-type aging mice, telomerase activity was diminished; reduced nuclear levels
of both telomerase and phospho-Akt resulted in marked telomere shortening and uncapping, and a
subpopulation of myocytes (identified as cardiac stem cells) was targeted by senescence and death. In
contrast, in IGF-1 transgenic aging mice, telomerase activity and Akt phosphorylation were elevated
paralleled by delayed cellular aging and death. Furthermore, in mice with the IGF-1 transgene, the
cardiac stem cell population was able to regenerate preventing ventricular dysfunction.

Targeted treatment with exogenous IGF-1 can retard or reverse specific age-related changes
in cardiovascular structure and function. In a study assessing the effect of cardiac overexpression
of IGF-1 on cardiomyocyte contractile function conducted in young (3 months) and old (26–28
months) mice, the introduction of a IGF-1 transgene had a beneficial effect on aging-associated car-
diomyocyte contractile dysfunction, which could be mimicked by short-term treatment in vitro with
recombinant IGF-1 (500 nM) [27]. Interestingly, increased advanced glycation endproducts (AGE)
and protein carbonyl levels, normally found in aged mice, were present and not affected by IGF-1
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treatment whereas aging-mediated reduction in SERCA2 expression and activity were reversed. This
suggests that the IGF-1 benefit to contractility may be related to improved Ca2+ uptake. Recent, data
collected in our laboratory showed that IGF-1 also can reverse the mitochondrial dysfunction that
occurs with ischemic injury in isolated rat cardiomyocytes.

A similar antiapoptotic, cardioprotective effect versus acute I/R injury has been reported with
other growth factors including the cytokine and hepatocyte growth factor (HGF). Gathered obser-
vations have shown that post-MI treatment with either the HGF gene or protein attenuates chronic
cardiac remodeling and dysfunction in both rat and mouse models [28]. Moreover, HGF can confer
cytoprotection versus apoptosis (as well as enhance the repair of DNA strand breaks) by signaling
through PI3K/Akt and by up-regulating expression of the anti-apoptotic protein Bcl-XL [29].

Growth hormone (GH) has been found to reverse many of the deficits in cardiovascular function
in aged animals and humans [30]. Long-term GH replacement in 30 month old Fischer 344 rats
preserved diastolic function and attenuated left ventricular remodeling associated with normal aging.
These changes were accompanied by reduced cardiac angiotensin II (Ang II), attenuation in cardiac
collagen and restoration of IGF-1 levels [31]. This may be in part due to stimulation of IGF-1
expression, which is under GH regulation. Moreover, administration of GH to aged rats provided
protection against postischemic ventricular dysfunction [32].

Modulation of Cardioprotection Pathways as a Potential Strategy

As previously noted, in animal models a variety of treatments have been shown to provide protection
to myocardium against ischemic injury. For instance, in ischemic preconditioning (IPC) a single or
multiple brief periods of ischemia can protect the heart against a more prolonged ischemic insult.
This robust form of cardioprotection has been widely documented in animal models as well as in
cardiomyocytes in vitro, and appears to occur in humans in response to balloon angioplasty and
angina [33–35]. IPC has been shown to have an acute and a delayed cardioprotective phase, both
involving the activation within the myocyte of specific triggering pathways including mediating
signals, transducing components and end-effectors [36–39]. Treatment with a variety of chemicals
can substitute for IPC, generating cardioprotective responses that share aspects of the IPC model
involving a variety of cell signaling pathways (many in common with IPC) that appear to converge
on several cardiomyocyte end-effectors. This pharmacological preconditioning includes the targeted
use of volatile anesthetics, potassium channel openers, nitric oxide donors and modulators of some
of the downstream components including erythropoietin, statins, insulin, glucagon-like peptide 1 and
pyruvate (see Table 14.1). In addition, application of some of these stimuli (either a brief regimen of
I/R or the use of pharmacological agents) at the time of reperfusion can also trigger what is termed
a post-conditioning cardioprotective pathway that involves many of the same components involved
in ischemic/anesthetic preconditioning pathways [40, 41].

These complex signaling cardioprotective pathways, which contain many shared elements, are
comprised of components including ligand stimuli or triggers (e.g., adenosine, bradykinin), cell-
surface receptors, sarcolemmal and mitochondrial ion channels (e.g., KATP channels), protein kinases
(e.g., PI3K, tyrosine kinases, PKC-ε) and a variety of cellular effectors, including the PT pore.
A central substrate for cardioprotection resides in the mitochondria providing critical signals (and
potential therapeutic targets) at discrete stages within these cardioprotective pathways including
ROS generation, calcium flux, bioenergetic function and metabolic uncoupling as well as the regu-
lation of pivotal early events in the apoptotic pathway [36–39].

The cardioprotective potentials of IPC and post-conditioning have been difficult to realize in
clinical practice as they necessitate highly invasive interventions, applied either before the onset of
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Table 14.1 Pharmacological approaches to cardioprotection

Class Specific drug/chemical

Potassium channel openers Nicorandil
Diazoxide
Pinacidil
Cromakalin

Potassium channel blockers Glibenclamide
5-HD

Inhibitors of mitochondrial PT pore Cyclosporin A

Receptor-mediated signaling
pathways/ligands

Adenosine
Opioids
Bradykinin
Acetylcholine
Endothelin
PKC-TIP

Sphingolipid/ceramide signaling Ceramide
Sphingosine
Chelerythrine
(Pan-PKC inhibitors)

Mitochondrial-generated ROS and lipid
peroxidation

Idebenone
FCCP
DNP
Coenzyme Q
Quercetin
Carvedilol

Other pharmacological agents Erythropoietin (EPO)
Statin (avorstatin)
Glucose-insulin-potassium (GIK)
Insulin
Nitroglycerin
Pyruvate
Glucagon-like peptide
Sidenafil
Monophosphoryl lipid A

the ischemic insult, which is difficult to predict, or during reperfusion. Therefore, pharmacological
preconditioning at the time of myocardial reperfusion may eventually have greater applicability.

Unfortunately, at present there is only limited data from preclinical studies concerning the use
of cardioprotective approaches in the elderly; most studies have been conducted with young and
healthy animals. Limited preclinical observations have indicated that there is a reduced cardio-
protective efficacy of volatile anesthetic preconditioning with advanced age in rat. Furthermore,
other experimental studies performed in rodents using infarct size and hemodynamic measures to
assess cardioprotection, found that IPC effects are diminished or abolished in the old heart [42, 43].
Interestingly, studies in aging rabbits and sheep have generally found that IPC reduces the infarct
size [44, 45].

Abete et al. have reported that the cardioprotective effect of angina before acute MI in adults
was significantly reduced in the elderly population [46]. Lee et al. have demonstrated that a loss
of the effectiveness of preconditioning in elderly patients undergoing coronary angioplasty was
likely secondary to an attenuated activation of the myocardial KATP channels [47]. Interestingly, the
impaired preconditioning responsiveness in the elderly could be reversed by administration of the
potassium channel opener (KCO) nicorandil or by a prolonged ischemic period (lengthened to 180
seconds). Other investigators found that IPC had no beneficial effect on the postischemic functional
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recovery of senescent human myocardium [48], and no differences were found in the expression of
cardioprotective proteins such as HSP70, PKC-δ and Bcl-2/-xL in elderly patients, however other
critical proteins were not examined [49].

One rationale for this loss of cardioprotective response may be related to the observed age-
related alterations in the expression and activation of proteins key to the cardioprotective process.
Reduced levels of these critical cardioprotective proteins include nitric oxide synthase (NOS), a
central player in the delayed preconditioning response, the sodium-hydrogen exchanger (NHE),
the mitogen-activated protein (MAP) kinases, c-Jun N-terminal Kinase (JNK), extracellular signal-
regulated kinase (ERK), and p38 [50].

Consistent with age-related changes in the cast of cardioprotective players, several studies have
suggested that preconditioning cardioprotective responses do occur in aging albeit with pronounced
changes in the transducing elements. Moreover, senescent myocardium is more sensitive to ischemia
compared to young adult myocardium which suggests that the protective pathways existing in adult
myocardium are modified or impaired by aging [51]. For instance, data obtained from adult cohorts
have implicated activation/translocation of specific isoforms of protein kinase C (e.g., PKC-ε as an
important cellular mediator of myocardial infarct size reduction with IPC). However, in older rabbits,
IPC-induced cardioprotection was maintained despite treatment with either a PKC-ε translocation
inhibitor peptide (PKC-ε-TIP) inhibitor or the pan-PKC inhibitor chelerythrine suggesting that IPC
in the aging rabbit was not associated with activation/translocation of PKC-ε [52]. Recent studies
conducted with 24–26 month old Fischer 344 × Brown Norway hybrid (F344 × BN) rats showed
that treatment with the adenosine A1/A(2a) agonist AMP579 resulted in a 50% greater infarct size
reduction in aged compared to adult rats suggesting that adenosine A1 and A(2a) receptor-mediated
effects are not only diminished in normal aged myocardium, but rather that aged hearts exhibit
increased adenosine agonist-induced infarct reduction [53]. This confirmed earlier findings that
adenosine-enhanced IPC provides enhanced cardioprotection in the senescent rabbit heart [54],
albeit in contrast with several other studies (as reviewed by Willems et al.) [55]. Interestingly,
transcription analysis of murine adenosine receptor transcription demonstrated selective modulation
of receptor isotypes with age-related reduction in some subtypes (e.g., Adora3), enhanced induc-
tion (e.g., Adora3) and others unchanged, although significantly declining during ischemia (e.g.,
Adora1) [56]. Other investigators have suggested that there are significant age-mediated changes in
adenosine-receptor mediated cardioprotection which occur at the level of receptor coupling, genera-
tion of protective “signal” (adenosine formation), and/or at sites within signaling cascades triggered,
albeit the molecular basis remains unclear [55]. Studies with overexpression of adenosine receptors
have shown that overexpression of adenosine receptor subtypes in aged mice bolsters adenosinergic
cardioprotection and restores ischemic tolerance to levels found in young myocardium [57].

Given the broad array of animal models used, the different preconditioning regimens, age of
subjects and disparate end-points used to gauge successful preconditioning/cardioprotection, it is not
entirely surprising that a number of studies have also challenged the view of an aging-diminished
cardioprotective response in studies with aging mice, rats and humans [58–61]. Clearly, more well-
designed, large-scale studies to be conducted with both older animal models as well as with clinical
subjects will be critical in defining and refining effective cardioprotection in the elderly. In addition
to the growing list of pharmacological agents that can be used in providing cardioprotection, a
therapeutic cocktail of several factors may provide enhanced cardioprotection as found with com-
bined growth factor treatment [platelet-derived growth factor-AB (PDGF-AB), vascular endothelial
growth factor and angiopoietin-2] in the reversal of senescent dysfunction in aging Fischer rats [62].
While new drugs/pharmacological agents will likely be developed that can target downstream events
(e.g., end-effectors) in the cardioprotective pathway bypassing any upstream age-related signaling
defects (e.g., receptors and kinase transducers), extreme caution will have to be taken in their use to
ensure their specificity of action and that they do not interfere with endogenous protection-signaling,
diminishing the protective response already altered by “physiological” aging [63]. For instance, the
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use of antioxidants and ROS-scavengers to prevent deleterious ROS-accumulation can interfere with
ROS signaling (which plays an obligatory role as a trigger of pre- or post-conditioning) and can
attenuate cardioprotection.

Attenuating the Generation of OS and Reducing ROS

As noted in previous chapters, there is a large body of evidence implicating ROS in many of the
deleterious effects of cardiovascular aging. As such, there has been an intensive effort to employ
agents that can stem ROS accumulation and reverse cardiac/cardiovascular dysfunction and restore
a more youthful phenotype. The primary strategies have aimed at bolstering the capability of the
cells to neutralize or detoxify ROS. The tactic of attenuating ROS production is a more difficult
proposition since ROS is produced as a by-product of normal bioenergetic metabolism. A third
approach, which will be discussed in a later section, involves reversing ROS-mediated damage.

Bolstering myocardial antioxidant responses has been a primary tactic. Adenoviral-mediated
gene transfer of extracellular superoxide dismutase (EcSOD) restored the relaxation of aorta in
response to acetylcholine which was impaired in 29–31 months old Fischer rats with an associated
reduction in superoxide levels [64]. Previous studies have shown that intravenous injection of ade-
noviral vectors expressing EcSOD in rats with HF (due to coronary artery ligation) similarly led to
reduced levels of superoxide and improved relaxation in the aorta and mesenteric artery in response
to acetylcholine and ADP [65]. Moreover, this study demonstrated that the heparin-binding domain
(HBD) of EcSOD, by which EcSOD binds to cells, is required for protective effects of EcSOD
against endothelial dysfunction in HF. In addition, introduction and overexpression of CuSOD in
targeted cells can enhance intracellular generation of H2O2, which can significantly stimulate VEGF
production and potentially impact angiogenesis [66].

Cardiac-targeted adenoviral-mediated gene transfer of SOD has been shown to be effective with
MnSOD in reducing I/R injury in rats [67], and in attenuating contractile dysfunction after I/R in
mice [68]. Adenoviral mediated gene transfer of EcSOD in rabbits to increase systemic levels of
EcSOD was shown to provide protection against MI generated by a 30 min coronary occlusion with
a reduction of infarct size of 25% [69]. Interestingly, relatively similar findings were obtained with
gene transfer and overexpression of a chaperone, the heat shock protein HSP70 [70].

Adenoviral-mediated transfer of catalase in the mouse myocardium was sufficient to prevent the
stunning associated with 15 min of ischemia followed by reperfusion [71], as well as effective in
attenuating contractile dysfunction after I/R [68]. Moreover, transgenic mice containing a catalase
gene localized in cardiac mitochondria showed reduction in aging cardiac pathology, significant
reduction in oxidative damage, reduced H2O2 production and H2O2-mediated damage as well as
significantly increasing life span [72], findings that are among the strongest pieces of evidence
supporting primary roles of ROS and mitochondria in aging.

Heme oxygenase is another antioxidant enzyme that has been successfully delivered using viral-
mediated gene transfer to the myocardium to relieve ischemic injury [73, 74]. Using a recombinant
adeno-associated virus (rAAV) as a vector for direct delivery of the human heme oxygenase-1 (HO-
1) gene into the rat myocardium, 8 weeks before acute coronary artery ligation, achieved a significant
reduction in MI. Reduction in infarct size was accompanied by decreased myocardial lipid perox-
idation, proapoptotic Bax and proinflammatory interleukin-1� protein abundance, in parallel with
increased Bcl-2 protein level suggesting that the HO-1 transgene exerts its cardioprotective effects
in part by reducing OS, associated inflammation and apoptotic cell death [75]. Recent studies have
demonstrated that this construct had a considerable impact on postinfarction changes, markedly
reducing fibrosis and ventricular remodeling as well as restoring LV function and chamber dimen-
sions [76].
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HO-1 may provide long term cardioprotection against repeated, chronic forms of ischemic
insult [74]. Since myocardial gene therapy as a targeted intervention against acute cardiac insults
(e.g., myocardial ischemia) may have limited efficacy because an extensive period of time is needed
for transgene introduction, transcription, translation, and processing of the transgene product, it may
be more efficacious to employ a prophylactic or preemptive use of gene therapy to mount a protective
response to potential adverse cardiac events. To implement this approach, a cardioprotective vigilant
plasmid vector was developed for cardiac-specific expression, and hypoxia-regulatable expression
of therapeutic transgenes [77], which provided an oxygen biosensor (i.e., the oxygen-dependent
degradation, ODD, domain derived from HIF-1α) fused to the GAL4 transactivator protein under
the control of the MLC-2v promoter, located on a sensor plasmid vector. Under hypoxic condi-
tions, the GAL4-ODD protein, which is produced in myocytes, binds and activates the expression
of HO-1 equipped with a GAL4 upstream activating sequence site located on a second (effector)
plasmid [78]. Rapid and robust cardiac-specific HO-1 transgene expression has been reported with
this vector system in transfected cardiomyocytes (H9C2 cells) upon exposure to low oxygen. In a
mouse model of MI, transfection with a similar vigilant vector containing HO-1 resulted in marked
HO-1 gene upregulation in response to ischemia, significant reduction of apoptosis in the infarct
area, and improved cardiac function [79]. Pachori et al. have reported another preemptive strategy
using AAV vectors containing human HO-1 and driven by an erythropoietin gene-derived HRE
sequence [74]. Administration of this construct into the rat heart prevented the I/R injury induced
by MI 8 weeks later. Ischemia resulted in approximately a 50-fold induction in human HO-1 over
endogenous rat HO-1. In addition, there was an immediate and sustainable increase in total HO-1
protein levels in human HO-1-transduced animals after 1 hour of ischemia.

Whether this approach of regulatable gene therapy, dependent on the activity of endogenous
transcription factors, may present limitations related to a potential disturbance in the expression of
endogenous genes remains to be seen [80]. Clearly, long-term preclinical studies will be warranted
to test these concerns prior to clinical application.

Considerable evidence supports the concept that overexpression or upregulation of heme oxy-
genase may be used to provide vascular protection in the aging individual through its antioxidant,
antiapoptotic and anti-inflammatory effects [81]. Absence of HO-1 has been suggested to exacerbate
atherosclerosis because overexpression of HO-1 in several animal models has been shown to prevent
the development of atherosclerosis [82–84].

The role of the antioxidant metallothionein (MT) in aging has been examined in mice containing
a cardiac-specific metallothionein transgene [85]. MT-containing mice exhibited a longer life span.
Moreover, aging-induced changes in myocyte contractile function, OS (e.g., increased superoxide
generation) and related protein biomarkers (cytochrome c release, p47phox expression and reduced
aconitase activity) were attenuated by MT, and MT-containing myocytes were more resistant to
apoptosis. In a follow-up study, Fang et al. have reported that MT-mice displayed a parallel atten-
uation in both age-related cardiac contractile dysfunction (e.g., prolonged TR[90] and intracellular
Ca2+ decay) and aberrant insulin signaling (e.g., reduced Akt expression and insulin-stimulated
Akt phosphorylation, elevated PTP1B expression and diminished basal insulin receptor tyrosine
phosphorylation) [86]. These data suggest that an enhanced antioxidant defense is beneficial for
aging-induced cardiac contractile dysfunction and alteration in insulin signaling.

It is well-established that detoxification of mitochondrial ROS is regulated by induction of the
SOD2 gene, which encodes the mitochondrial-localized manganese-dependent superoxide dismu-
tase (MnSOD); however, the mechanisms by which mitochondrial OS activates cellular signaling
pathways leading to induction of nuclear genes have only recently been unveiled. Storz et al. have
recently demonstrated that mitochondrial ROS activates a signal relay pathway in which the ser-
ine/threonine protein kinase D (PKD), acting as a mitochondrial sensor of OS, activates the NF-κB
transcription factor leading to induction of SOD2 [87]. PKD is localized to the mitochondria in
cells exposed to both exogenous and mitochondrial ROS, where it is phosphorylated and activated.
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Subsequently, PKD likely dissociates from mitochondria in an activated state and phosphorylates
substrates such as those which participate in NF-κB activation, although how this occurs is not
known. SOD2 promoter activation was shown to be dependent on PKD since RNAi-mediated silenc-
ing of PKD blunted SOD2 induction. This conclusion is supported by findings with cells containing
constitutively active PKD alleles which also increased SOD2 reporter activity and MnSOD protein
expression [88]. This study identified an important and missing link to targeting aging effects and
age-related diseases, which have been linked to mitochondrial dysfunction.

As previously discussed, caloric restriction (CR) decreases mitochondrial ROS generation
and oxidative damage to mtDNA and mitochondrial proteins, and increases maximum longevity,
although the mechanisms responsible for this remain unknown. Recent observations have suggested
that protein restriction and more specifically methionine restriction also produce similar changes
independent of energy restriction [89]. Male rats subjected to methionine restriction (MetR) exhibit
markedly decreased mitochondrial ROS production, mtDNA oxidative damage, and levels of
markers of protein oxidation measured in heart and liver mitochondria [90]. Furthermore, the con-
centration of respiratory complexes I and IV also decreases in MetR. The decrease in mitochondrial
ROS generation (derived from complexes I and III in liver and complex I in heart) appears to be
due to increase efficiency of the respiratory chain to avoid electron leak to oxygen. Moreover, in
addition to a role in lowering the rate of mitochondrial ROS generation, lowering of methionine
levels by MetR also appears to decrease the sensitivity of proteins to oxidative damage, which may
further contribute to control of vertebrate longevity.

Directly Targeting Mitochondrial Dysfunction and Structural Defects

As previously noted, mitochondria play a critical role in the cardiac pathology associated with age
as well as in the generation of ROS that potentially initiates, accompanies and amplifies the effects
of aging on the cardiovascular system, and in particular in the heart. Some of these effects from
mitochondria appear to stem from the mitochondrial involvement in cell-death signaling and its
role as ROS producer. In Chapter 4, we have also described the significant aging-related effects
on cardiac mitochondrial bioenergetic function at the levels of the respiratory chain, the membrane
potential and fatty acid beta-oxidation, which is further exacerbated by the toxic effects of ROS on
mitochondrial protein, lipid structure and mitochondrial DNA integrity.

The role of mitochondrial DNA mutations in aging has more recently taken center stage after
the striking findings in transgenic mouse strains containing increasing mtDNA mutation levels (so
called mutator strains). These mouse strains have markedly reduced longevity and also display many
of the manifestations seen in premature aging phenotypes in humans such as reduced life span,
weight loss, hair loss, curvature of the spine, loss of bone mass, decrease in red blood cells and
testicular atrophy [91–93]. While the mitochondrial bioenergetic phenotype was effected in one of
these constructs (as was the propensity towards apoptosis) surprisingly, the levels of mitochondrial
ROS or of ROS-associated damage were not significant. It is noteworthy that these transgenic strains
were constructed by the introduction of a nuclear-DNA encoded error-prone DNA polymerase γ into
these mice. Interestingly, a transgenic mouse strain containing a cardiac-specific overexpression of
the error-prone DNA polymerase also accumulated point mutations and deletions in mtDNA, but
did not show evidence of OXPHOS impairment, increased OS or antioxidant responses; these mice
developed dilated cardiomyopathy within 4 weeks of age associated with a wave of myocyte apop-
tosis [94]. Therefore, the mechanism of how these mutant mitochondrial genomes may contribute to
the premature aging phenotypes remains uncertain.

One approach to correcting mtDNA defects is by supplementing mtDNA repair systems. Several
studies have reported that using gene therapy DNA repair enzymes can be introduced into the
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mitochondria. Mitochondria contain several endogenous enzymes (all nuclear encoded) to remove
oxidative alterations from mtDNA, largely resulting from ROS production. Several human DNA
glycosylases: UNG (uracil DNA glycosylase), OGG1, hMYH (the human homologue of Escherichia
coli MutY, which excises mispaired adenine opposite 8-oxoguanine) and hNTH1 (the human homo-
logue of E. coli endonuclease III) have been localized to mitochondria [95]. The OGG1 enzyme
acts on oxidized purines such as 7,8-dihydro-8-oxoguanine (8-oxoG), a highly mutagenic oxidative
lesion whose levels in mtDNA significantly increases with age [96]; an age-associated increase
in this enzyme has been reported in both rat liver and heart mitochondria indicating induction
of this 8-oxo-dG-specific repair pathway with age [97]. hOGG1, a human homologue of the E
coli mutM DNA glycosylase/AP lyase encodes four isoforms from distinct transcripts generated
by alternative splicing, three of which are targeted to mitochondria. Using a vector containing a
mitochondrial transport sequence located upstream of the hOGG1 cDNA sequence, transfection of
Hela cells resulted in enhancing the repair of mtDNA oxidative damage and increasing the capacity
for cells to survive and continue to divide after an oxidative insult (i.e., treatment with increasing
dosage of menadione) [98]. Furthermore, the physiological role of the transfected hOGG1 gene
when placed under the control of a tetracycline-regulated promoter has also been investigated [99].
Transfected cells that conditionally expressed OGG1 in the absence of the tetracycline analogue
doxycycline, and targeted this recombinant protein to mitochondria, were generated and displayed
an eight-fold increase in the amount of a functional OGG1 protein in mitochondria. These cells
were more proficient at repairing oxidative damage in a synthetic oligonucleotide substrate con-
taining 8-oxoguanine, as well as in their own mtDNA with menadione-induced oxidative dam-
age; this increased repair capacity was shown to lead to increased cellular survival following OS.
Experiments in which either a wild-type or R229Q mutant hOGG1 were transfected in Hela cells,
and targeted to either the mitochondria or nucleus, demonstrated that overexpression of wild-type
hOGG1 resulted in increased cellular survival when compared to vector or mutant overexpression
of hOGG1 [100]. In contrast, mitochondrially-targeted mutant hOGG1 resulted in increased cell
death compared to nuclear targeted mutant hOGG1 upon exposure of cells to oxidative damage.
Moreover, mutant hOGG1 in the mitochondria resulted in reduced mitochondrial DNA integrity (as
gauged by real-time quantitative PCR) when compared to the wild-type suggesting that deficiencies
in hOGG1, especially in the mitochondria, may lead to reduced mtDNA integrity and consequently
result in decreased cell viability. Similar constructs have been used to introduce endonuclease III
and endonuclease VIII in the mitochondria to enhance the repair of pyramidine oxidative lesions
in mtDNA, leading to increased cellular resistance to OS [101]. Comparable results have been
reported in cultured oligodendrocytes with transfected hOGG1 and they have been shown to stem
menadione-induced apoptosis, reducing the release of cytochrome c from the intermitochondrial
space and caspase 9 activation [102]. However, to the best of our knowledge these experiments have
not yet been carried out specifically with aging cells or in cardiomyocytes or with animal models
in vivo.

The transfection and subsequent expression of full-length mtDNA in mammalian mitochondria
has not yet been successfully accomplished. As a result, and in contrast to gene therapy for chromo-
somal DNA defects, mitochondrial gene therapy remains a field that is still in its infancy and attempts
towards gene therapy of the mitochondrial genome have been rare. One approach to surmount this
limitation has deployed the delivery of DNA into mitochondria in conjunction with a conjugated
peptide containing a mitochondrial leader sequence (MLS) recognized by the mitochondrial translo-
case/protein import apparatus; small peptide nucleic acids (PNAs) attached to oligonucleotide have
been delivered to the mitochondria in this way. Efficient delivery of these constructs into the mito-
chondrial matrix has been achieved with the use of cationic liposomes [103, 104], and, even more
effectively, with cationic polyethylenimine [105]. Using this approach, a mitochondrial-specific
delivery system has been recently developed using DQAsomes, liposome-like vesicles formed in
aqueous medium from a dicationic amphiphile called dequalinium [106]. These DQAsomes can also
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bind and carry DNA (as well as drugs), are able to transfect cells with a high efficiency, and selec-
tively accumulate in the mitochondrial organelle releasing their load. Moreover, in addition to PNA-
oligonucleotides, MLS peptide conjugated with plasmid DNAs can be incorporated and condensed
within the DQAsomes and exclusively delivered to the mitochondrial compartment [107, 108], albeit
these experiments have not yet directly demonstrated the mitochondrial-specific expression of a
transgene delivered to mitochondria by these vesicles.

Another approach to correcting mtDNA defects involves expression of the mitochondrial gene
of interest in the nucleus with subsequent targeting of the gene product to the mitochondria, via
the mitochondrial translocase/import apparatus. This approach also termed allotopic expression has
been carried out with mammalian cells in culture with only a few mitochondrial structural genes
(i.e., ATPase6, ND4) [109–111]. However, this approach has not been reported with tRNA, or rRNA
molecules nor is it feasible with the important non-coding regulatory D-loop region, genetic loci
which have been shown to bear many of the most deleterious, pathogenic and common mutations in
mtDNA. In addition, competition or toxic effects due to the endogenous mitochondrial product are
a concern and gene replacement methods are not evident.

Several convergent lines of evidence have suggested that mitochondrial complementation can
occur in mice and human cells [112–114], and that mitochondria can share information with each
other through fission and fusion processes. Early studies suggested that exogenous mitochondria
added to cells could be incorporated as transforming elements, with chloramphenicol-sensitive mam-
malian cells acquiring a resistant phenotype from isolated mitochondria from a chloramphenicol-
resistant cell line, presumably via mitochondrial endocytosis [115]. With data obtained from cell
fusion studies, Enriquez et al. have suggested that inter-mitochondrial complementation between
mammalian mitochondria carrying two different non-allelic mtDNA mutations, indicating a capacity
of mitochondria to fuse and mix their contents, was a relativity rare event although this capacity may
become activated in some developmental or physiological situations, and may be very much depen-
dent on the nuclear genetic background which regulates the mitochondrial fusion/fission machin-
ery [116, 117].

Strong evidence for the presence of extensive in vivo inter-mitochondrial complementation was
shown in transgenic mice carrying an exogenously-introduced mutant mtDNA with a deletion of
4,696 bp (mtDNA4696) [113]. In all tissues examined containing the mtDNA4696 deletion, Nakada
et al. found mitochondria with normal COX activity (preventing those mice from expressing dis-
ease phenotypes) until the deletion accumulated to high levels. They also found no evidence of
the coexistence of COX-positive and -negative mitochondria within single cells indicative of the
occurrence of in vivo inter-mitochondrial complementation by the exchange of mitochondrial con-
tents between exogenously introduced mitochondria with mtDNA4696 and host mitochondria with
normal mtDNA. An important implication from these studies relates to the possibility that transcom-
plementation (via gene therapy) may rescue human somatic cells and tissues from aging-dependent
mtDNA mutations and dysfunction [118].

Another related recent study has further documented mammalian mitochondrial transfer in vitro
from skin fibroblast or adult stem cells (i.e., human mesenchymal stem cells) co-cultured with
respiratory-deficient A549 p◦ cells (p◦ are cells that lack mtDNA). This active transfer of mito-
chondria from one cell-type to another, resulted in rescued mitochondrial function (gauged by
increased ATP levels, ETC function and mitochondrial membrane potential and restored translation
of mtDNA-encoded proteins) and diminished ROS levels in the recipient A549 p◦ cells [119]. While
cell fusion was excluded in this study, the mechanism of mitochondrial transfer (which may involve
vesicular transfer) remains undetermined thus far. Furthermore, it is not clear whether all mitochon-
dria were transferred or whether the recipient cell incorporated isolated mitochondrial components
such as the mtDNA. The utility of this finding in rescuing cells from aging-damage mitochondria
by transfer of normally functioning mitochondria from wild-type cells (an approach that most likely
will be implemented ex vivo) remains to be tested in other cell types including cardiomyocytes.



Primary Targets in Reversing Cardiovascular and Cardiac Aging Damage 455

Significantly, new prospects appear to be available for the targeting and reversing of mtDNA
damage in aging [120]. Moreover, therapies aimed at other targets of aging-induced mitochondrial
damage are also being developed. This includes therapies to enhance the repair of oxidatively dam-
aged mitochondrial proteins [121], indirect strategies aimed at remedying the age-mediated decline
in fatty acid beta oxidation function by upregulating the global regulator PPAR-α with exercise
training [122], or atorvastatin treatment [123], and non-specific treatments with agents known to
have a beneficial effect on mitochondrial bioenergetic metabolism including creatine, coenzyme Q10,
Gingko biloba, nicotinamide, riboflavin, carnitine, lipoic acid, pyruvate and dichloroacetate [124].
In addition, the selective delivery to the mitochondria of a variety of compounds (e.g., antiapoptotic
drugs, antioxidants, and proton uncouplers) could be used as an alternative strategy in the treatment
of age-mediated mitochondrial dysfunction. For instance, the previously mentioned DQAsome can
also deliver drugs that trigger apoptosis to mitochondria and inhibit carcinoma growth in mice.
For instance, a synthetic ubiquinone analog (termed mitoQ) containing the addition of a lipophilic
triphenylphosphate cation has been selectively targeted to the mitochondrial compartment [125].
These positively charged lipophilic molecules can rapidly permeate the mitochondrial lipid bilayers
and accumulate at high levels within negatively charged energized mitochondria [126]. Significant
doses of these bioactive compounds can be orally administered to mice over long periods of time
and accumulate within most organs, including the heart and brain. Interestingly, the incorporation
of mitoQ within mitochondria has been shown to prevent apoptotic cell death and caspase activation
induced by H2O2 (in isolated Jurkat cells) and can function as a potent antioxidant, preventing
lipid peroxidation and protecting mitochondria from oxidative damage. In addition, feeding mitoQ
to rats significantly decreased heart dysfunction, cell death, and mitochondrial damage after I/R
injury [127].

There is evidence that this approach of targeting bioactive molecules to mitochondria can be
adapted to other neutral bioactive molecules, offering a potential vehicle for testing mitochondrial-
specific therapies of aging. For instance, synthetic peptide, cell-permeable antioxidants containing
dimethyltyrosine, concentrate in mitochondria by over 1,000-fold, can reduce intracellular ROS
and cell death in a cell model. In ischemic hearts, these peptides were shown to potently improve
contractile force in an ex vivo model [128]. In addition, the successful incorporation of another
modified antioxidant, a synthetic analog of vitamin E (MitoVitE) into the mitochondrial matrix has
been shown to significantly reduce mitochondrial lipid peroxidation and protein damage and can
accumulate after oral administration at therapeutic concentrations within the cardiac tissue [129].
This type of approach critically needs to be further tested in aging animal models and may have
enormous clinical benefit. Moreover, this approach of targeted-organelle delivery of drugs can be
adapted to other organelles which as we shall shortly see can also contribute to the aging phenotype.

Removing “Biological Garbage” (Targeting Lysosomes, Proteasomes
and Other Approaches for Enhancing Catabolic Remediation)

In Chapter 4, we discussed the cellular requirement for the removal of worn-out and defective
macromolecules and organelles and their degradation by proteases including calcium-dependent
neutral proteases (calpains), multicatalytic proteinase complexes (proteasomes) and by lysosomes
using autophagy. Since the proteasome has been implicated in both general protein turnover and
the removal of oxidized protein, its fate during aging has been of increasing interest, with the evi-
dence indicating that impaired proteasome function occurs with age in different cellular systems,
particularly in nondividing (post-mitotic) cells [130]. Marked decrease in the activity of both the
proteasomal system and the lysosomal proteases was reported during the senescence of nondividing
fibroblasts, with the peptidyl-glutamyl-hydrolyzing activity of the proteasome particularly inhibited.
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This decline in proteolytic capacity was accompanied by increased accumulation of oxidized pro-
teins [131]. Other studies have found that severe OS causes extensive protein oxidation, directly
generating protein fragments, cross-linked and aggregated proteins, that become progressively resis-
tant to proteolytic digestion, and which can bind to the 20S proteasome acting as irreversible
inhibitors [132]. The progressive inhibition of the proteasome by binding to increasing levels of
oxidized and cross-linked protein aggregates appears both during aging and in many age-related
diseases/disorders [133].

Previously we have discussed the sequence of events and specific proteins involved (e.g., atg
proteins) in autophagosome formation and the contribution of a variety of signaling pathways in
its regulation, including pathways involving insulin signaling, phosphatidylinositol 3-kinases and
the protein kinase mTOR. In addition, chaperone-mediated autophagy is responsible for the degra-
dation of specific proteins and is activated by OS [134]. Gathered observations have shown that
autophagy is a critical adaptive response to damage ranging from OS and starvation to survival
when either extracellular or intracellular nutrients are limited. In animal models, autophagy also
appears to be upregulated in aging-associated myocardial diseases including myocardial ischemia,
and in association with elevated cardiomyocte cell death in the hamster model of cardiomyopathy. In
the latter model, granulocyte colony-stimulating factor (G-CSF) treatment improved survival among
30-week-old hamsters, restored ventricular function and remodeling, increased cardiomyocyte size,
and reduced myocardial fibrosis followed by a dramatic reduction in autophagy [135]. In contrast,
there is considerable evidence that aging is accompanied by a marked decline in autophagic function,
particularly in post-mitotic cells. Abnormal autophagic degradation of damaged macromolecules
and organelles, termed biological “garbage”, is also considered an important contributor to aging and
the death of post-mitotic cells, including cardiomyocytes. This reduction in autophagy is due in part
to the inappropriate distribution of lysosomal enzymes [136]. Also contributory to this autophagic
dysfunction is the marked increase in levels of oxidatively damaged mitochondria and peroxisomes,
cytosolic proteins and increasingly undigestable macromolecules (due to cross-linking), such as the
intralysosomal undegradable pigment lipofuscin (Fig. 14.2).

Since autophagy is a primary defense against the accumulation of damaged organelles such
as mitochondria and peroxisomes, its dysfunction may be a critical determinant of cell longevity.
Experiments with genetically modified mice support the hypothesis that an age-related decrease
in macroautophagy may promote accumulation of damaged mitochondria [137]. Furthermore,
autophagy of mitochondria, peroxisomes, and possibly other organelles can be selective and non-
random, underlined by the term mitophagy, with targeted degradation of defective mitochondria
resulting in delaying the accumulation of somatic mutations of mtDNA with aging [138]. Recent
observations suggest that rat mtDNA containing 8-OHdG accumulate in a small pool of mito-
chondria with increasing age; the intraperitoneal administration of the antilipolytic agent [3, 5-
dimethylpyrazole (DMP)] rescued older cells from the accumulation of 8-OHdG in the mtDNA
in less than 6 hours but did not impact the overall level of cytochrome c oxidase activity suggesting
the targeting of defective mitochondria [139].

Interventions including caloric restriction, decrease of insulin-like signaling and chronic admin-
istration of anti-lipolytic drugs which decrease glucose and insulin levels, stimulate autophagy and
may provide antiaging effects [140, 141]. Interestingly, administration of the antibiotic rapamycin,
a mTOR inhibitor, to various eukaryotic cells (e.g., yeast and C. elegans) results in physiological
changes that mimic nutrient starvation, activate autophagy and modulate longevity [142].

To eliminate one of the causes of the aging-associated autophagic dysfunction, the accumulation
of undegradable compounds such as lipofuscin, a radically different approach has been recently
proposed [143, 144]. This involves augmenting the natural catabolic machinery with hydrolytic
microbial enzymes, “xenohydrolases”, which can degrade molecules that our natural machinery
cannot. The delivery systems envisioned for such enzymes include direct enzyme introduction to
lysosomes via targeted endocytosis (a technique successfully used to introduce therapeutic quantities
of specific enzymes to treat lysosomal storage diseases, including Gaucher and Fabry disease). Other
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Fig. 14.2 Lysosome in aging. Potential sites for therapy
Shown is the accumulation in some lysosomes of lipofuscin which can reduce overall recycling and even in some cases
cause cytosolic leakage of reactive lipofuscin and lytic enzymes triggering injury. Also shown are the degradation of
damaged mitochondria and the potential inactivation of lysosomal function by increasingly large, oxidatively damaged
mitochondria. Sites amenable to therapeutic interventions are also indicated.

delivery approaches involve gene therapy targeting to the lysosome by: (1) Incorporating signals on
the therapeutic protein specifying the addition of mannose 6-phosphate residues; (2) Using spe-
cific motifs present for vesicular transport; and (3) By chaperone-mediated autophagy effected by
the presence of specific pentapeptide motif, “KFERQ” in association with the cytosolic chaperone
HSP 70 that recognizes the targeting signal, the lysosomal membrane protein type 2a, LAMP-2a,
which acts as a receptor and a lysosomal luminal variant of HSP 70 that is required for substrate
translocation across the lysosomal membrane.

Targeting the Nucleus

In Chapter 3, we have examined evidence that telomerase and telomere binding proteins play a
major role in cellular senescence and aging in general. Since telomerase is virtually absent or
only transiently active in normal somatic cells throughout postnatal life, telomere length gradually
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decreases as a function of age in the majority of human tissues. Age-dependent telomere shortening
in most somatic cells, including vascular ECs, SMCs, and cardiomyocytes, is thought to impair
cellular function and viability of the aged organism. Gathered observations from epidemiological
and genetic studies point to a role of telomerase repression and the presence of short telomeres in a
broad spectrum of diseases. Humans with shorter than average telomere length are at increased risk
of dying from heart disease, stroke, or infection; and telomere dysfunction is emerging as an impor-
tant factor in the pathogenesis of hypertension, atherosclerosis, and HF [145]. Interestingly, analysis
of discrete human coronary arterial segments obtained from heart transplant recipients showed that
hTERT was expressed in 88% of atherosclerotic tissues, at a five-fold higher frequency compared
with controls and with a strong positive correlation with levels of telomerase bioactivity and the
severity of atherosclerotic grade [146], and suggest a marked upregulation of telomerase and its
catalytic hTERT protein during atherosclerotic evolution as well as a role for telomerase in the
vascular remodeling underlying atherosclerosis.

Therapeutic strategies for enhancing telomerase activity have been primarily directed to com-
ponents of telomerase (the protein component, TERT, or the RNA component, TERC). Acti-
vation of telomerase may be useful in the treatment of diseases associated with telomere loss.
Telomerase transduced cells have extended replicative capacities, increased resistance to stress,
improved functional activities in vitro and in vivo with no loss of differentiation capacity or growth
control in a large variety of cell-types and tissues including human skeletal muscle [147, 148],
human osteoblasts [149], human ECs (from both large vessels and microvessels) [150] and car-
diac myocytes [151]. Forced expression of TERT in cardiac muscle in mice was sufficient to res-
cue telomerase activity and telomere length. Interestingly, the transduced ventricle was initially
hypercellular, with increased myocyte density and DNA synthesis, whereas by 12 weeks, cell
cycling attenuated and myocyte enlargement (hypertrophy) was noted without fibrosis or impaired
function [151].

Reintroduction of one copy of the TERC gene in late generation telomerase-deficient mice
(Terc-/-), which have short telomeres and show severe proliferative defects, was sufficient to crit-
ically elongate short telomeres, rescue chromosomal instability and prevent severe proliferative
defects [152]. These findings suggest that the reintroduction of telomerase activity is a potential
model in the treatment of age-related diseases triggered by telomerase exhaustion, or premature
aging syndromes accompanied by marked telomere shortening.

Cells subjected to sub-lethal doses of stress such as irradiation or oxidative damage enter a state
that closely resembles replicative senescence. The responses of human fibroblasts with and with-
out overexpression of hTERT, when subjected to stress induced by UV, gamma-radiation or OS
(e.g., H2O2 exposure), were similar suggesting that stress-induced senescence is not triggered by
telomere shortening/loss. However, fibroblasts with hTERT were more resistant to stress-induced
apoptosis and necrosis [153]. On the other hand, several observations have suggested that OS is
a primary determinant of telomere shortening, whereas antioxidants decelerate telomere loss, and
that telomeres are extremely sensitive sensors for genomic oxidative damage [154]. The loss of
telomerase activity and increase in ROS observed in aging cells was recapitulated in cells exposed
to H2O2 and resulted in nuclear export of TERT into the cytosol accompanied by increased level
of mtDNA damage; these changes preceded the onset of replicative senescence [155]. Incubation of
these cells with the antioxidant N-acetylcysteine reduced intracellular ROS formation and prevented
mtDNA damage, and significantly delayed the nuclear export of TERT protein, loss in overall TERT
activity, and the onset of replicative senescence. Thus, modulation of telomerase activity and con-
trol of telomeric length together with the attenuation of ROS formation, may represent important
therapeutic tools in regenerative medicine and in the prevention of aging [156].

A further link between OS and telomere function/senescence has been demonstrated in endothe-
lial progenitor cells (EPCs) in which Ang II-mediated OS (gauged by increased levels of per-
oxynitrite formation and of gp91phox expression) accelerated the onset of EPC senescence with
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significantly diminished telomerase activity [157]; these effects were attenuated by treatment with
17�-estradiol (E2) [158].

Genomic Instability

One of the features of cellular aging that is less well-understood is genomic instability, whose anal-
ysis has been best characterized in studies with premature and accelerated aging (progeria) syn-
dromes. Premature aging syndromes often result from mutations in nuclear proteins involved in the
maintenance of genomic integrity. For instance in Hutchinson-Gilford Progeria Syndrome (HGPS),
genetic defects in the nuclear envelope protein prelamin A or in the FACE-1 metalloprotease (also
termed Zmspte24) involved in prelamin A proteolytic maturation, cause the accumulation of an
abnormal form of the lamin A protein and the subsequent disruption of the nuclear envelope integrity.
This disruption leads to marked alterations in chromatin organization, genomic instability, tran-
scriptional programming changes, and the activation of a p53-linked signaling pathway, resulting in
progeroid phenotypes in mice and humans. Evidence of genetic instability in the Zmpste24-deficient
mouse has been demonstrated with embryonic fibroblasts from these mice exhibiting increased DNA
damage and chromosome aberrations and are more sensitive to DNA-damaging agents [159]. More-
over, bone marrow cells derived from Zmpste24-/- mice display increased aneuploidy, and the mice
are more sensitive to DNA-damaging agents. Lowering prelamin A levels results in a complete
recovery of Zmpste24-deficient mice from the accelerated aging process, while downregulation
of p53 results in a modest but significant improvement in the premature aging phenotype [160].
Furthermore, the Zmpste24-deficient mice have been used to test different therapeutic approaches
to attenuate accelerated aging, including some based on drugs currently available.

Mutations that lead to accumulation of a lipid-modified (farnesylated) form of prelamin A disrupt
the critical nuclear scaffolding function of this protein, leading to misshapen nuclei and progeria.
Treatment with farnesyltransferase inhibitors (FTIs) can be employed to reverse this cellular abnor-
mality; Zmpste24-deficient mice, treated with FTI exhibited improved body weight, grip strength,
bone integrity and survival at 20 weeks of age [161].

Another mutation associated with HGPS, a spontaneous point mutation in lamin A (LMNA)
activates an aberrant cryptic splice site in LMNA pre-mRNA, leading to the synthesis of a truncated
lamin A protein and concomitant reduction in wild-type lamin A. This cellular disease phenotype is
reversible in cells derived from individuals with this mutation [162]. The mutant LMNA mRNA
and lamin A protein can be efficiently eliminated by correction of the aberrant splicing, event
using a modified oligonucleotide targeted to the activated cryptic splice site. With this splicing
correction, HGPS fibroblasts assume normal nuclear morphology, the aberrant nuclear distribution
and cellular levels of lamina-associated proteins are rescued, defects in heterochromatin-specific
histone modifications are corrected and proper expression of several misregulated genes is reestab-
lished. Interestingly, introduction of wild-type lamin A protein did not rescue the cellular disease
manifestations.

Progeria cells bearing the G608G LMNA mutation are characterized by accumulation of a
mutated lamin A precursor (progerin), nuclear dysmorphism, chromatin disorganization, heterochro-
matin loss and transcript redistribution. Combined treatment with mevinolin (a farnesyl inhibitor)
and the histone deacetylase inhibitor trichostatin A (targeting chromatin arrangement) dramatically
lowered progerin levels, leading to the rescue of heterochromatin organization and reorganization of
transcripts in HGPS fibroblasts [163].

Epigenetic chromatin alterations have been reported in premature aging/progeroid syndromes.
In the cells derived from female HGPS patients, levels of methylated histones in the inactive X
chromosome (Xi) and of an enzyme required for histone methylation of Xi are sharply lower [164].
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The effects of chromatin modification on genomic instability have also been underscored in mice
null for the histone H2AX [165]. The histone variant H2AX is primarily associated with maintaining
genomic integrity by contributing to the repair of double-strand DNA breaks introduced by radiation
or chemical damage or by recombination processes.

A role of OS in these epigenetic processes may also be envisioned. Supplementation with the
antioxidant coenzyme Q together with a PUFA-rich diet was protective against age-related double
strand breaks, and increased rat life span [166].

One key aspect driving aging appears to be DNA damage. Previously, we described several syn-
dromes of premature aging in which defective DNA repair was central to their etiology. Defects in
one of the proteins that act in nucleotide excision repair pathway (i.e., XPD) result in three distinct
autosomal recessive syndromes: Xeroderma pigmentosum (XP), Cockayne syndrome (CS) and Tri-
chothiodystrophy (TTD). In the human disorder trichothiodystrophy (TTD) a mutation is found in
XPD encoding a DNA helicase, which functions in both DNA repair and transcription; TTD mice
display many symptoms of premature aging, including osteoporosis and kyphosis, osteosclerosis,
early greying, cachexia, infertility, and reduced life span recapitulating the human syndrome. Even
greater accelerated aging is found in TTD mice which contain a second mutation affecting DNA
repair and exhibit an elevated cellular sensitivity to oxidative DNA damage. The unrepaired DNA
damage likely compromises transcription, which can lead to enhance apoptosis [167]. Correction of
these cells’ DNA repair defects by transducing the complementing wild-type gene, is one potential
strategy to help these patients. Using an adenoviral vector carrying the XPD gene, complete cor-
rection of SV40-transformed primary skin fibroblasts obtained from XP, TTD and CS patients was
reported [168]. Earlier studies utilizing a retroviral based vector gene transfer of a variety of human
DNA repair proteins (XPA, XPB, XPC and XPD) corrected the respective DNA repair defects in
fibroblasts obtained from specific patient complementation groups (e.g., A, B, C and D) [169, 170].

Attack at the Level of Transcription

In Chapter 13, it was noted that aging is accompanied by significant changes in the transcriptional
programme of the cells. Thus, it is not unexpected that the introduction of specific transcriptional
factors (primarily by gene therapy) might be a useful therapeutic approach to attenuate specific
pathological manifestations of aging. Suggested examples of this methodology include global tran-
scriptional regulators governing lipid metabolism, fat mobilization and mitochondrial function (e.g.,
PGC-1, PPAR-γ and PPAR-α) [171–175]. Furthermore, the mammalian SIR2 orthologue, Sirt1
binds to and represses genes controlled by the global regulator PPAR-γ including genes that mediate
fat storage and contribute to the mammalian caloric restriction program in reference to regulation
of fat mobilization in adipocytes [176]. SirT1 is also part of a regulatory loop that limits the pro-
duction of IGF binding protein (IGFBP1), thereby modulating IGF signaling in mice and the FoxO
transcription factor, that is downstream of the IGF signaling pathway [177]. SIRT1 also binds and
deacetylates p53, and can repress p53-mediated transactivation. When overexpressed in primary
mouse embryo fibroblasts (MEFs), SIRT1 antagonizes the induced acetylation of p53 and rescues
induced premature cellular senescence [178].

Gene transfer and overexpression of an engineered VEGF-activating zinc finger protein tran-
scription factor have been successful in improving angiogenesis in aging mice, blood flow and limb
salvage [179]. In addition, numerous observations have suggested a beneficial role of testosterone
and selective androgen receptor modulators, primarily in men with numerous anabolic effects such
as increasing muscle mass and strength, induction of muscle fiber hypertrophy and increased satellite
cell number [180].
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Targeting the Sarcomere and SR

In preclinical studies, gene therapy approaches have been successful in the restoration of diastolic
function in senescent heart. Using a catheter based delivery of an adenoviral construct, transduction
of rat myocardium in vivo with a SERCA gene was achieved in both young and senescent rats [181].
Two days after infection, parameters of systolic and diastolic function were measured in open-chest
rats. Overexpression did not significantly affect left ventricular systolic pressure but did increase
dP/dt in the senescent heart. Moreover, SERCA2a overexpression restored the left ventricular time
constant of isovolumic relaxation and dP/dt to adult levels and markedly improved rate-dependent
contractility and diastolic function in senescent hearts.

Parvalbumin acts as a Ca2+ sink and enhances relaxation in skeletal muscle; overexpression of
parvalbumin in myocardium increased cardiac relaxation both in vitro and in vivo. Gene transfer of
parvalbumin as an adenoviral construct was conducted with two different rat models of aging: the
Fischer 344 (F344) and the Fischer 344 × Brown Norway F1 hybrid (F344 × BN) [182]. In vivo
overexpression of parvalbumin in both models had no effect on systolic parameters but reduced left
ventricular diastolic pressure and the time course of pressure decline. These results suggested that
gene therapy of parvalbumin could address the impaired Ca2+ homeostasis and diastolic dysfunction
without increase in energy expenditure. Other studies have reached the same conclusion [183, 184].

Conclusion and New Horizons

A number of the therapeutic modalities and targeted approaches discussed above represent in fact
new discoveries; some of the discoveries have been not repeated by other investigators either because
the experimental conditions were different or because the recipients were not the same, and some
are even untested at the preclinical stage. Most of the approaches discussed in this chapter have
used either pharmacological treatments or gene therapy. Particular promise (from our point of view)
may be accorded to the novel finding of transfer of mitochondria (and its phenotype) from one
cell to another [119], but this needs further substantiation from other investigators, in other cell-
types, and careful consideration of how it could be used in diminishing ROS as well as replacing
defective mitochondria in a clinically adaptable fashion. An increasing number of investigators are
using gene transfer in preclinical studies as an effective treatment plan. However, before serious
considerations of their clinical application, the safety, efficacy and long-term consequences of the
vectors and genes used in aging individuals, as well as the mode of gene delivery (e.g., catheter,
direct injection, liposome/intracellular carrier, retroperfusion or after ex vivo modification) must be
assessed.

As noted in Chapter 3, there is increasing interest in the use of cell transplantation with fetal car-
diomyocytes, skeletal myoblasts, embryonic or adult stem cells to provide factors such as angiogenic
factors or cytokines, to impact cell growth, to overcome myocyte loss (in ischemia/reperfusion), to
restore contractile function and to provide cardioprotective signaling.

In some cases these types of cells (e.g., adult stem cells such as bone marrow and myoblasts) can
be easily derived from the individual circumventing immune rejection issues and can be produced
in culture in rather large number. Some transplanted cell-types may be good for a short-term benefit
(e.g., myoblasts), albeit the long-term stability of the phenotype of any of the cell-types considered
for transplant, and their responses to the cardiac milieu (particularly in the older and often diseased
human heart) are not yet known. Other transplanted cells can serve as platforms for the delivery
of recombinant products; an approach increasingly used for effective delivery. Unfortunately, the
precise cellular mechanism(s) of action responsible for the beneficial cardiovascular effects reported
with the use of stem cell-transplants remain poorly defined. Although this field is still in its infancy,



462 14 Translational Research

with further experimentation and clinical trials, definition of stem cell markers, elucidation of their
regenerative plasticity and stability, and the mechanisms of action within the cardiac milieu will be
established. Subsequently, this methodology may evolve into potential therapies for aging, including
the myocardial dysfunction of the elderly.

Summary

• Aging-targeted therapies have been performed primarily at the preclinical level with either animal
models or isolated cells targeting organelles/events that are considered to be primary contributors
to the aging pathology and phenotype.

• Attenuation of cell-loss and cell death (either apoptotic or necrotic) is a potential strategy to treat
heart failure (HF) and myocardial ischemic damage. It may also be a viable strategy to increase
survival of endothelial and smooth muscle cells (SMCs) in the elderly.

• Endothelial cells (ECs) are particularly susceptible to apoptosis when reaching senescence. These
likely results from reactive oxygen species (ROS)-induced damage and associated signaling.

• A key target in stemming cell death are sites on the mitochondrial inner and outer membrane, the
mitochondrial PT pore and the MOMP, which control mitochondrial permeability, integrity and
function, the release of specific apoptogenic proteins and are early steps in both apoptosis and
necrosis.

• The ANT. VDAC, CyP-D and PBR proteins (all components of the MPT pore) are particularly
good targets to regulate cell death, as are the use of antiapoptotic Bcl-2 family factors.

• Activation of pro-survival signaling pathways also attenuate cell death progression. IGF-1 and
downstream components of its signaling pathway (e.g., PI3K and Akt) are effective in activating
growth pathways and reducing apoptosis in aging cardiovascular cells.

• Other growth factors such as GH and HGF have shown similar benefits.
• Cardioprotective signaling pathways can blunt the effects of ischemia on the heart. These can

be triggered by brief episodes of ischemia followed by reperfusion prior to a longer ischemic
insult termed ischemic preconditioning, IPC), and by pharmacological stimuli and anesthetics
which can mimic the effects of IPC. They can also be applied at the time of reperfusion (i.e.,
postconditioning) with similar benefits.

• These complex signaling cardioprotective pathways contain many shared components including
ligand stimuli or triggers (e.g., adenosine, bradykinin), cell-surface receptors, sarcolemmal and
mitochondrial ion channels (e.g., KATP channels), protein kinases (e.g., PI3K, tyrosine kinases,
PKC-ε) and a variety of cellular effectors (including the PT pore).

• Central substrates for cardioprotection reside in the mitochondria including ROS generation, cal-
cium flux, bioenergetic function, and metabolic uncoupling.

• Cardioprotection has been reported in a variety of animal models; it can occur in humans (and
may occur with angina) albeit its benefits in the elderly have not been clearly established.

• A primary strategy of aging therapy has been to bolster the capability of the cells to neutralize or
detoxify ROS as reported with the transfer and overexpression of superoxide dismutase, catalase,
heme oxygenase and metallotheinein.

• Mitochondrial damage including mtDNA oxidative damage can be directly targeted using trans-
fer/overexpression of DNA repair enzymes.

• Direct mitochondrial gene therapy with full-length mtDNA is not yet possible; however, intro-
duction of small sequences conjugated with peptides (PNAs) or using synthetic liposome-like
vesicles (DQAsomes) is possible although functional studies are limited. Allotopic expression of
two mitochondrial structural genes (ATP6, ND4) has been achieved.
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• Recent evidence of direct mitochondrial transfer and complementation experiments suggests new
possible modes of mitochondrial replacement and therapy.

• Synthetic liposome-like vesicles can be adapted to deliver a variety of compound to mitochondria
(e.g., antiapoptotic drugs, antioxidants, and proton uncouplers).

• Defects in lysosomal function may impact the recycling of worn-out proteins, damaged organelles
and amplify the effects of aging, including apoptosis.

• Targeting lysosomal dysfunction may invoke the novel use of xeno-hydrolytic enzymes from
bacterial and fungal cells as catabolic remediators.

• A number of nuclear processes can be targeted that will affect both the onset of cellular senes-
cence and the gene damage/genomic instability associated with aging. Moreover, these events are
ROS-sensitive.

• Overexpression of telomerase and DNA repair proteins and their nuclear localization can reverse
nuclear-based defects in aging (particularly in premature aging syndromes). Aging-associated
epigenetic alterations in DNA and chromatin also may be reversed. Overexpression of specific
transcription factors can impact the overall programming of the aging phenotype.

• Overexpression of calcium cycling proteins (e.g., SERCA, parvalbumin) can reverse diastolic
dysfunction and restore contractility in the aging heart.
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Chapter 15
Nutrition and Exercise in Cardiovascular Aging:
Metabolic and Pharmacological Interventions

Overview

Caloric restriction (CR) without malnutrition is the most reproducible experimental manipulation
that increases the mean and maximum life span of laboratory rodents. Data from a diverse group
of organisms including yeast, worms, flies and mammals have shown that CR is an active, highly
conserved stress response that likely evolved to increase an organism’s chance of surviving adversity.
Moreover, evidence suggests that CR significantly reduces the age-mediated morbidity and mortality
associated with the cardiovascular system [1].

In this chapter, we will review current evidence that dietary interventions and exercise training,
essentially parameters that are under lifestyle control, can impact both overall aging and more partic-
ularly cardiac and cardiovascular (CV) aging. While the great majority of this evidence derives from
a variety of animal models, there is also some indication from studies of human subjects that these
interventions may operate in humans as well, although some indications of species-specific effects
(in particular with CR) have also been recently noted. We will further examine available information
concerning the molecular and cellular basis underlying the effectiveness of these interventions and
we will also discuss the development, and use of CR mimetics in a clinical setting, and potential
application of these interventions in stemming aging.

Introduction

CR with adequate nutrition has been found to dramatically extend the maximum life span of a wide
spectrum of laboratory organisms. It is important to note that victims of starvation and malnutrition
do not experience the life-extending benefits of CR and that adequate nutrition (i.e., vitamins, min-
erals, essential amino acids and essential fatty acids in adequate quantity) is a prerequisite for CR
diets to extend life span. In addition to its effects on longevity, CR markedly reduces the functional
decline associated with aging maintaining most physiological functions at levels resembling those
found in younger rather than older adults. CR also retards the development of age-related diseases,
such as cardiomyopathy, diabetes, hypertension-related diseases, as well as neoplastic processes.

Rats, mice and hamsters experience maximum life span extension from a diet that contains
40–60% of the calories (but all of the required nutrients) consumed from normal diets. When long-
term CR is begun just before puberty the mean life span is increased up to 65% and the maximum
life span up to 50%. However, many beneficial effects of CR can be observed not only when initiated
at a young age, but also in adulthood.

Insofar as CR seems to slow aging in rodents and many other short-lived species, long-term
studies of CR on monkeys are presently being conducted to establish if CR also slows aging in
primates. Although many of these studies will take years to obtain full longevity data, there are
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early indications that rhesus monkeys (Macaca mulatta) subjected to CR will similarly show a wide
spectrum of benefits, including lower body weight, body fat, blood glucose and thus are at lower risk
for developing diabetes [2], as well as CR-induced attenuation of aging-associated changes in plasma
triglycerides [3], melatonin [4], oxidative damage [5], and glucose tolerance [6]. Furthermore, two of
the most robust biomarkers of CR detected in rodents, reduced body temperature and plasma insulin
also were found in rhesus monkeys on CR. In addition, CR slows the rate of decline in serum adrenal
steroid dehydroepiandrosterone sulfate (DHEAS) with CR monkeys exhibiting more youthful levels.
Since DHEAS declines with age in both monkeys and humans, the potential relevance of these
findings to human subjects are further underscored by the findings that male human subjects with
elevated serum DHEAS levels exhibited greater survival in the Baltimore Longitudinal Study of
Aging, and also had reduced body temperature and plasma insulin. [7]. Whether the benefits of CR
seen in rodents apply to humans is to be more fully discussed in a later section.

Caloric Restriction (CR)

Overview of CR in Comparative Models

It has been known for over 70 years that restricting the food intake of laboratory rats can extend their
mean and maximum life span. Life extension has been observed over the years in a large spectrum
of other species, including mice, hamsters, dogs, fish, invertebrate animals, and yeast albeit it is not
yet clear whether this kind of life extension can be mediated in primates and humans.

The mechanisms underlying CR’s effects on life span remain unclear although several observa-
tions support attenuation of oxidative damage and alteration in growth hormone/insulin/IGF signal-
ing in specific tissues. Many of the signaling pathways affected by CR are shared by a vast array
of organisms suggesting that the genes involved in these pathways are in fact highly conserved.
This has been confirmed by the discovery of mutations in homologous genes affecting growth hor-
mone/insulin/IGF signaling and OS responses in species ranging from worms and yeast to mice
and man, which have been shown to increase the life span of model organisms. Signaling and
stress responses have been integrated into the hormetic hypothesis that proposes that low-intensity
stressors, such as CR, activate ancient hormetic defense mechanisms in organisms ranging from
yeast to mammals, protecting them against a variety of afflictions and, when long-term, delaying the
senescent processes [8, 9]. Thus, evolution has allowed a way that the aging program can be abated
in times of stress (e.g., CR).

Tissue-Specific and Cardiovascular-Specific Transcriptional and Proteomic
Profiling of CR

CR in Heart and Skeletal Muscle

As previously discussed, the gene expression programs of several tissues (i.e., heart, and skeletal
muscle) from animals subjected to CR have been profiled.

Microarray studies of the effects on long-term CR on cardiac gene expression revealed a pattern
of altered murine gene expression consistent with reduced myocardial remodeling and fibrosis, and
enhanced contractility and energy production via FAO [10]. An altered transcriptional pattern (com-
pared to the untreated aging animals) was identified which was rather broad-based (over 20% of
profiled genes showed significant changes) with over 75% of the changes associated with myocar-
dial aging being either completely or partially reversed. The CR-mediated myocardial transcriptome
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changes included the suppression of structural genes transcription (e.g., collagen and ECM proteins),
downregulation of DNA-inducible transcripts (presumably indicative of less endogenous DNA dam-
age), proapoptotic factors and upregulation of DNA repair and antiapoptotic factors consistent with
CR mediating a reduction of aging-induced endogenous damage. In addition, CR mediated a reversal
of a number of age-induced transcript changes leading to upregulated glycolysis and downregu-
lated FAO; CR completely prevented both the age-related downregulation of the glycolytic inhibitor
PDK4 and PFK upregulation, and partially restored FAO gene expression consistent with CR pre-
venting the age-induced myocardial metabolic shift [11, 12].

Using microarray analysis of gastrocnemius muscle of male C57BL/6 mice, Lee et al. found, that
aging results in a gene expression pattern indicative of marked stress response and lower expression
of metabolic and biosynthetic genes. In CR treated mice, these aging-mediated changes in transcript
expression were completely or partially prevented and suggested that CR retards the aging process in
murine skeletal muscle by causing a metabolic shift toward increased protein turnover and decreased
macromolecular damage [13, 14].

Comparison of 30 month old control and a parallel group of age-matched mice subjected to CR
revealed that aging-related changes in muscle gene expression profiles were significantly attenuated
by CR, with 29% of altered transcripts completely prevented and 34% partially suppressed by CR.
Moreover, CR induced a metabolic reprogramming characterized by a transcriptional shift toward
energy metabolism, increased biosynthesis, and protein turnover by both attenuating several key
aging-mediated changes (e.g., G-6-P isomerase, EF-1-γ, 26S proteasome component TBP1) as well
as by induction/repression of other genes. For instance, CR enhanced expression of transketolase,
PPAR-γ and PPAR-α, pyruvate kinase and fatty acid synthase and downregulated inducible genes
involved in metabolic detoxification, DNA repair, and response to OS.

In contrast to the significant reversal of age-related alterations in murine skeletal muscle by CR,
including energy metabolism reprogramming, increased macromolecular biosynthesis and turnover,
and reduced oxidative induced damage, beneficial aspects of CR at the transcriptional level in aging
rhesus monkey skeletal muscle were not observed suggesting potential problems with timing of CR
initiation or differential species-specificity regarding the CR mechanism [15].

Specific Pathways Affected

Oxidative Stress and ROS

While CR affects a number of parameters of aging, a highly consistent critical target for its effects
is the mitochondria, in which it has shown to reverse the age-related ROS production and to reduce
oxidative and mtDNA damage in a tissue-specific fashion.

Gathered observations, largely in rat and mice, have shown a lower mitochondrial free radical
generation rate in a variety of tissues (including liver, heart, skeletal muscle and brain) in caloric-
restricted animals compared with ad libitum (AL) fed animals [16, 17]. In skeletal muscle, the rate of
superoxide anion radical generation by submitochondrial particles significantly increased with age in
AL-fed mice, whereas in caloric-restricted mice there was no age-associated increase in superoxide
anion radical generation [18]. In rat heart, Gredilla et al. [19] demonstrated that H2O2 production
in mitochondria respiring with complex I-linked substrate pyruvate/malate was increased with age,
but not in aging rats under a long-term CR regimen (1 year); however, no significant difference
was found in AL and CR tissues in the mitochondrial free radical leak when the complex II-linked
substrate succinate was used. Moreover, mitochondrial oxygen consumption with any substrate was
not affected with diet in either CR or AL animals. These results suggest that the decrease in mito-
chondrial ROS production in restricted animals primarily occurs at complex I and is not due to a
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diminution in mitochondrial oxygen consumption, but rather to a reduction of the complex I ROS
generator that decreases its percentage of free radical leak. One year of CR in rats has been shown
to reduce liver mitochondrial hydrogen peroxide production from Complex I by 47% [20]. Com-
parison of different tissue responses to CR-mediated reduction in ROS production is not entirely
clear-cut. For instance, in one study senescent brain from CR-mice exhibited a two-fold reduction
in superoxide levels compared to old AL mice, whereas reduction in superoxide levels in heart was
only 30% [17]. However, in rat, H2O2 levels declined with CR treatment by 24% in brain compared
to 45% in heart [19, 21, 22]. Interestingly, quantitative reduction in mtDNA oxidative damage (and
not nuclear DNA oxidative damage) was strikingly similar to that found for mitochondrial free
radical generation (this will be further addressed below). This CR-mediated reduction in mtDNA
damage is prevalent in a variety of tissues (e.g., heart, liver, skeletal muscle). In regard to reduction
in the mitochondrial rate of free radical generation and the oxidative damage to mtDNA in the rat
heart and liver, later observations indicated less clear-cut benefits of either short-term (6 week) or
medium-term CR regimen [22]. Similar experiments showed no effect of medium term CR on mito-
chondrial free radical generation in either kidney or skeletal muscle [23]. Furthermore, Sanz et al.
have demonstrated that a 1 year CR regimen started late in life can improve oxidative stress-related
parameters. After CR initiation at 24 months of age, the rate of mitochondrial H2O2 production
significantly decreased (by 24%) and oxidative damage to mtDNA (by 23%) in the brain, below the
level of both old and young AL-fed animals rats [21].

Mitochondria Function and Biogenesis

The role that CR may play in mitochondrial physiology is complex; this has been confirmed by
several reports indicating that not all mitochondrial dysfunction associated with aging is reversed
by CR. For instance, Lambert et al. reported that in isolated mitochondria from liver, heart, brain
and kidney of male Brown Norway rats (fully fed and CR) there was no significant effect of CR
on state 4 respiration rate [24]. Experiments focusing on the effects of lifelong CR on rat skeletal
muscle mitochondria have shown that an aging-mediated decline in ATP content and production
(over 50%), which may be a contributory factor in sarcopenia, was not affected by a CR regimen
whereas CR significantly reduced both mtDNA damage and ROS (i.e., H2O2) production [25]. On
the other hand, Hepple et al. have shown that aging-mediated decline in skeletal muscle citrate
synthase and respiratory I-IV enzyme activities (in 35 month old rats) were reversed by long-term
CR [26]. Subsequent observations by these investigators in skeletal muscle of CR versus AL ani-
mals indicated that a factor in CR’s prevention of the age-related decline in mitochondrial oxidative
capacity was a slower decline with aging in the gene expression of the global mitochondrial biogene-
sis factor peroxisome proliferation-activated receptor coactivator (PGC-1α), suggesting that overall
mitochondrial biogenesis is better maintained with aging in CR animals [27, 28].

Using a novel in vitro CR approach, Lopez et al. have demonstrated in a more direct manner that
CR stimulates the proliferation of mitochondria through a PGC-1α signaling pathway [29]. This
approach features incubation of HeLa cells, FaO cells, and primary hepatocytes in the presence of
serum from rats submitted to long-term CR (40% for 6–12 month) compared with cells incubated
with serum from age-matched, AL-fed rats. Fluorimetric analysis showed a significant decrease in
ROS production and a decline in mitochondrial membrane potential (Δ ψm) in CR cells (analogous
to the decreased ROS levels found with CR in vivo, as previously noted) when compared with cells
grown in AL serum. Bioenergetic analysis revealed that an equivalent amount of ATP was produced
in CR-treated cells relative to cells treated with AL serum with significantly lower oxygen consump-
tion and reduced ROS production (i.e., higher overall bioenergetic efficiency). Increased mitochon-
drial mass (indicated by Mitotracker green staining), increased immunohistochemical staining of
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COX subunits, cytochrome c, cardiolipin and citrate synthase activity confirmed findings observed
by electron microscopy, that the number of mitochondria were significantly elevated in CR cells.
This also suggested that the CR-mediated mitochondrial biogenesis and enhanced bioenergetic effi-
ciency involved PGC-1α signaling mediated in part by PGC-1-dependent nuclear respiratory factors
(NRFs). Both NRF-1 and NRF-2 transcripts were significantly increased in CR serum-treated cells
compared with AL serum-treated cells; disrupted expression of PGC-1 by using RNAi caused atten-
uation in decreased oxygen consumption in CR serum-treated cells.

Further support for the role of elevated mitochondrial biogenesis in CR has been recently pro-
vided by Nisoli et al. who demonstrated that both short-term (3 month) and long-term (12 month)
CR in male mice resulted in increased mitochondrial biogenesis, increased oxygen consumption and
ATP production, and enhanced expression of sirtuin 1, both preceded by induced endothelial nitric
oxide synthase (eNOS) expression and 3′,5′-cyclic guanosine monophosphate formation (shown in
Fig. 15.1) While these CR-mediated mitochondrial changes were primarily documented in white
adipose tissue, similar findings were obtained in brain, liver and heart [30]. On the other hand, in
contrast to the marked effects of CR on free radical production, experiments with rat liver [31],
heart [32], and mouse skeletal muscle [18] and kidney [33] have failed to show any clear-cut overall
pattern of CR-related changes in antioxidant defenses, ruling out antioxidants as determinants of the
lower oxidative damage observed in CR animals.

Fig. 15.1 Role of CR in mitochondrial biogenesis. Elevated SIRT1 expression is mediated by NO
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MtDNA Damage and Repair

Observations from various tissues and different species revealed that the relative amount of oxida-
tive base damage found in mtDNA was increased compared to nuclear DNA damage. Various base
modifications, particularly 8-hydroxydeoxyguanosine (8OHdG) were detected, which can lead to
subsequent point mutations because of mispairing. In the liver of 6 month old rats the extent of
oxidative damage in mtDNA, gauged by levels of 8-oxodG, is 16 times greater than to nuclear
DNA [34]. Similarly, Zastawny et al. found in pig liver significantly increased levels of oxidative
base modifications in mtDNA compared to nuclear DNA [35].

There is strong evidence that oxidative DNA damage accumulates with age in rat mitochondrial
DNA, an indication that mitochondria are primary targets for a heavy load of oxidative DNA dam-
age. While mitochondria have a base excision repair (BER) process responsible for the removal
of most endogenous damage including alkylation damage, depurination reactions and oxidative
damage, it remains unclear how much of the age-associated mtDNA damage accumulation is sec-
ondary to an aging-mediated decline in DNA repair. Several studies have demonstrated that the
accumulation of DNA damage cannot be completely explained by an attenuation of DNA repair
since the mitochondrial incision of 8-oxoG increases with age in rodents [36, 37]; however, several
observations have shown evidence of declining DNA repair capacity (in both nuclear and mito-
chondria BER). The import of selective mitochondrial DNA glycosylases (including uracil gly-
cosylase and OGG) into the mitochondrial matrix, necessary for mtDNA base excision repair, is
compromised in aging human fibroblasts and defective in aging mice [38]. This would effectively
lower the intramitochondrial activity of the enzyme, despite apparently unchanged protein levels.
A significant age-dependent decrease in incision activities of three glycosylases (oxoguanine DNA
glycosylase, OGG1, uracil DNA glycosylase, UDG and the endonuclease III homologue, NTH1)
in the mitochondria of all brain regions has been reported and suggests that decreased efficiency of
mitochondrial BER-glycosylases may be insufficient to repair increased mtDNA oxidative damage,
and is contributory to the normal aging process [39].

Although CR does not reduce oxidative damage (8-oxodG) to rat liver nuclear DNA and only
reduces oxidative damage to mouse liver nuclear DNA by 19%, it completely eliminates mtDNA
damage in both the rat and mouse [40, 41]. In mice, CR also significantly reduced the accumu-
lation of mtDNA rearrangements that occurs with aging in post-mitotic tissues, particularly in the
brain [42]. The highly-consistent decrease observed in mtDNA damage with CR is not due to a
general upregulation of mitochondrial BER in either heart or brain; this is in apparent contrast with
nuclear BER pathways that are significantly increased with CR [43]. These findings suggest that the
lower mtDNA damage or enhanced mitochondrial genomic stability with CR is primarily due to its
effect on decreased ROS production and decreased mtDNA lesion formation, rather than its effect on
repair. An alternative explanation is that CR may stimulate macroautophagy (as occurs in response
to anti-lipolytic treatment with subsequent removal of 8-OHdG damaged mtDNA) rescuing older
cells; this is an interesting but unproven hypothesis [44].

While there is little information regarding free radical production and CR in primates and human,
it is noteworthy that studies with long-lived species such as pigeons and birds have demonstrated that
oxidative damage to DNA (in particular mtDNA) tends to be lower than in short-lived mammals [45],
consistent with the low rate of mitochondrial oxygen radical generation observed in all long-lived
species investigated [46]. In fact, an inverse relationship of longevity with mtDNA oxidative damage
in the heart and brain has been reported in mammalian species, comparing the relatively short-lived
rodents (3–4 year maximum life span) with rabbit (13 year), sheep (20 year), pig (27 year), cow
(30 year) and horse (46 year); a similar inverse relationship was observed between maximum life
span in mammalian species and the rates of mitochondrial O2.− and H2O2 generation in the kidney
and the heart [47].
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Genomic Instability

Generalized damage to nuclear DNA with aging has been previously discussed in Chapter 4. Muta-
tions in DNA accumulate during the aging of somatic tissues, as well as in cultured fibroblasts during
replicative senescence. A contributory factor to the accumulation of genomic damage in aging is a
decline in DNA repair. Cabelof et al. found a decline in the repair capacity of the BER pathway in
multiple tissues (e.g., brain, liver, spleen and testes) of the 24 month old mouse (compared to tissues
of 4 month old mouse) concomitant with 3–5 fold increases in spontaneous and chemically-induced
mutation frequency [48]. The age-mediated reduction in repair capacity correlated with decreased
levels of DNA polymerase β (β-pol) enzymatic activity, protein and mRNA. Other investigators
have observed a lack of inducibility (in response to oxidative damage) of both β-pol, a rate-limiting
enzyme in the BER pathway and AP endonuclease (APE) in aging murine tissues [49].

In the previous section of this chapter we have discussed that CR promotes enhanced genomic sta-
bility by induction of the BER pathway in the nucleus [43]. While this observation showed increased
nuclear BER activity in tissues of CR mice (e.g., kidney, liver), no significant differences were found
in activities of nuclear DNA glycosylases (OGG1, UDG, NTH1) or APE. In other experiments, CR
completely reversed the age-related decline in BER capacity in all tissues tested (brain, liver, spleen
and testes) providing aged, CR animals with the BER phenotype of young, AL-fed animals. This
CR-induced reversal of the aged BER phenotype was accompanied by a reversal in the age-related
decline in β-pol activity, protein and mRNA levels in all analyzed tissues [48].

In addition to oxidative base damage directed repair, age-related decline in DNA double-strand
break (DSB) repair in unstimulated human lymphocytes has been reported [50]. An important ele-
ment of the DSB recognition and repair pathways is the DNA-dependent protein kinase (DNA-PK),
which consists of two components, a catalytic subunit (DNA-PKcs) and a Ku autoantigen (Ku)
that is a DNA-binding protein, consisting of Ku70 and Ku80 heterodimeric regulatory components.
CR prevented age-associated modulation of Ku70/80 in a tissue-specific manner. CR attenuated
decreasing Ku expression and its activity in old aged rat kidney and lung but did not prevent severely
impaired Ku expression and activity in the testis and had no effect at all on liver Ku expression [51].

IGF/Growth Hormone/SIR Involvement

In Chapter 12, we have described evidence from a variety of model systems of aging and longevity,
ranging from the yeast and C. elegans to flies and mice, that IGF and GH signaling pathways are
determinant factors of aging and longevity and also play a role (not yet by any means entirely
defined) in cardiovascular aging.

The decrease in tissue function that is observed in aging animals has been linked to a decline
in rates of protein synthesis, which may be caused, in part, by reduced secretion of growth hor-
mone (GH) and insulin-like growth factor 1 (IGF-1). AL-fed male Brown Norway rats displayed
age-related decreases in plasma IGF-1, IGF binding protein (IGF-BP) and in the rates of protein
synthesis of the heart (36%) and liver (38%), and maintained a relatively constant density of type
1 IGF receptor in all tissues with age [52]. In contrast, while CR rats exhibited plasma IGF-1 and
IGF-BP concentrations lower than the AL-fed animals, rates of protein synthesis increased by 70 and
30% in heart and diaphragm in association with 60–100% increases in type 1IGF receptor densities,
when compared with AL fed animals. Moderate CR induces adaptive endocrine changes, including
an increase in growth hormone secretory dynamics and a decline in plasma levels of IGF-1 that serve
to maintain blood levels of glucose [53]. These alterations are thought to decrease the stimulus for
cellular replication, resulting in a decline in pathologies and increased life span in these animals.



478 15 Nutrition and Exercise in Cardiovascular Aging

Hypopituitary mutant Ames dwarf mice and growth-hormone-resistant (growth hormone receptor
knockout, GHR-KO) mice have reduced plasma levels of IGF-1 and insulin, enhanced insulin sen-
sitivity and a remarkably increased life span; strikingly similar to the phenotypic characteristics of
normal animals subjected to CR. Interestingly, hepatic Akt phosphorylation was reduced in both
CR and GHR-KO mice, the forkhead box (Foxo1) transcription factor was additively increased by
both CR and GHR-KO at the mRNA level, and protein levels of the deacetylase sirtuin 1 (SIRT1)
were elevated implying a major role for the Akt/Foxo1 pathway in both the CR and GH/IGF axis
regulation of longevity in rodents [54]. Interestingly, CR leads to further increases in insulin sen-
sitivity and longevity in Ames dwarf strains but not in GHR-KO mice, suggesting that distinct but
overlapping pathways may be involved in these modified aging phenotypes [55]. While the transcript
levels of IR, IRS1, IRS2, GLUT4 and IGF-1 were reduced by CR in skeletal muscle in both normal
and GHR-KO mice [56, 57], CR increased the cardiac expression of IR, IRS1, IGF-1, IGF-1R and
GLUT4 in normal mice and IRS1, GLUT4, PPAR-α and PPAR-β/δ in GHR-KO animals. Elevated
levels of hepatic PPAR-γ and PPAR-α mRNAs and proteins, found in long-lived GHR-KO mice as
compared to normal mice, may underlie the enhanced insulin sensitivity of GHR-KO mice while
CR may increase insulin sensitivity through a different mechanism.

CR reverses age-dependent decreases in the global regulatory factors PPAR-α, PGC-1α, and
their regulated genes albeit differentially in a tissue-specific manner [58]. For instance, CR blunts
the age-mediated decline in the PPAR family nuclear protein, mRNA level, and DNA binding activ-
ity in rat kidney [59], but not in murine skeletal muscle [60]. Long-term CR rats were associated
with increased expression of the transcription factor mRNAs in the liver for PPAR-α, γ and δ but
decreased expression for the sterol regulatory element binding protein (SREBP-1c) resulting in
a concerted modulation in the expression of key transcription target genes involved in fatty acid
oxidation [61]. Moreover, the notion that some effects of CR are mediated by PPAR-α has received
support by the recent demonstration of significant overlaps between the CR transcript profile in wild-
type mice liver and the profiles altered by agonists of lipid-activated PPAR-α, and related nuclear
receptors, including liver X receptor, and their obligate heterodimer partner, retinoid X receptor [62].
The overlapping genes included those involved in CVD (lipid metabolism and inflammation) and
cancer (cell fate). Moreover, CR protection was lost in PPAR-α -null mice due to inadequate tissue
repair.

In yeast, worms and flies, the SIR2 gene has been implicated in mediating the life-extending
effects of calorie restriction [63]. There is evidence that the expression of mammalian SIR2 homo-
logue (SIRT1) is induced in many tissues (including brain, liver, visceral fat pads and kidney) of
CR rats and likely plays a role in this pathway [64]. Moreover, human cells treated with serum from
these CR animals exhibited increased SIRT1 expression and recapitulated key in vivo proliferative
and phenotypic features of CR including the induction of characteristic stress-response genes and
the attenuation of stress-induced apoptosis. Interestingly, cells treated with CR serum supplemented
with insulin or IGF-1, displayed reduced SIRT1 expression and no phenotypic effects.

The mammalian SIRT1 (sirtuin 1), activates a critical component of CR in mammals regulat-
ing fat mobilization in white adipose tissue [65]. Upon food withdrawal, SIRT1 protein binds to
and represses genes controlled by the transcriptional regulator PPAR-γ, including genes mediating
fat storage. SIRT1 represses PPAR-γ by docking with its cofactors NCoR (nuclear receptor co-
repressor) and SMRT (silencing mediator of retinoid and thyroid hormone receptors). The repres-
sion of PPAR-γ by SIRT1 is also evident in adipocytes, where overexpression of SIRT1 attenuates
adipogenesis [65]. In differentiated fat cells, upregulation of SIRT1 triggers lipolysis and loss of fat.

A number of other cellular homeostatic and signaling pathways are directly affected by SIRT1
(depicted in Fig. 15.2). For instance, SIRT1is a regulatory factor in the gluconeogenic/glycolytic
pathways in liver in response to fasting signals through the transcriptional coactivator PGC-1α [66].
Induction of the SIRT1 protein in liver during fasting is triggered by pyruvate as a result of a
nutrient signaling response. Upon induction, SIRT1 interacts with and deacetylates PGC-1α at
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Fig. 15.2 SIRT1 has multiple effects on metabolic and stress signaling components

specific lysine residues in a NAD+-dependent manner leading to PGC-1α-mediated induction of
gluconeogenic genes and hepatic glucose output; it is noteworthy that SIRT1’s promotion of hep-
atic glucose production is opposite to its function in pancreatic β-cells, where it promotes insulin
secretion, thus leading to glucose utilization by peripheral tissues. In addition, SIRT1 modulates
the effects of PGC-1α repression of glycolytic genes in response to fasting and pyruvate. Sirtuins
including SIRT1 also have recently been shown to mediate another relevant metabolic effect, the
deacylation and activation of mammalian acetyl-CoA synthetases, which can lead to increased fatty
acid synthesis and regulated intracellular acetyl-CoA levels [67]. In addition to SIRT1’s critical role
in regulating the activities of the nuclear receptor PPAR-γ and PGC-1α, influencing differentiation of
muscle cells, adipogenesis, fat storage in white adipose tissue and hepatic metabolism (as discussed
above), SIRT1 has other effects on homeostasis and metabolism. Recent observations using either
SIRT1-overexpressing (BESTO) mice [68], or SIRT1−/− mice [69], revealed that SIRT1 positively
regulates glucose-stimulated insulin secretion in pancreatic β-cells. Moreover, SIRT1 was found to
repress transcription of the mitochondrial uncoupling protein UCP-2 gene, which normally acts to
uncouple mitochondrial respiration from ATP production, reducing the proton gradient across the
mitochondrial membrane and leading to decreased ATP, required for the secretion of insulin. By
suppressing the expression of UCP-2 and reducing UCP-2 function in pancreatic β cells, SIRT1 pro-
motes more efficient energy generation and enhances insulin secretion. However, it is not yet known
whether SIRT1 regulates insulin secretion during CR or plays any role in pathologies associated
with impaired insulin secretion.

SIRT1 function has multiple effects on the regulation of glucose homeostasis through its role
in insulin secretion and by its contribution to survival in the context of pancreatic cells and in
gluconeogenesis in the liver. Thus, targeting or modulating the activity of SIRT1 and possibly other
sirtuins may prove useful in the treatment of diabetes, where aberrant glucose homeostasis and β-cell
dysfunction are key manifestations of the disease.
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SIRT1 deacetylates a large number of substrates, including p53, Ku70, NF-κB, and forkhead
proteins to affect stress resistance in cells, which may relate to the observed stress resistance con-
ferred by CR [64, 70–72]. SIRT1 deacetylates several transcription factors involved in the regulation
of cell cycle progression and apoptosis consistent with a role in the fundamental processes underly-
ing cancer. For instance, SIRT1 deacetylates the tumor suppressor p53 to inhibit its transcriptional
activity, resulting in reduced apoptosis in response to various genotoxic stimuli [71, 73].

SIRT1 regulates and inactivates the transcription factor NF-κB[72] that is required for the tran-
scription of growth factors and cytokines involved in inflammation and has been linked to diseases
such as Type 2 diabetes and cancer. By its regulation of several forkhead family transcription fac-
tors, including FOXO1, FOXO3a, and FOXO4, SIRT1 likely enhances the expression of FOXO
target genes involved in stress responses and cell cycle arrest such as MnSOD, GADD45 and
p27 [70, 74], and suppresses transcription of some insulin response element (IRS)-driven genes
(e.g., IGFBP1) [75]. Furthermore, SIRT1 mediates deacetylation of the DNA repair factor Ku70
preserving its association with the proapoptotic protein Bax and preventing the translocation of Bax
to mitochondria to initiate apoptosis [76]. SIRT1 also has been shown to have effects on epigenetic
alterations of chromatin, which have been implicated in cancer regulation, and are thought to have an
impact on genomic stability and aging. SIRT1 deacetylates specific lysine residues (K26) on histone
H1 and promotes heterochromatin formation through spreading of hypomethylated lysine residues
(K79) on histone H3 [77].

Experimental evidence suggests that SIRT1 has a protective role against neuronal and cardiac
damage. Alcendor et al. have shown that sirtuin inhibition, by either nicotinamide or sirtinol in iso-
lated neonatal rat cardiomyocytes resulted in cell death in a p53-dependent manner [78]. They also
demonstrated that SIRT1 overexpression caused an increase in cardiomyocyte size and protected
cells from apoptosis following serum starvation. In addition, these investigators found that SIRT1
levels were markedly increased in a canine model of heart failure (HF), due to aortic banding and
pacing, possibly as a result of failed prevention of cell death.

At least six other sirtuins have been reported in mammalian cells including human. While sub-
stantial information is available concerning their subcellular localization (3 have been localized to
mitochondria) and regulation, their precise role in aging and in CR has not yet been determined [79].
However, gathered observations have shown that SIRT6 is a nuclear, chromatin-associated protein
that promotes resistance to DNA damage and suppresses genomic instability in mouse cells, in asso-
ciation with a role in base excision repair. Mostoslavsky et al. have recently shown that SIRT6 loss
in mice leads to premature aging as SIRT6-deficient mice at 2–3 weeks of age develop lymphopenia,
loss of subcutaneous fat, decreased bone density, and severe metabolic defects and eventually die at
about 4 weeks [80]. In addition, mouse embryonic fibroblasts (MEFs) lacking SIRT6 show impaired
proliferation and enhanced sensitivity to DNA-damaging agents, and MEFs derived from SIRT6 null
strains exhibit genomic instability in the form of chromosomal translocations, fragments, gaps, and
detached centromeres, but maintain normal cell cycle checkpoints, end-joining, and double-strand
break DNA repair.

Vascular Inflammation

Studies of vascular aging have shown that aging Fischer rats have elevated levels of prostaglandin
E2 (PGE2), PGI2, thromboxane A2 (TXA2) and increased gene expression of several prostanoid
synthase enzymes [81]. CR was found to attenuate the age-related prostanoid changes by sup-
pressing inflammatory activities. Activity of myeloperoxidase (MPO), a heme protein existing in
neutrophil and monocyte, which has been implicated in various stages of inflammation in concert
with the production of a variety of potent oxidants, increased during aging in AL rat kidney, but
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was significantly attenuated by CR [82]. Furthermore, the amount of dityrosine, a stable MPO-
oxidation end product increased in old AL, but not in old CR rats. These findings suggest that
increased MPO activity with aging may participate in the increased recruitment of inflammatory
cells contributing to protein oxidation accumulation in the aging process, and can be attenuated by
CR anti-inflammatory action. Moreover, studies with CR in 24 month-old Fischer rats showed older
AL-fed rats exhibited increased levels of vascular adhesion proteins (aortic P-selectin and vascular
adhesion molecule-1, VCAM-1) compared to older CR-fed rats [83]. These elevations were also
closely related to activation of redox-sensitive NIK/IKK/IκB/nuclear factor-κB pathway brought
on by OS. Other observations have established that the serum levels of a number of soluble adhe-
sion molecules, including E-selectin, P-selectin, VCAM-1, and intercellular adhesion molecule 1
(ICAM-1) are significantly increased during aging in AL rats, but effectively blunted in the CR
rats [84]. This upregulation of adhesive factors was found to coincide with increased ROS/RNS and
superoxide-generating xanthine oxidase levels in serum during aging, and was suppressed by CR.

Examination of the aorta of aging rats fed either AL or CR diets revealed other significant
alterations of age-related changes with CR. Compared with aged AL-fed rats, CR-fed animals
showed less pronounced age-dependent alterations such as collagen accumulation and elastic fiber
degradation, with aortic elastic fibers displaying lower content of LDL, decorin and elastase and
higher HDL [85]. These findings suggest that CR likely impacts the aging process of the arte-
rial wall in rats, delaying the appearance of age-related degenerative features, such as structural
alterations of cells and matrix and modified interactions of elastin with other extracellular matrix
molecules.

Dissection of the CR Process: Which Aspect of the Diet Does the Signaling
(Evidence Favoring Protein Restriction Versus Carbohydrate/Lipid)

Several investigators have attempted to delineate whether a single-class of nutrients in the caloric
restricted diet might be responsible for some of the aforementioned effects on aging and cardiovas-
cular function. Barja et al. have recently focused on the role of protein and methionine restriction.
To investigate the role of dietary proteins, the ingestion of proteins in Wistar rats was decreased
by 40%, below that of controls, while other dietary components were ingested at the same level
as in AL-fed animals [86]. After seven weeks of this protein restricted (PR) diet, the liver showed
30–40% decreases in mitochondrial production of reactive ROS and in oxidative damage to nuclear
and mitochondrial DNA, strikingly similar to data previously obtained after 40% CR in the liver
of Wistar rats. These findings suggest that part of the decrease in aging rate induced by CR can
be due to decreased intake of proteins acting through reduction in mitochondrial ROS production
and oxidative DNA damage. Similar studies in which dietary lipids were restricted by 40% with
protein and carbohydrates levels maintained, or in which carbohydrate levels were restricted by
40% without changing the intake level of the other dietary components, found neither changes to
liver mitochondrial H2O2 production nor hepatic oxidative mtDNA or nuclear DNA damage in
lipid-restricted or carbohydrate-restricted animals [87, 88]. Interestingly, methionine may be the key
dietary component responsible for the decrease in mitochondrial ROS generation and OS in both PR
and CR. Methionine restriction profoundly decreases ROS production, decreases mtDNA oxidative
damage, lowers membrane unsaturation, decreases markers of protein oxidation measured in rat
heart and liver mitochondria and activity levels of respiratory complexes I and IV [89]. Moreover,
methionine restriction also increases maximum longevity in rats [90, 91], and recent observations
indicate that methionine levels in tissue negatively correlate with maximum longevity in mammals
and bird [92]. Significantly, restricting only the intake of dietary proteins or methionine to nullify
aging-mediated OS may represent a more feasible option than CR for adult individuals.
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Interestingly, reduction in glucose also may contribute to enhanced longevity as shown directly
in yeast [93]. Whether as a diminished component of diet or not, dietary restriction tends to reduce
blood glucose levels, reduces cell glycation damage (by reducing exposure to glucose) and delays
the development of glucose-induced glycolytic capacity [94], and therefore may mediate many of the
cumulative toxic effects of glucose associated with age-related pathologies such as diabetes, cataract,
Alzheimer’s, atherosclerosis and Parkinson’s, as well as physiological aging [95].While there is
no direct evidence that CR’s effect on glycation plays a major role in its anti-aging action, recent
observations have also shown that high caloric intake, based on saturated fat, promotes Alzheimer
disease type β-amyloidosis, and conversely dietary restriction based on reduced carbohydrate intake
is able to prevent it in a mouse model [96, 97].

Development of CR Mimetics

An alternative way to apply the potential benefits of CR to enhance human cardiovascular health and
longevity is to identify and test agents that may mimic critical actions of CR. Several important out-
comes of CR including the reduction of oxidative metabolic stress, alterations of the stress signaling
response and improved glucoregulation (i.e., lowering circulating glucose and insulin concentra-
tions or to increase insulin sensitivity) have provided a number of candidate targets for CR mimetic
action [98]. Several compounds have been identified that mimic CR effects by targeting metabolic
and stress response pathways affected by CR, but without actually restricting caloric intake. For
example, agents that inhibit glycolysis (2-deoxyglucose 2DG), and enhance insulin action (met-
formin) have been assessed as CR mimetics [99]. 2DG is a synthetic glucose analog that inhibits
the glycolytic enzyme phosphohexose isomerase that upon injection into rodents suppresses tumor
growth, decreases insulin and body temperature and increases glucocorticoids, all of which parallel
CR [100]. However, chronic administration of 2DG enlarges the heart and increases the chance of
congestive HF, making it unlikely to extend animal life span.

Other areas providing potential targets include intermediary metabolism, response to infection,
and source of dietary fat. The intriguing relationship between the effects of nuclear receptors
which act as specific global transcriptional regulators (e.g., PPAR-α, PPAR-γ and PGC-1) on genes
involved in glucose and lipid metabolism, bioenergetics, stress signaling and inflammation and their
overlap with CR activated genes suggests that agonists of these nuclear receptors might elicit the
same gene expression profiles and metabolic actions as CR [62].

Given that CR affects short-lived organisms including worms, flies and yeast, an attractive
approach is to screen for molecules that increase life span in these models or that can activate
molecules believed to be associated with CR (e.g., sirtuins).

Resveratrol Studies

A class of polyphenolic molecules produced by plants in response to stress including resveratrol,
butein, and piceatannol activates the human sirtuin SIRT1 activity both in vitro and in vivo [101].
The compound with the greatest stimulatory activity was resveratrol, a polyphenol found in red
wine, which activates the SIR2 sirtuin from yeast, increases DNA stability and mimics the effects
of CR by extending life span of specific yeast strains. Resveratrol can activate sirtuins from meta-
zoans such as C. elegans and Drosophila melanogaster, can extend their life span (albeit modestly)
without reducing fecundity [102], as well as significantly affect life span and delay the onset of
age-related dysfunction in a short-lived fish (Nothobranchius furzeri) [103]. Interestingly, despite
its potent effect on aging, the activation of sirtuins by resveratrol is presently a subject of some
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controversy [104, 105], and its known interaction with other proteins including mitochondrial ATP
synthase, mitochondrial complex III, fatty-acid synthase, protein kinase C, p53, MEK1, TNF-α,
NF-κB and AMP kinase may be important in mediating its in vivo effects.

Bauer et al. have recently showed that mice fed a diet akin to coconut cream pie for every
meal exhibited a dramatic increase in survival and health when their food was supplemented with
resveratrol [106]. Compared with animals fed a more standard diet, mice fed a high-calorie (60%
from fat) diet without resveratrol had a shorter life span, displayed obesity, insulin resistance and
heart disease. These investigators found that although resveratrol did not prevent obesity, it did
prevent obesity-associated disease (in one strain of mouse), and conferred a nearly normal life span
on these mice. Furthermore, it simulated a number of the physiological effects of CR including
increased insulin sensitivity, reduced IGF-1 levels, increased AMP-activated protein kinase (AMPK)
and PGC-1 activity, increased mitochondrial number, and improved motor function. However, many
of the plant derived sirtuin activators like resveratrol have poor stability and relatively low potency
as SIRT1 activators; synthetically improved derivatives are currently being designed and tested for
their effects on life span in the yeast model system [107]. A flow chart of the signaling pathways
involved in the activation of CR by mimetics is shown in Fig. 15.3.

Fig. 15.3 The overall effect of CR and mimetics on aging and signaling pathways shown as a flow chart
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Conclusions

Whether CR will offer similar benefits to humans remain unclear. Arguments from an evolutionary
point of view have suggested that the large increases in life span resulting from CR observed in
rodents such as mice and rats, species with early sexual maturity, narrow reproductive span and large
litter size, will not be likely in humans, a species with late sexual maturity, broad reproductive span,
small litter size and an entirely different metabolic stability [108, 109]. Moreover, there are some
indications of species-specificity in CR responsivity with recent observations that CR decreases the
life span of the housefly, Musca domestica, and fails to extend the life span of at least one mouse
strain [110]. Despite the lack of information on the benefits, potential side-effects and pitfalls of
long term CR in humans, research on short-term CR or “weight loss” programs suggest beneficial
outcomes in parameters of cardiovascular disease [111]. Furthermore, clinical application of alter-
native CR mimetics need the unqualified development of more potent, less toxic (safer) well-tested
compounds.

New Directions

Pharmacological Reversal of Aging

A complete discussion of pharmacological treatment of aging and its many associated diseases is
beyond the perview of this book. In this section we will focus on the use of therapies with pharma-
cological supplements primarily targeting cardiovascular diseases in aging.

A pharmacological compound, acetylcarnitine (ALCAR) has therapeutic potential for several
aging-associated cardiovascular and neurodegenerative disorders, and current evidence suggests that
it may play a critical role as a modulator of cellular stress response [112]. Supplements of acetyl-
l-carnitine and (R)-α-lipoic acid have been used to improve myocardial bioenergetics and decrease
the OS associated with aging while reversing the mitochondrial dysfunction found in the aging
heart [113]. A number of tissues from old rats fed with acetyl-l-carnitine showed a reversal of the
age-related decline in carnitine levels and improved mitochondrial fatty acid β-oxidation. Lesnefsky
et al. have shown that pretreatment with acetylcarnitine in the aged rat following ischemia signifi-
cantly reduced the heart injury. Indices of mitochondrial function (i.e., overall oxidative phosphory-
lation rate and respiratory activities of complexes III and IV) were restored to young adult levels as
was myocardial contractile recovery during reperfusion [114]. By itself, ALCAR supplementation
does not appear to reverse the age-related decline in the cardiac antioxidant status and may not
improve the indices of OS [113]. Lipoic acid, a potent thiol antioxidant appears to increase low
molecular weight antioxidant status and thereby decreases age-associated oxidative insult, and can
reverse an aging-mediated glutathione redox deficit in post-mitotic tissues [115]. Gathered obser-
vations have documented the beneficial aspects of acetylcarnitine treatment in combination with
lipoic acid in aged rats with a restoration of mitochondrial function, lower oxidant, neuron RNA
oxidation and mutagenic aldehydes levels, improved glutathione redox function and increases in
rat ambulatory activity and cognition [116, 117]; in addition significant effects on lipid metabolism
have been shown. Supplementation of acetyl-l-carnitine for 3 months significantly increased tissue
carnitine levels (e.g., heart and brain), decreased all lipoprotein fractions and consequently the levels
of triacylglycerol and cholesterol in aged rats [118].

Furthermore, the lipophilic antioxidant and mitochondrial redox coupler coenzyme Q10 may have
the potential to improve energy production in the aging heart mitochondria by bypassing defective
components in the respiratory chain, as well as by reducing the effects of OS. Data from rats and
human suggest that coenzyme Q10 protects the aging heart against stress [119].
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According to the popular media, it would appear that the use of antioxidants to slow/stop
aging-related cardiac defects is a well-established fact. However, so far, there is a lack of rigorously
obtained evidence supporting this conclusion. In addition, concerns have been raised how much
of these antioxidant agents should be administered without jeopardizing the ROS “protector side”
role in the heart signaling pathways. Furthermore, Sohal et al. have recently reappraised the role of
coenzyme Q as a potential aging-reversal supplement and found no significant effect of coenzyme
Q supplementation on murine life span, proxidant generation (e.g., superoxide), protein oxidative
damage, or on mitochondrial activities in multiple tissues during aging [120].

The development of myocardial and large vessel stiffness with aging underlies the development
of diastolic HF and isolated systolic hypertension. As we have previously discussed, formation of
advanced glycation endproducts (AGE), a result of nonenzymatic reaction between glucose and pro-
teins, leads to collagen cross-linking in the myocardium and arterial wall and has been implicated in
age-related increase in cardiovascular stiffness and cardiac dysfunction [121]. Several observations
indicated that treatment with aminoguanidine (AG), an inhibitor of protein cross-linking, retards
age-related decline in the elastic properties of the left ventricle and arteries. Previously, it was
found that AG supplementation in both aged Fischer and Sprague-Dawley rats prevented significant
increases in the AGE content in aged cardiac, aortic and renal tissues, as well as the marked age-
linked vasodilatory impairment in response to acetylcholine and nitroglycerine and the age-related
cardiac hypertrophy evident in both strains [122]. Cormon et al. have shown that AG treatment
could significantly reduce cardiac hypertrophy as well as arterial stiffness (gauged by prevention of
age-related increases in aortic impedance and decreases in carotid distensibility) in 30 month-old
rats with no changes in elastin and collagen content [123].

Moreau et al. found in 28 month-old Fischer 344 rats that the levels of Nε-carboxymethyl lysine
(CML) content in serum, aorta, and heart proteins was double that found in 4 month-old rats [124].
AG administration (by addition to drinking water) to old rats for 3 months from the age of 25 months
lowered CML content by 15, 44, and 28% in serum, aorta, and heart, respectively. In addition, AG
can have beneficial effects on the left ventricular-arterial coupling in aged Fischer 344 rats [125],
as well as on aortic stiffness [126], mediating significant improvements in aging-diminished arterial
and ventricular function. Other AGE cross-link breakers have been shown to have significant effects
by reducing age-related left ventricular stiffness and improving cardiac function [127].

Role of Exercise

Exercise has been shown to improve the mean longevity but does not appear to affect the maxi-
mal longevity. Cumulative data have shown that exercise training provides beneficial cardiovascular
effects in both animal models and human subjects. In addition to numerous hemodynamic effects,
there is clear evidence that exercise training participates in tissue remodeling as well as in improving
energetic aspects of muscle function, which has been shown to provide benefits in both animal
models and patients with HF [128]. In this section we will survey the beneficial effects of exercise
as well as examine the most likely molecular and cellular mechanisms by which exercise exerts
them.

Gene Profiling

Several investigators have utilized gene profiling of aging subjects to examine the global effects on
tissue-specific gene expression in response to exercise. Research on the effects of exercise training
on myocardial gene expression has been performed largely in animals, including a large variety
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of models and conditions such as pacing-induced HF in dogs [129], rats with myocardial infarc-
tion [130], pathological cardiac hypertrophy and apoptosis in SHR rats [131]. Moreover, myocardial
gene profiling of exercised-trained aging rat showed a reversal of the aging-induced downregulation
of cardiac VEGF angiogenic signaling cascade, thereby contributing to the exercise training-induced
improvement of angiogenesis and capillary density in the heart [132].

Bronokowski et al. have carried out a comprehensive study on myocardial gene expression in
relation to exercise training and aging. They found that exercise training attenuated or reduced many
of the gene expression changes that normally occur in the aging heart, including genes involved in
inflammatory response, stress response, signal transduction, and energy metabolism [133].

Other investigators have also performed gene expression profiling in skeletal muscle from
exercise-trained aging animal models [134] and human subjects [135]. Following exercise training
one study found increased expression of VEGF in skeletal muscle of patients with HF [136]. Fur-
thermore, enhanced antioxidant expression (specifically Cu/Zn SOD and GPx) in the skeletal muscle
vasculature followed exercise training in patients with chronic HF [137]. Another interesting finding
was that skeletal muscle from older men (62–75 year-old) exhibited an altered gene expression
profile in response to resistance exercise training compared to younger men, suggesting a variable
response at the transcriptional level [138].

Specific Pathways Affected

Ischemia/Reperfusion/Apoptosis/Remodeling

Endurance exercise provides cardioprotection against I/R-induced cell death in aged Fischer 344
rats, primarily by reducing I/R-induced myocardial apoptosis. The mechanisms for this exercise-
induced cardioprotection against I/R-induced apoptosis may be mediated by improved myocar-
dial antioxidant capacity and the prevention of calpain and caspase-3 activation [139]. Com-
pared to sedentary animals, French et al. found that exercise training prevented the I/R-induced
rise in calpain activity and improved cardiac work in working heart derived from adult male
rats [140]. The pharmacological inhibition of calpain activity also resulted in cardioprotection
against I/R injury. This exercise-induced protection against I/R-induced calpain activation was
not due to abnormal myocardial protein levels of calpain or calpastatin. Interestingly, exercise
training was associated with increased levels of myocardial MnSOD, catalase and a reduction
in OS. Other studies have also found that exercise training attenuates age-induced increases in
remodeling, apoptosis, and Bax/Bcl-2 ratio in rat left ventricle [141]. In addition, exercise training
also prevented the I/R-induced degradation of SERCA2a, apparently by increases in endogenous
antioxidants.

Exercise intolerance has long been recognized as an important symptom of HF, but it also may
develop in aged individuals without cardiac pathology. A number of non-specific factors such as
skeletal muscle dysfunction (likely secondary to mitochondrial bioenergetics defects), ventilatory
abnormalities, and endothelial dysfunction, individually or in association, may contribute to limita-
tion in exercise capacity. A pivotal contributing factor for skeletal muscle catabolism (e.g., elevated
cytokine expression) can be found in both normal, healthy aging, and in patients with HF [142].
This similar spectrum of aging and HF-associated changes in the skeletal muscle may underlie
the more severe clinical presentation of the HF syndrome among elderly patients. A decline in
maximal aerobic capacity and the ability to sustain submaximal exercise with advancing age was
demonstrated in 27 month-old Fischer 344 × Brown Norway rats [143]. Using the same animal
model, the effect of aging on muscle blood-flow with similar degrees of myocardial infarct-induced
LV dysfunction, was evaluated [144]. A significant age-related redistribution of blood-flow from the
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highly oxidative to the highly glycolytic muscles of the hind limb was reported during exercise in
old rats.

Mitochondrial Function and Stress Responses

The beneficial effects of moderate exercise on overall cardiac physiology and metabolism are
well established. Experimental studies have also indicated that mitochondrial function and
stress responses are affected by exercise. Fischer rats engaged in long-term voluntary wheel
running exhibited significantly reduced H2O2 production from both mitochondrial subpopula-
tions (subsarcolemmal [SSM] and interfibrillar [IFM]), and increased daily energy expenditure
compared with sedentary controls. Additionally, MnSOD activity was significantly lowered in
SSM and IFM from wheel runners, which may reflect a reduction in mitochondrial superoxide
production [145].

Moderate exercise in a treadmill increased the life span of male and female mice (aged from
28 to 78 weeks) [146]. In addition, moderate exercise decreased the aging-associated ROS accu-
mulation and ROS-mediated damage (e.g., oxidative damage to proteins and lipids) in a number of
tissues including the heart, in part, by lessening the decrease in antioxidant enzymes (e.g., SOD and
catalase) and preventing the decline in respiratory complex I and IV activities.

Myocardial Signaling

A number of myocardial signaling pathways are affected by exercise training. For instance, Korz-
ick et al. have assessed cardiac contractility (dP/dt) in Langendorff-perfused hearts isolated from
5 month adult and 24 month-old Wistar rats, following maximal α1-AR stimulation with phenyle-
phrine [147]. They found that the subcellular translocation of PKCα and PKCε, in response to
α1-AR stimulation, is disrupted in the aging myocardium. Moreover, an age-related reduction in the
levels of PKC-anchoring proteins (e.g., RACK1 and RACK2 ), which might contribute to impaired
PKC translocation and defective α1-AR contraction in the aged rat heart, was found. Subsequently,
this group of investigators determined in adult and aged rat whether age-related defects in α1-AR
contraction could be reversed by chronic exercise training (treadmill) [148]. They found that the
age-related decrease in α1-AR contractility in the rat heart can be partially reversed by exercise,
suggesting that alterations in PKC levels underlie, at least in part, exercise training-induced improve-
ments in α1-AR contraction.

As we have previously noted, an age-associated reduction in cardiovascular β-adrenergic (β-AR)
responsiveness has been documented in aging Fischer 344 rats that corresponds with alterations in
post-receptor adrenergic signaling rather than with a decrease in LV β-AR receptor number [149].
Interestingly, chronic exercise partially attenuated these changes through alterations in post-receptor
elements of cardiac signal transduction.

Exercise training also improves the aging-induced downregulation of myocardial PPAR-α medi-
ated signaling pathway, and contributes to an amelioration in fatty acid metabolic enzyme activity in
rats [150]. Similar findings of exercise training induction of lipid metabolism gene expression have
been reported in skeletal muscle in both animal models and humans [151, 152].

Calcium handling is a primary target of exercise training [129, 140]. Recent observations have
demonstrated that aging-related downregulation of MHC and SERCA expression, mediated by
myocardial thyroid hormone (TH)-receptor (TR) signaling-induced transcriptional control, can be
reversed with exercise [153]. While the expression of the myocardial TRs (TRα1 and TRβ1) is sig-
nificantly lower in sedentary aged rats than in young rats, their expression is significantly higher in
exercise-trained aged rats than in sedentary aged rats. Furthermore, the activity of TR DNA binding
to the thyroid hormone response element (TRE) transcriptional regulatory region in the α-MHC
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and SERCA genes and the subsequent myocardial expression of α-MHC and SERCA (both mRNA
and protein) were upregulated with exercise training in the aging heart, in association with changes
in the myocardial TR protein levels. In addition, plasma 3,3’-triiodothyronine (T3) and TH levels,
which decrease in aging, are increased with exercise training [154]. The reversal of aging-induced
downregulation of myocardial TR signaling-mediated transcription of MHC and SERCA genes by
exercise training, appears to be related to the cardiac functional improvement observed in exercise-
trained aged hearts.

Another critical signaling pathway that appears to be affected in exercise training is the heat
shock response. The induction of myocardial heat shock proteins (HSPs) is an important contribu-
tory factor to cardioprotection against an I/R insult provided by endurance exercise in both young
and old animals [155]. Elevated HSP expression, mediated by endurance exercise, appears to be
more essential to the cardioprotective mechanism than increased levels of antioxidants [156]. Other
observations have shown a significant age-related decrease in HSP70 production in rat heart and
liver following chronic exercise [157].

Vasodilatation/Endothelial-Dependent Effects

In addition to the heart, endothelial function deteriorates with aging in human, and exercise training
appears to improve the function of vascular endothelial cells. Regular aerobic-endurance exercise
has been found to reduce plasma ET-1 concentration and to increase NO production in previously
sedentary older women, with beneficial effects on the cardiovascular system, i.e., prevention of
progression of hypertension and/or atherosclerosis by endogenous ET-1 and the potent vasodila-
tory effects of NO [158, 159]. In addition, regular aerobic exercise may prevent the age-associated
loss in endothelium-dependent vasodilatation and restore the levels in sedentary middle aged and
older healthy men. This has been proposed to be a potential mechanism by which aerobic exercise
lowers the risk of CVD in this population [160]. Furthermore, endothelial release of tissue-type
plasminogen activator (tPA), a primary regulator of fibrinolysis and part of the overall endogenous
defense mechanism against thrombosis, declines with age in sedentary men, and regular aerobic
exercise may not only prevent it, but could also reverse the age-related loss in endothelial fibrinolytic
function [161]. In adults with obesity associated with increased risk of atherothrombosis, significant
endothelial fibrinolytic dysfunction may be present but regular aerobic exercise can increase the
capacity of the endothelium to release tPA [162].

Clinical Applications of Exercise

Collected evidence thus far strongly suggests that moderate exercise may provide a wealth of
increased cardioprotective signaling to the aging heart, enhanced bioenergetic, metabolic and cal-
cium cycling changes that can improve remodeling and may provide beneficial angiogenic and
endothelial factors to the vasculature. Moreover, exercise training is an important adjuvant therapy
with well-documented beneficial effects on exercise tolerance, skeletal muscle function, endothe-
lial function, and respiration and can be useful in treating HF [163]. Is there a downside to this
picture? Since strenuous exercise can increase muscle oxygen flux and elicit intracellular events
leading to increased ROS and oxidative injury, the question arises as to whether exercise would be
advisable to the aged population given their increased susceptibility to muscle injury, inflammation
and diminished repair. In spite of these risks, there is evidence that the elderly who are physically
active benefit from exercise-induced adaptation in cellular antioxidant defense systems. Improved
muscle mechanics, strength, and endurance make them less vulnerable to acute injury and chronic
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inflammation [164]. Clearly, further studies are needed that may identify genetic, biochemical and
epigenetic factors that may increase the beneficial effects and effectiveness of exercise as well as
susceptibility factors that might accentuate its deleterious effects.

Summary

• Caloric restriction (CR) increases the life span of a number of organisms and mammals. This
represents the most robust intervention to significantly affect both mean and maximum life span
as well as aging of the cardiovascular system and is mostly well characterized in rodents. While
aspects of this are clearly conserved, there is increasing evidence that there are species-specific
aspects to CR.

• Studies that have not yet been completed in monkeys suggest that CR may also be operative in
monkeys. It remains to be determined if CR works in humans.

• Animals maintained on a CR diet have a significant reduction in the extension of mtDNA dam-
age and OS. This is largely affected by decrease in ROS production and mediated by increased
antioxidant effect.

• The effects on both longevity and reduction of OS are accomplished by highly conserved cellular
pathways, involved in metabolic and stress response, and impact both nuclear and mitochondrial
components.

• Global gene expression studies have been performed primarily in rodent models of CR and show
distinctive profiles in cardiovascular tissues and in skeletal muscle.

• In addition to mitochondrial biogergetics, other critical cellular homeostatic mechanisms are
affected by CR including calcium cycling, apoptosis, cardioprotective signaling, nuclear DNA
repair pathways, IGF signaling, glucose metabolism and inflammation pathways.

• The highly conserved mammalian sirtuins, in particular SIRT1, a deacetylase have been impli-
cated in the mediation of CR-induced changes in tissue-specific metabolic gene expression and
signaling (via changing PPAR-α and PGC-1 levels), insulin and glucose homeostasis, effects on
inflammation (via NF-κB), effects on DNA repair proteins, and apoptotic regulators (e.g., p53).

• CR also can stimulate NO production, which can activate SIRT1 expression and increase mito-
chondrial biogenesis.

• Mimetics to CR are being developed and tested. The plant phenol resveratrol has thus far been
the most robust agent capable of mimicking CR action in prolonging life span in some model
organisms. Recent studies indicate that resveratrol may function in preserving cardiovascular
function in animals fed high lipid diets.

• Agonists of nuclear receptors (e.g., PPARs and PGC-1) have shown strong potential as CR mimet-
ics.

• Protein and methionine restriction has similar effects to CR in relieving OS and mtDNA damage,
can also enhance longevity in animal models and may be a critical aspect of CR.

• Pharmacological supplements, including acetylcarnitine in combination with lipoic acid, which
target combined mitochondrial bioenergetic dysfunction and OS, have shown benefits in both
aging-mediated vascular and cardiac dysfunction. Studies with antioxidant supplementation alone
(e.g., coenzyme Q) have shown conflicting results.

• Targeting glycation using cross-linking breakers such as aminoguanidine reduces aging-mediated
vascular and aortic stiffening and left ventricular diastolic dysfunction.

• Exercise can increase the mean life span in a variety of model systems. Multiple benefits to the
aging cardiovascular system, both heart and vasculature, are apparent in both animal models and
aging humans.
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• Gene profiling has played a useful role in the identification of signaling pathways, which are
involved in exercise-mediated benefits to cardiovascular function.

• Exercise-mediated changes include stress signaling, mitochondrial function, calcium cycling and
apoptotic pathways with the involvement of altered expression levels of global regulators, includ-
ing PPARs and thyroid hormone receptors.

References

1. Dhahbi JM, Tsuchiya T, Kim HJ, Mote PL, Spindler SR. Gene expression and physiologic responses of the heart
to the initiation and withdrawal of caloric restriction. J Gerontol A Biol Sci Med Sci 2006;61:218–31

2. Mattison JA, Roth GS, Lane MA, Ingram DK. Dietary restriction in aging nonhuman primates. Interdiscip Top
Gerontol 2007;35:137–158

3. Verdery RB, Ingram DK, Roth GS, Lane MA. Caloric restriction increases HDL2 levels in rhesus monkeys
(Macaca mulatta). Am J Physiol 1997;273:E714–E719

4. Roth GS, Lesnikov V, Lesnikov M, Ingram DK, Lane MA. Dietary caloric restriction prevents the age-related
decline in plasma melatonin levels of rhesus monkeys. J Clin Endocrinol Metab 2001;86:3292–3295

5. Zainal TA, Oberley TD, Allison DB, Szweda LI, Weindruch R. Caloric restriction of rhesus monkeys lowers
oxidative damage in skeletal muscle. FASEB J 2000;14:1825–1836

6. Lane MA, Ball SS, Ingram DK, Cutler RG, Engel J, Read V, Roth GS. Diet restriction in rhesus monkeys lowers
fasting and glucose-stimulated glucoregulatory end points. Am J Physiol 1995;268:E941–E948

7. Roth GS, Lane MA, Ingram DK, Mattison JA, Elahi D, Tobin JD, Muller D, Metter EJ. Biomarkers of caloric
restriction may predict longevity in humans. Science 2002;297:811

8. Masoro EJ. Subfield history: caloric restriction, slowing aging, and extending life. Sci Aging Knowledge
Environ 2003;2003:RE2

9. Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev 2005;126:913–922
10. Lee CK, Allison DB, Brand J, Weindruch R, Prolla TA. Transcriptional profiles associated with aging and

middle age-onset caloric restriction in mouse hearts. Proc Natl Acad Sci USA 2002;99:14988–14993
11. Park SK, Prolla TA. Gene expression profiling studies of aging in cardiac and skeletal muscles. Cardiovasc Res

2005;66:205–212
12. Park SK, Prolla TA. Lessons learned from gene expression profile studies of aging and caloric restriction. Ageing

Res Rev 2005;4:55–65
13. Lee CK, Pugh TD, Klopp RG, Edwards J, Allison DB, Weindruch R, Prolla TA. The impact of alpha-lipoic acid,

coenzyme Q10 and caloric restriction on life span and gene expression patterns in mice. Free Radic Biol Med
2004;36:1043–1057

14. Weindruch R, Kayo T, Lee CK, Prolla TA. Microarray profiling of gene expression in aging and its alteration by
caloric restriction in mice. J Nutr 2001;131:918S–923S

15. Cefalu WT, Wang ZQ, Bell-Farrow AD, Collins J, Morgan T, Wagner JD. Caloric restriction and cardiovascular
aging in cynomolgus monkeys (Macaca fascicularis): metabolic, physiologic, and atherosclerotic measures
from a 4-year intervention trial. J Gerontol A Biol Sci Med Sci 2004;59:1007–1014

16. Barja G. Aging in vertebrates, and the effect of caloric restriction: a mitochondrial free radical production-DNA
damage mechanism? Biol Rev 2004;79:235–251

17. Sohal RS, Weindruch R. Oxidative stress, caloric restriction, and aging. Science 1996;273:59–63
18. Lass A, Sohal BH, Weindruch R, Forster MJ, Sohal RS. Caloric restriction prevents age-associated accrual of

oxidative damage to mouse skeletal muscle mitochondria. Free Radic Biol Med 1998;25:1089–1097
19. Gredilla R, Sanz A, Lopez-Torres M, Barja G. Caloric restriction decreases mitochondrial free radical generation

at complex I and lowers oxidative damage to mitochondrial DNA in the rat heart. FASEB J 2001;15:1589–1591
20. Lopez-Torres M, Gredilla R, Sanz A, Barja G. Influence of aging and long-term caloric restriction on oxygen

radical generation and oxidative DNA damage in rat liver mitochondria. Free Radic Biol Med 2002;32:882–889
21. Sanz A, Caro P, Ibanez J, Gomez J, Gredilla R, Barja G. Dietary restriction at old age lowers mitochondrial

oxygen radical production and leak at complex I and oxidative DNA damage in rat brain. J Bioenerg Biomembr
2005;37:83–90

22. Gredilla R, Lopez-Torres M, Barja G. Effect of time of restriction on the decrease in mitochondrial H2O2

production and oxidative DNA damage in the heart of food-restricted rats. Microsc Res Tech 2002;59:
273–277

23. Gredilla R, Phaneuf S, Selman C, Kendaiah S, Leeuwenburgh C, Barja G. Short-term caloric restriction and
sites of oxygen radical generation in kidney and skeletal muscle mitochondria. Ann NY Acad Sci 2004;1019:
333–342



References 491

24. Lambert AJ, Wang B, Yardley J, Edwards J, Merry BJ. The effect of aging and caloric restriction on mitochon-
drial protein density and oxygen consumption. Exp Gerontol 2004;39:289–295

25. Drew B, Phaneuf S, Dirks A, Selman C, Gredilla R, Lezza A, Barja G, Leeuwenburgh C. Effects of aging and
caloric restriction on mitochondrial energy production in gastrocnemius muscle and heart. Am J Physiol Regul
Integr Comp Physiol 2003;284:R474–R480

26. Hepple RT, Baker DJ, Kaczor JJ, Krause DJ. Long-term caloric restriction abrogates the age-related decline in
skeletal muscle aerobic function. FASEB J 2005;19:1320–1332

27. Baker DJ, Betik AC, Krause DJ, Hepple RT. No decline in skeletal muscle oxidative capacity with aging in
long-term calorically restricted rats: effects are independent of mitochondrial DNA integrity. J Gerontol A Biol
Sci Med Sci 2006;61:675–684

28. Hepple RT, Baker DJ, McConkey M, Murynka T, Norris R. Caloric restriction protects mitochondrial function
with aging in skeletal and cardiac muscles. Rejuvenation Res 2006;9:219–222

29. Lopez-Lluch G, Hunt N, Jones B, Zhu M, Jamieson H, Hilmer S, Cascajo MV, Allard J, Ingram DK, Navas P,
de Cabo R. Calorie restriction induces mitochondrial biogenesis and bioenergetic efficiency. Proc Natl Acad Sci
USA 2006;103:1768–1773

30. Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R, Tedesco L, Falcone S, Valerio A, Cantoni O, Clementi E,
Moncada S, Carruba MO. Calorie restriction promotes mitochondrial biogenesis by inducing the expression of
eNOS. Science 2005;310:314–317

31. Leon TI, Lim BO, Yu BP, Lim Y, Jeon EJ, Park DK. Effect of dietary restriction on age-related increase of liver
susceptibility to peroxidation in rats. Lipids 2001;36:589–593

32. Judge S, Judge A, Grune T, Leeuwenburgh C. Short-term CR decreases cardiac mitochondrial oxidant produc-
tion but increases carbonyl content. Am J Physiol Regul Integr Comp Physiol 2004;286:R254–R259

33. Sohal RS, Ku HH, Agarwal S, Forster MJ, Lal H. Oxidative damage, mitochondrial oxidant generation
and antioxidant defenses during aging and in response to food restriction in the mouse. Mech Ageing Dev
1994;74:121–133

34. Richter C, Park JW, Ames BN. Normal oxidative damage to mitochondrial and nuclear DNA is extensive. Proc
Natl Acad Sci USA 1988;85:6465–6467

35. Zastawny TH, Dabrowska M, Jaskolski T, Klimarczyk M, Kulinski L, Koszela A, Szczesniewicz M, Sliwinska
M, Witkowski P, Olinski R. Comparison of oxidative base damage in mitochondrial and nuclear DNA. Free
Radic Biol Med 1998;24:722–725

36. Dianov GL, Souza-Pinto N, Nyaga SG, Thybo T, Stevnsner T, Bohr VA. Base excision repair in nuclear and
mitochondrial DNA. Prog Nucleic Acid Res Mol Biol 2001;68:285–297

37. Bohr VA. Repair of oxidative DNA damage in nuclear and mitochondrial DNA, and some changes with aging
in mammalian cells. Free Radic Biol Med 2002;32:804–812

38. Szczesny B, Hazra TK, Papaconstantinou J, Mitra S, Boldogh I. Age-dependent deficiency in import of mito-
chondrial DNA glycosylases required for repair of oxidatively damaged bases. Proc Natl Acad Sci USA
2003;100:10670–10675

39. Imam SZ, Karahalil B, Hogue BA, Souza-Pinto NC, Bohr VA. Mitochondrial and nuclear DNA-repair capac-
ity of various brain regions in mouse is altered in an age-dependent manner. Neurobiol Aging 2006;27:
1129–1136

40. Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM, Kewitt K, Walter CA, Richardson A. Does oxida-
tive damage to DNA increase with age? Proc Natl Acad Sci USA 2001;98:10469–10474

41. Hamilton ML, Guo Z, Fuller CD, Van Remmen H, Ward WF, Austad SN, Troyer DA, Thompson I,
Richardson A. A reliable assessment of 8-oxo-2-deoxyguanosine levels in nuclear and mitochondrial DNA
using the sodium iodide method to isolate DNA. Nucleic Acids Res 2001;29:2117–2126

42. Melov S, Hinerfeld D, Esposito L, Wallace DC. Multi-organ characterization of mitochondrial genomic rear-
rangements in ad libitum and caloric restricted mice show striking somatic mitochondrial DNA rearrangements
with age. Nucl Acids Res 1997;25:974–982

43. Stuart JA, Karahalil B, Hogue BA, Souza-Pinto NC, Bohr VA. Mitochondrial and nuclear DNA base excision
repair are affected differently by caloric restriction. FASEB J 2004;18:595–597

44. Donati A, Taddei M, Cavallini G, Bergamini E. Stimulation of macroautophagy can rescue older cells from
8-OHdG mtDNA accumulation: a safe and easy way to meet goals in the SENS agenda. Rejuvenation Res
2006;9:408–412

45. Herrero A, Barja G. 8-oxo-deoxyguanosine levels in heart and brain mitochondrial and nuclear DNA of two
mammals and three birds in relation to their different rates of aging. Aging (Milano) 1999;11:294–300

46. Barja G, Herrero A. Oxidative damage to mitochondrial DNA is inversely related to maximum life span in the
heart and brain of mammals. FASEB J 2000;14:312–318

47. Ku H H, Brunk UT, Sohal RS. Relationship between mitochondrial superoxide and hydrogen peroxide produc-
tion and longevity of mammalian species. Free Rad Biol Med 1993;15:621–627



492 15 Nutrition and Exercise in Cardiovascular Aging

48. Cabelof DC, Yanamadala S, Raffoul JJ, Guo Z, Soofi A, Heydari AR. Caloric restriction promotes genomic
stability by induction of base excision repair and reversal of its age-related decline. DNA Repair (Amst) 2003;2:
295–307

49. Cabelof DC, Raffoul JJ, Ge Y, Van Remmen H, Matherly LH, Heydari AR. Age-related loss of the DNA repair
response following exposure to oxidative stress. J Gerontol A Biol Sci Med Sci 2006;61:427–434

50. Mayer PJ, Lange CS, Bradley MO, Nichols WW. Gender differences in age-related decline in DNA double-
strand break damage and repair in lymphocytes. Ann Hum Biol 1991;18:405–415

51. Um JH, Kim SJ, Kim DW, Ha MY, Jang JH, Kim DW, Chung BS, Kang CD, Kim SH. Tissue-specific changes
of DNA repair protein Ku and mtHSP70 in aging rats and their retardation by caloric restriction. Mech Ageing
Dev 2003;124:967–975

52. D’Costa AP, Lenham JE, Ingram RL, Sonntag WE. Moderate caloric restriction increases type 1 IGF receptors
and protein synthesis in aging rats. Mech Ageing Dev 1993;71:59–71

53. Sonntag WE, Lynch CD, Cefalu WT, Ingram RL, Bennett SA, Thornton PL, Khan AS. Pleiotropic effects of
growth hormone and insulin-like growth factor (IGF)-1 on biological aging: inferences from moderate caloric-
restricted animals. J Gerontol A Biol Sci Med Sci 1999;54:B521–B538

54. Bartke A, Masternak MM, Al-Regaiey KA, Bonkowski MS. Effects of dietary restriction on the expression of
insulin-signaling-related genes in long-lived mutant mice. Interdiscip Top Gerontol 2007;35:69–82

55. Al-Regaiey KA, Masternak MM, Bonkowski M, Sun L, Bartke A. Long-lived growth hormone receptor knock-
out mice: interaction of reduced insulin-like growth factor i/insulin signaling and caloric restriction. Endocrinol-
ogy 2005;146:851–860

56. Masternak MM, Al-Regaiey KA, Del Rosario Lim MM, Jimenez-Ortega V, Panici JA, Bonkowski MS, Bartke A.
Effects of caloric restriction on insulin pathway gene expression in the skeletal muscle and liver of normal and
long-lived GHR-KO mice. Exp Gerontol 2005;40:679–684

57. Masternak MM, Al-Regaiey KA, Del Rosario Lim MM, Jimenez-Ortega V, Panici JA, Bonkowski MS,
Kopchick JJ, Wang Z, Bartke A. Caloric restriction and growth hormone receptor knockout: effects on expres-
sion of genes involved in insulin action in the heart. Exp Gerontol 2006;41:417–429

58. Corton JC, Brown-Borg HM. Peroxisome proliferator-activated receptor gamma coactivator 1 in caloric restric-
tion and other models of longevity. J Gerontol A Biol Sci Med Sci 2005;60:1494–1509

59. Sung B, Park S, Yu BP, Chung HY. Modulation of PPAR in aging, inflammation, and calorie restriction. J
Gerontol A Biol Sci Med Sci 2004;59:997–1006

60. Masternak MM, Al-Regaiey KA, Del Rosario Lim MM, Jimenez-Ortega V, Panici JA, Bonkowski MS,
Kopchick JJ, Bartke A. Effects of caloric restriction and growth hormone resistance on the expression level
of peroxisome proliferator-activated receptors superfamily in liver of normal and long-lived growth hormone
receptor/binding protein knockout mice. J Gerontol A Biol Sci Med Sci 2005;60:1394–1398

61. Zhu M, Miura J, Lu LX, Bernier M, DeCabo R, Lane MA, Roth GS, Ingram DK. Circulating adiponectin levels
increase in rats on caloric restriction: the potential for insulin sensitization. Exp Gerontol 2004;39:1049–1059

62. Corton JC, Apte U, Anderson SP, Limaye P, Yoon L, Latendresse J, Dunn C, Everitt JI, Voss KA, Swanson C,
Kimbrough C, Wong JS, Gill SS, Chandraratna RA, Kwak MK, Kensler TW, Stulnig TM, Steffensen KR,
Gustafsson JA, Mehendale HM. Mimetics of caloric restriction include agonists of lipid-activated nuclear recep-
tors. J Biol Chem 2004;279:46204–46212

63. Guarente L, Picard F. Calorie restriction – the SIR2 connection. Cell 2005;120:473–482
64. Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, Kessler B, Howitz KT, Gorospe M, de Cabo R,

Sinclair DA. Calorie restriction promotes mammalian cell survival by inducing the SIRT1 deacetylase. Science
2004;305:390–392

65. Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado De Oliveira R, Leid M, McBurney MW,
Guarente L. Sirt1 promotes fat mobilization in white adipocytes by repressing PPAR-gamma. Nature
2004;429:771–776

66. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose homeostasis
through a complex of PGC-1alpha and SIRT1. Nature 2005;434:113–118

67. Hallows WC, Lee S, Denu JM. Sirtuins deacetylate and activate mammalian acetyl-CoA synthetases. Proc Natl
Acad Sci USA 2006;103:10230–10235

68. Moynihan KA, Grimm AA, Plueger MM, Bernal-Mizrachi E, Ford E, Cras-Meneur C, Permutt MA, Imai S.
Increased dosage of mammalian Sir2 in pancreatic � cells enhances glucose-stimulated insulin secretion in
mice. Cell Metab 2005;2:105–117

69. Bordone L, Motta MC, Picard F, Robinson A, Jhala US, Apfeld J, McDonagh T, Lemieux M, McBurney M,
Szilvasi A. Sirt1 regulates insulin secretion by repressing UCP2 in pancreatic ÿ cells. PLoS Biol 2006;4:31

70. Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, Tran H, Ross SE, Mostoslavsky R, Cohen HY.
Stress-dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 2004;303:
2011–2015



References 493

71. Luo J, Nikolaev AY, Imai S, Chen D, Su F, Shiloh A, Guarente L, Gu W. Negative control of p53 by Sir2
promotes cell survival under stress. Cell 2001;107:137–148

72. Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW. Modulation of NF-�B-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO J 2004;23:2369–2380

73. Vaziri H, Dessain SK, Ng Eaton E, Imai SI, Frye RA, Pandita TK, Guarente L, Weinberg RA. hSIR2(SIRT1)
functions as an NAD-dependent p53 deacetylase. Cell 2001;107:149–159

74. Daitoku H, Hatta M, Matsuzaki H, Aratani S, Ohshima T, Miyagishi M, Nakajima T, Fukamizu A. Silent infor-
mation regulator 2 potentiates Foxo1-mediated transcription through its deacetylase activity. Proc Natl Acad Sci
USA 2004;101:10042–10047

75. Motta MC, Divecha N, Lemieux M, Kamel C, Chen D, Gu W, Bultsma Y, McBurney M, Guarente L. Mam-
malian SIRT1 represses forkhead transcription factors. Cell 2004;116:551–563

76. Cohen HY, Lavu S, Bitterman KJ, Hekking B, Imahiyerobo TA, Miller C, Frye R, Ploegh H, Kessler BM,
Sinclair DA. Acetylation of the C terminus of Ku70 by CBP and PCAF controls Bax-mediated apoptosis. Mol
Cell 2004;13:627–638

77. Vaquero A, Scher M, Lee D, Erdjument-Bromage H, Tempst P, Reinberg D. Human SirT1 interacts with histone
H1 and promotes formation of facultative heterochromatin. Mol Cell 2004;16:93–105

78. Alcendor RR, Kirshenbaum LA, Imai S, Vatner SF, Sadoshima J. Silent information regulator 2alpha, a longevity
factor and class III histone deacetylase, is an essential endogenous apoptosis inhibitor in cardiac myocytes. Circ
Res 2004;95:971–980

79. Michishita E, Park JY, Burneskis JM, Barrett JC, Horikawa I. Evolutionarily conserved and nonconserved cel-
lular localizations and functions of human SIRT proteins. Mol Biol Cell 2005;16:4623–4635

80. Mostoslavsky R, Chua KF, Lombard DB, Pang WW, Fischer MR, Gellon L, Liu P, Mostoslavsky G, Franco S,
Murphy MM, Mills KD, Patel P, Hsu JT, Hong AL, Ford E, Cheng HL, Kennedy C, Nunez N, Bronson R,
Frendewey D, Auerbach W, Valenzuela D, Karow M, Hottiger MO, Hursting S, Barrett JC, Guarente L, Mul-
ligan R, Demple B, Yancopoulos GD, Alt FW. Genomic instability and aging-like phenotype in the absence of
mammalian SIRT6. Cell 2006;124:315–329

81. Kim JW, Zou Y, Yoon S, Lee JH, Kim YK, Yu BP, Chung HY. Vascular aging: molecular modulation of the
prostanoid cascade by calorie restriction. J Gerontol A Biol Sci Med Sci 2004;59:B876–B885

82. Son TG, Zou Y, Yu BP, Lee J, Chung HY. Aging effect on myeloperoxidase in rat kidney and its modulation by
calorie restriction. Free Radic Res 2005;39:283–289

83. Zou Y, Yoon S, Jung KJ, Kim CH, Son TG, Kim MS, Kim YJ, Lee J, Yu BP, Chung HY. Upregulation of aortic
adhesion molecules during aging. J Gerontol A Biol Sci Med Sci 2006;61:232–244

84. Zou Y, Jung KJ, Kim JW, Yu BP, Chung HY. Alteration of soluble adhesion molecules during aging and their
modulation by calorie restriction. FASEB J 2004;18:320–322

85. Fornieri C, Taparelli F, Quaglino D Jr, Contri MB, Davidson JM, Algeri S, Ronchetti IP. The effect of caloric
restriction on the aortic tissue of aging rats. Connect Tissue Res 1999;40:131–143

86. Sanz A, Caro P, Barja G. Protein restriction without strong caloric restriction decreases mitochondrial oxygen
radical production and oxidative DNA damage in rat liver. J Bioenerg Biomembr 2004;36:545–552

87. Sanz A, Caro P, Sanchez JG, Barja G. Effect of lipid restriction on mitochondrial free radical production and
oxidative DNA damage. Ann NY Acad Sci 2006;1067:200–209

88. Sanz A, Gomez J, Caro P, Barja G. Carbohydrate restriction does not change mitochondrial free radical genera-
tion and oxidative DNA damage. J Bioenerg Biomembr 2006;38:327–333

89. Sanz A, Caro P, Ayala V, Portero-Otin M, Pamplona R, Barja G. Methionine restriction decreases mitochondrial
oxygen radical generation and leak as well as oxidative damage to mitochondrial DNA and proteins. FASEB J
2006;20:1064–1073

90. Richie JP Jr, Leutzinger Y, Parthasarathy S, Malloy V, Orentreich N, Zimmerman JA. Methionine restriction
increases blood glutathione and longevity in F344 rats. FASEB J 1994;8:1302–1307

91. Orentreich N, Matias JR, DeFelice A, Zimmerman JA. Low methionine ingestion by rats extends life span. J
Nutr 1993;123:269–274

92. Pamplona R, Barja G. Mitochondrial oxidative stress, aging and caloric restriction: the protein and methionine
connection. Biochim Biophys Acta 2006;1757:496–508

93. Jiang JC, Jaruga E, Repnevskaya MV, Jazwinski SM. An intervention resembling caloric restriction prolongs
life span and retards aging in yeast. FASEB J 2000;14:2135–2137

94. Mobbs CV, Mastaitis JW, Zhang M, Isoda F, Cheng H, Yen K. Secrets of the lac operon. Glucose hysteresis as
a mechanism in dietary restriction, aging and disease. Interdiscip Top Gerontol 2007;35:39–68

95. Suji G, Sivakami S. Glucose, glycation and aging. Biogerontology 2004;5:365–373
96. Pasinetti GM, Zhao Z, Qin W, Ho L, Shrishailam Y, Macgrogan D, Ressmann W, Humala N, Liu X, Romero C,

Stetka B, Chen L, Ksiezak-Reding H, Wang J. Caloric intake and Alzheimer’s disease. Experimental approaches
and therapeutic implications. Interdiscip Top Gerontol 2007;35:159–175



494 15 Nutrition and Exercise in Cardiovascular Aging

97. Wang J, Ho L, Qin W, Rocher AB, Seror I, Humala N, Maniar K, Dolios G, Wang R, Hof PR, Pasinetti GM.
Caloric restriction attenuates beta-amyloid neuropathology in a mouse model of Alzheimer’s disease. FASEB J
2005;19:659–661

98. Weindruch R, Keenan KP, Carney JM, Fernandes G, Feuers RJ, Floyd RA, Halter JB, Ramsey JJ, Richardson A,
Roth GS, Spindler SR. Caloric restriction mimetics: metabolic interventions. J Gerontol A Biol Sci Med Sci
2001;56:20–33

99. Ingram DK, Zhu M, Mamczarz J, Zou S, Lane MA, Roth GS, deCabo R. Calorie restriction mimetics: an
emerging research field. Aging Cell 2006;5:97–108

100. Ingram DK, Anson RM, de Cabo R, Mamczarz J, Zhu M, Mattison J, Lane MA, Roth GS. Development of
calorie restriction mimetics as a prolongevity strategy. Ann NY Acad Sci 2004;1019:412–423

101. Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood JG, Zipkin RE, Chung P, Kisielewski A,
Zhang LL, Scherer B, Sinclair DA. Small molecule activators of sirtuins extend Saccharomyces cerevisiae life
span. Nature 2003;425:191–196

102. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL, Tatar M, Sinclair D. Sirtuin activators mimic caloric
restriction and delay ageing in metazoans. Nature 2004;430:686–689

103. Valenzano DR, Terzibasi E, Genade T, Cattaneo A, Domenici L, Cellerino A. Resveratrol prolongs life span and
retards the onset of age-related markers in a short-lived vertebrate. Curr Biol 2006;16:296–300

104. Kaeberlein M, McDonagh T, Heltweg B, Hixon J, Westman EA, Caldwell SD, Napper A, Curtis R, DiStefano
PS, Fields S, Bedalov A, Kennedy BK. Substrate-specific activation of sirtuins by resveratrol. J Biol Chem
2005;280:17038–17045

105. Borra MT, Smith BC, Denu JM. Mechanism of human SIRT1 activation by resveratrol. J Biol Chem
2005;280:17187–17195

106. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K,
Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy S, Fishbein KW, Spencer RG,
Lakatta EG, Le Couteur D, Shaw RJ, Navas P, Puigserver P, Ingram DK, de Cabo R, Sinclair DA. Resveratrol
improves health and survival of mice on a high-calorie diet. Nature 2006;444:337–342

107. Yang H, Baur JA, Chen A, Miller C, Sinclair DA. Design and synthesis of compounds that extend yeast replica-
tive life span. Aging Cell 2007;6:35–43

108. Demetrius L. Caloric restriction, metabolic rate, and entropy. J Gerontol A Biol Sci Med Sci 2004;59:
B902–B915

109. Demetrius L. Aging in mouse and human systems: a comparative study. Ann NY Acad Sci 2006;1067:66–82
110. Mockett RJ, Cooper TM, Orr WC, Sohal RS. Effects of caloric restriction are species-specific. Biogerontology

2006;7:157–160
111. Dirks AJ, Leeuwenburgh C. Caloric restriction in humans: potential pitfalls and health concerns. Mech Ageing

Dev 2006;127:1–7
112. Calabrese V, Giuffrida Stella AM, Calvani M, Butterfield DA. Acetylcarnitine and cellular stress response: roles

in nutritional redox homeostasis and regulation of longevity genes. J Nutr Biochem 2006;17:73–88
113. Hagen TM, Moreau R, Suh JH, Visioli F. Mitochondrial decay in the aging rat heart: evidence for improvement

by dietary supplementation with acetyl-L-cartinine and/or lipoic acid. Ann NY Acad Sci 2002;959:
491–507

114. Lesnefsky EJ, He D, Moghaddas S, Hoppel CL. Reversal of mitochondrial defects before ischemia protects the
aged heart. FASEB J 2006;20:1543–1545

115. Suh JH, Wang H, Liu RM, Liu J, Hagen TM. (R)-alpha-lipoic acid reverses the age-related loss in GSH redox
status in post-mitotic tissues: evidence for increased cysteine requirement for GSH synthesis. Arch Biochem
Biophys 2004;423:126–135

116. Kumaran S, Savitha S, Anusuya Devi M, Panneerselvam C. L-carnitine and DL-alpha-lipoic acid reverse
the age-related deficit in glutathione redox state in skeletal muscle and heart tissues. Mech Ageing Dev
2004;125:507–512

117. Ames BN, Liu J. Delaying the mitochondrial decay of aging with acetylcarnitine. Ann NY Acad Sci
2004;1033:108–116

118. Tanaka Y, Sasaki R, Fukui F, Waki H, Kawabata T, Okazaki M, Hasegawa K, Ando S. Acetyl-L-carnitine
supplementation restores decreased tissue carnitine levels and impaired lipid metabolism in aged rats. J Lipid
Res 2004;45:729–735

119. Rosenfeldt FL, Pepe S, Linnane A, Nagley P, Rowland M, Ou R, Marasco S, Lyon W, Esmore D. Coenzyme
Q10 protects the aging heart against stress: studies in rats, human tissues, and patients. Ann NY Acad Sci
2002;959:355–359

120. Sohal RS, Kamzalov S, Sumien N, Ferguson M, Rebrin I, Heinrich KR, Forster MJ. Effect of coenzyme Q10
intake on endogenous coenzyme Q content, mitochondrial electron transport chain, antioxidative defenses, and
life span of mice. Free Radic Biol Med 2006;40:480–487



References 495

121. Aronson D. Pharmacological prevention of cardiovascular aging – targeting the Maillard reaction. Br
J Pharmacol 2004;142:1055–1058

122. Li YM, Steffes M, Donnelly T, Liu C, Fuh H, Basgen J, Bucala R, Vlassara H. Prevention of cardiovascular
and renal pathology of aging by the advanced glycation inhibitor aminoguanidine. Proc Natl Acad Sci USA
1996;93:3902–3907

123. Corman B, Duriez M, Poitevin P, Heudes D, Bruneval P, Tedgui A, Levy BI. Aminoguanidine prevents age-
related arterial stiffening and cardiac hypertrophy. Proc Natl Acad Sci USA 1998;95:1301–1306

124. Moreau R, Nguyen BT, Doneanu CE, Hagen TM. Reversal by aminoguanidine of the age-related increase in
glycoxidation and lipoxidation in the cardiovascular system of Fischer 344 rats. Biochem Pharmacol 2005;69:
29–40

125. Chang KC, Hsu KL, Chou TF, Lo HM, Tseng YZ. Aminoguanidine prevents age-related deterioration in left
ventricular-arterial coupling in Fisher 344 rats. Br J Pharmacol 2004;142:1099–1104

126. Chang KC, Hsu KL, Peng YI, Lee FC, Tseng YZ. Aminoguanidine prevents age-related aortic stiffening in
Fisher 344 rats: aortic impedance analysis. Br J Pharmacol 2003;140:107–114

127. Asif M, Egan J, Vasan S, Jyothirmayi GN, Masurekar MR, Lopez S, Williams C, Torres RL, Wagle D, Ulrich P,
Cerami A, Brines M, Regan TJ. An advanced glycation endproduct cross-link breaker can reverse age-related
increases in myocardial stiffness. Proc Natl Acad Sci USA 2000;97:2809–2813

128. Ventura-Clapier R, Mettauer B, Bigard X. Beneficial effects of endurance training on cardiac and skeletal muscle
energy metabolism in heart failure. Cardiovasc Res 2007;73:10–18

129. Lu L, Mei DF, Gu AG, Wang S, Lentzner B, Gutstein DE, Zwas D, Homma S, Yi GH, Wang J. Exercise
training normalizes altered calcium-handling proteins during development of heart failure. J Appl Physiol
2002;92:1524–1530

130. Orenstein TL, Parker TG, Butany JW, Goodman JM, Dawood F, Wen WH, Wee L, Martino T, McLaughlin PR,
Liu PP. Favorable left ventricular remodeling following large myocardial infarction by exercise training. Effect
on ventricular morphology and gene expression. J Clin Invest 1995;96:858–866

131. Lee YI, Cho JY, Kim MH, Kim KB, Lee DJ, Lee KS. Effects of exercise training on pathological cardiac
hypertrophy related gene expression and apoptosis. Eur J Appl Physiol 2006;97:216–224

132. Iemitsu M, Maeda S, Jesmin S, Otsuki T, Miyauchi T. Exercise training improves aging-induced down-
regulation of VEGF angiogenic signaling cascade in hearts. Am J Physiol Heart Circ Physiol 2006;291:
H1290–H1298

133. Bronikowski AM, Carter PA, Morgan TJ, Garland T Jr, Ung N, Pugh TD, Weindruch R, Prolla TA. Lifelong vol-
untary exercise in the mouse prevents age-related alterations in gene expression in the heart. Physiol Genomics
2003;12:129–138

134. Suzuki J. L-arginine supplementation causes additional effects on exercise-induced angiogenesis and VEGF
expression in the heart and hind-leg muscles of middle-aged rats. J Physiol Sci 2006;56:39–44

135. Short KR, Vittone JL, Bigelow ML, Proctor DN, Coenen-Schimke JM, Rys P, Nair KS. Changes in myosin
heavy chain mRNA and protein expression in human skeletal muscle with age and endurance exercise training.
J Appl Physiol 2005;99:95–102

136. Gustafsson T, Bodin K, Sylven C, Gordon A, Tyni-Lenne R, Jansson E. Increased expression of VEGF following
exercise training in patients with heart failure. Eur J Clin Invest 2001;31:362–366

137. Ennezat PV, Malendowicz SL, Testa M, Colombo PC, Cohen-Solal A, Evans T, LeJemtel TH. Physical training
in patients with chronic heart failure enhances the expression of genes encoding antioxidative enzymes. J Am
Coll Cardiol 2001;38:194–198

138. Jozsi AC, Dupont-Versteegden EE, Taylor-Jones JM, Evans WJ, Trappe TA, Campbell WW, Peterson CA. Aged
human muscle demonstrates an altered gene expression profile consistent with an impaired response to exercise.
Mech Ageing Dev 2000;120:45–56

139. Quindry J, French J, Hamilton K, Lee Y, Mehta JL, Powers S. Exercise training provides cardioprotection against
ischemia-reperfusion induced apoptosis in young and old animals. Exp Gerontol 2005;40:416–425

140. French JP, Quindry JC, Falk DJ, Staib JL, Lee Y, Wang KK, Powers SK. Ischemia-reperfusion induced calpain
activation and SERCA2a degradation are attenuated by exercise training and calpain inhibition. Am J Physiol
Heart Circ Physiol 2006;290:H128–H136

141. Kwak HB, Song W, Lawler JM. Exercise training attenuates age-induced elevation in Bax/Bcl-2 ratio, apoptosis,
and remodeling in the rat heart. FASEB J 2006;20:791–793

142. Gielen S, Adams V, Niebauer J, Schuler G, Hambrecht R. Aging and heart failure – similar syndromes of
exercise intolerance? Implications for exercise-based interventions. Heart Fail Monit 2005;4:130–136

143. Musch TI, Eklund KE, Hageman KS, Poole DC. Altered regional blood flow responses to submaximal exercise
in older rats. J Appl Physiol 2004;96:81–88

144. Eklund KE, Hageman KS, Poole DC, Musch TI. Impact of aging on muscle blood flow in chronic heart failure.
J Appl Physiol 2005;99:505–514



496 15 Nutrition and Exercise in Cardiovascular Aging

145. Judge S, Jang YM, Smith A, Selman C, Phillips T, Speakman JR, Hagen T, Leeuwenburgh C. Exercise by
lifelong voluntary wheel running reduces subsarcolemmal and interfibrillar mitochondrial hydrogen peroxide
production in the heart. Am J Physiol Regul Integr Comp Physiol 2005;289:R1564–R1572

146. Navarro A, Gomez C, Lopez-Cepero JM, Boveris M. Beneficial effects of moderate exercise on mice aging:
survival, behavior, oxidative stress and mitochondrial electron transfer. Am J Physiol Regul Integr Comp Physiol
2004;286:R505–R511

147. Korzick DH, Holiman DA, Boluyt MO, Laughlin MH, Lakatta EG. Diminished alpha1-adrenergic-mediated
contraction and translocation of PKC in senescent rat heart. Am J Physiol Heart Circ Physiol 2001;281:
H581–H589

148. Korzick DH, Hunter JC, McDowell MK, Delp MD, Tickerhoof MM, Carson LD. Chronic exercise improves
myocardial inotropic reserve capacity through alpha1-adrenergic and protein kinase C-dependent effects in
senescent rats. J Gerontol A Biol Sci Med Sci 2004;59:1089–1098

149. Roth DA, White CD, Podolin DA, Mazzeo RS. Alterations in myocardial signal transduction due to aging and
chronic dynamic exercise. J Appl Physiol 1998;84:177–184

150. Iemitsu M, Miyauchi T, Maeda S, Tanabe T, Takanashi M, Irukayama-Tomobe Y, Sakai S, Ohmori H, Matsuda
M, Yamaguchi I. Aging-induced decrease in the PPAR-alpha level in hearts is improved by exercise training.
Am J Physiol Heart Circ Physiol 2002;283:H1750–H1760

151. Tunstall RJ, Mehan KA, Wadley GD, Collier GR, Bonen A, Hargreaves M, Cameron-Smith D. Exercise train-
ing increases lipid metabolism gene expression in human skeletal muscle. Am J Physiol Endocrinol Metab
2002;283:E66–E72

152. Koves TR, Li P, An J, Akimoto T, Slentz D, Ilkayeva O, Dohm GL, Yan Z, Newgard CB, Muoio DM. Per-
oxisome proliferator-activated receptor-gamma co-activator 1alpha-mediated metabolic remodeling of skeletal
myocytes mimics exercise training and reverses lipid-induced mitochondrial inefficiency. J Biol Chem 2005;280:
33588–33598

153. Iemitsu M, Miyauchi T, Maeda S, Tanabe T, Takanashi M, Matsuda M, Yamaguchi I. Exercise training improves
cardiac function-related gene levels through thyroid hormone receptor signaling in aged rats. Am J Physiol Heart
Circ Physiol 2004;286:H1696–H1705

154. Tang F. Effect of sex and age on serum aldosterone and thyroid hormones in the laboratory rat. Horm Metab Res
1985;17:507–509

155. Powers SK, Quindry J, Hamilton K. Aging, exercise, and cardioprotection. Ann NY Acad Sci 2004;1019:
462–470

156. Lennon SL, Quindry JC, Hamilton KL, French JP, Hughes J, Mehta JL, Powers SK. Elevated MnSOD is not
required for exercise-induced cardioprotection against myocardial stunning. Am J Physiol Heart Circ Physiol
2004;287:H975–H980

157. Starnes JW, Choilawala AM, Taylor RP, Nelson MJ, Delp MD. Myocardial heat shock protein 70 expression in
young and old rats after identical exercise programs. J Gerontol A Biol Sci Med Sci 2005;60:963–969

158. Maeda S, Tanabe T, Miyauchi T, Otsuki T, Sugawara J, Iemitsu M, Kuno S, Ajisaka R, Yamaguchi I, Mat-
suda M. Aerobic exercise training reduce plasma endothelin-1 concentration in older women. J Appl Physiol
2003;95:336–341

159. Maeda S, Tanabe T, Otsuki T, Sugawara J, Iemitsu M, Miyauchi T, Kuno S, Ajisaka R, Matsuda M. Moderate
regular exercise increases basal production of nitric oxide in elderly women. Hypertens Res 2004;27:947–953

160. DeSouza CA, Shapiro LF, Clevenger CM, Dinenno FA, Monahan KD, Tanaka H, Seals DR. Regular aerobic
exercise prevents and restores age-related declines in endothelium-dependent vasodilation in healthy men. Cir-
culation 2000;102:1351–1357

161. Smith DT, Hoetzer GL, Greiner JJ, Stauffer BL, DeSouza CA. Effects of ageing and regular aerobic exercise on
endothelial fibrinolytic capacity in humans. J Physiol 2003;546:289–298

162. DeSouza CA, Van Guilder GP, Greiner JJ, Smith DT, Hoetzer GL, Stauffer BL. Basal endothelial nitric oxide
release is preserved in overweight and obese adults. Obes Res 2005;13:1303–1306

163. Gielen S, Adams V, Niebauer J, Schuler G, Hambrecht R. Aging and heart failure – similar syndromes of
exercise intolerance? Implications for exercise-based interventions. Heart Fail Monit 2005;4:130–136

164. Ji LL. Exercise at old age: does it increase or alleviate oxidative stress? Ann NY Acad Sci 2001;928:236–247



Part VII
The Future of Aging Research



Glossary

AAV Adeno-associated virus; vector useful for cardiomyocyte gene transfection.

ACH Acetylcholine.

ACS Acute coronary syndromes; a set of signs and symptoms suggestive of sudden cardiac
ischemia, usually caused by disruption of atherosclerotic plaque in an epicardial coronary artery.

Adipokines Group of cytokines secreted by adipose tissue including leptin, resistin, adiponectin,
TNF-α, interleukin-6 (IL-6) and plasminogen activator inhibitor-1 (PAI-1) which have critical roles
in inflammation, modifying appetite, insulin resistance and atherosclerosis- some beneficial, others
deleterious.

Adiponectin An adipokine exclusively secreted from adipose tissue into the bloodstream, whose
plasma levels are inversely correlated with body mass index and which plays a role in suppression
of metabolic derangements that may result in type 2 diabetes, obesity, and atherosclerosis.

AF Atrial fibrillation, the most common dysrhythmia seen in clinical cardiology, can be familial
with both monogenic and more often heterogeneous genetic cases reported.

AGE Advanced glycation endproducts produced from glycation reactions have been implicated in
aging-associated chronic diseases including type II diabetes and CVDs with particular damage to
endothelium, collagen and fibrinogen.

AGT Angiotensinogin gene involved in the RAAS pathway

AIF Apoptosis-inducing factor. Released from mitochondrial intermembrane space in early apop-
tosis and subsequently involved in nuclear DNA fragmentation.

Akt Protein kinase B (PKB). Myocardial Akt phosphorylates a number of downstream targets,
including cardioprotective factors involved in glucose and mitochondrial metabolism, apoptosis and
regulators of protein synthesis

AL Ad libitum; in contrast to dietary restriction, free access to feed or water

ALCAR Acetyl-l-carnitine, supplementation with lipoic acid (LA) appears to improve myocardial
bioenergetics and decrease oxidative stress associated with aging.

Allele An alternative form of a gene.

Allotopic expression Alternative method of mitochondrial gene therapy in which a mitochondrial
gene is reengineered for expression from the nucleus and targeting its translation product to the
mitochondria.

Angiogenesis Formation of new vessels from preexisting ones, and in particular the sprouting of
new capillaries from postcapillary venules
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Ang II Angiotensin II

ANT Adenine nucleotide translocator. A mitochondrial inner membrane carrier protein of ADP and
ATP and constituent of the PT pore.

Antagonistic Pleiotropy Multiple gene effects in an organism, such that alleles which improve
fitness early in life have detrimental effects later in life.

Antioxidants A nutrient, enzyme or chemical that reacts with and neutralizes oxidants, free radicals
or chemicals that release free radicals; also called free radical scavengers.

APC Anesthetic preconditioning.

APOE Apolipoprotein E, a gene on chromosome 19 encoding a protein in lipoproteins of blood
plasma, including HDL, LDL and VLDL. Among the common alleles of APOE gene E2, E3, and
E4, E4 is associated with increased frailty and limited life span.

Apoptosis Programmed cell death.

Apoptosome Cytosolic complex involved in the activation of apoptotic caspases.

ARC protein Apoptosis repressor with a caspase recruitment domain (CARD), inhibitor of both
the intrinsic and extrinsic apoptosis pathways.

ARVD Arrhythmogenic right ventricular dysplasia; the most common symptoms are ventricular
dysrhythmias, palpitations, fainting or loss of consciousness (syncope), and sudden death.

ASO Allele specific oligonucleotides, useful in screening for specific mutations

ATM Ataxia-telangiectasia mutated gene product responsible for Ataxia telangiectasia, an immun-
odeficiency disorder; the ATM protein is a large serine-threonine kinase involved in regulating cell
growth and cell cycle checkpoints in part by regulating p53, BRCA1 and CHEK2. ATM is involved
in repair of double strand DNA and telomeres.

ATP Adenosine triphosphate.

Autophagy Digestion of the cell’s organelles.

AV Atrioventricular.

AVC Atrioventricular canal.

AV node Atrioventricular node; a group of specialized cells located between the atria and ventricles
that regulate electrical current passing to the ventricles.

AVNRT AV nodal reentrant tachycardia, the most common reentrant tachycardia. and most com-
mon regular supraventricular tachycardia in elderly patients.

Bacteriophage A virus that infects bacteria; useful as a vector for gene transfer.

β-AR Beta-adrenergic receptor, G-protein coupled receptors containing a seven transmembrane
domain involved in signaling pathways of diverse cardiovascular functions including blood pressure
control and cardiac contractility.

BER Base excision repair. DNA repair in which a missing or damaged base on a single strand
is recognized, excised, and replaced by synthesizing a sequence complementary to the remaining
strand.

BF Blood flow.

BH domains Features of proapoptotic proteins, (BH1-4) are essential for homo- and hetero-
complex formation, as well as to induce cell death. Proapoptotic homologues can be subdivided
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into 2 major subtypes, the multidomain Bax subfamily (e.g., Bax and Bak) which possesses BH1-3
domains, and the BH3-only subfamily (e.g., Bad and Bid).

Bid A proapoptotic Bcl-2 related protein, which links the extrinsic and intrinsic apoptotic pathways.

Bilayer Arrangement of phospholipids in biological membranes.

Biomarker A measurable parameter of physiological age that is a more useful predictor of remain-
ing life expectancy than chronological age.

BMC Bone-marrow-derived cells.

BN-PAGE Blue-native polyacrylamide gel electrophoresis allows the separation of large macro-
molecular complexes preserving protein-protein interactions.

BNP Brain natriuretic peptide, hemodynamic marker of neurohumoral and vascular stress.

bp Base pairs.

BrdU Bromodeoxyuridine, a DNA synthesis inhibitor.

CAC Coronary artery calcification, a marker of atherosclerosis

CAD Coronary artery disease. (See ischemic heart disease).

CAECs Endothelial cells from the coronary artery.

Calpain Calcium-dependent neutral proteases; non-lysosomal.

CaM Calmodulin, an intracellular Ca2+ sensor that selectively activates downstream signaling
pathways in response to local changes in Ca2+.

CaMK Ca2+/CaM dependent protein kinase.

Cameleons Fluorescent indicators for Ca2+ that can be targeted to specific intracellular
locations.

cAMP Cyclic AMP; second messenger used extensively in cell signaling. Product of adenylyl
cyclase (AC).

CAR Coxsackie adenovirus receptor; host protein involved in cellular penetration by adenoviruses
and expression level of adenoviral-mediated transfected genes; levels/function may decline with
aging impacting the efficacy of adenoviral-mediated gene therapy in the elderly.

Cardiomyocyte A single cell of a heart muscle.

Cardiolipin Anionic phospholipid located primarily in mitochondrial inner membrane.

Carnitine Carrier molecule involved in the transport of long-chain fatty acids into the mitochondria
for β-FAO.

Caspases Intracellular cysteine proteases activated during apoptosis that cleave substrates at their
aspartic acid residues.

Catalase Antioxidant enzyme which degrades H2O2; primarily localized in the peroxisome.

Caveolae Vesicular organelles which are specialized subdomains of the plasma membrane particu-
larly abundant in cardiovascular cells which function both in protein trafficking and signal transduc-
tion.

Cell cycle The period between the release of a cell as one of the progeny of a division and its own
subsequent division by mitosis into two daughter cells.

Cell fusion Fusion of two somatic cells creating a hybrid cell.
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CETP Cholesteryl ester transfer protein plays role in reverse cholesterol transport with transfer of
cholesteryl ester-rich HDL to triglyceride-rich lipoproteins (VLDL).

Channelopathy A disease involving dysfunction of an ion channel. Channelopathies involving
potassium, sodium, chloride and calcium ion channels have been identified.

Chaperone Protein that assists in the proper folding and assembly into larger complexes of
unfolded or misfolded proteins.

ChIP Chromatin immunoprecipitation, a procedure used to determine whether a given protein binds
to a particular region of chromatin in vivo.

Chromatin The complex of DNA and histone and nonhistone proteins found in the nucleus of a
eukaryotic cell that constitutes the chromosomes.

Chylomicron Large triglyceride-rich particles containing apoB48 packaged from dietary lipids in
the intestinal enterocyte.

Cis-acting elements Regulatory DNA sequences that affect the expression of genes only on the
molecule of DNA where they reside; not protein encoding.

CK Creatine kinase. Both mitochondrial and cytosolic isoforms of this enzyme that catalyzes
the reversible phosphorylation of creatine by ATP to form the high-energy compound phospho-
creatine.

CML N (epsilon)-(Carboxymethyl)lysine, one of the better-characterized glycation elements (see
AGE) which can be formed on proteins by both glycoxidation and lipid peroxidation pathways.

CS Cockayne syndrome: A rare autosomal recessive premature aging syndrome caused by muta-
tions in the ERCC6 and ERCC8 genes involved in DNA repair (NER/TCR).

Comet assay A microgel electrophoresis technique that can measures DNA damage (i.e., single-
strand or double strand breaks) at the level of single cells.

Connexins A group of transmembrane proteins that form gap junctions between cells.

CoQ Coenzyme Q (also ubiquinone). Electron carrier and antioxidant.

COX Cytochrome c oxidase (complex IV).

CP Cardioprotection.

CpG islands GC-rich regions of DNA often found in promoter regions; DNA methylation target.

CR Caloric restriction, a restricted dietary regimen that has been shown to increase the lifespan of
a number of organisms including mammals and may have anti-aging effects in the heart.

CRC Calcium retention capacity, technique used to gauge mitochondrial permeability transition.

CRP C-reactive protein; a significant marker of inflammation and atherosclerotic progression;
serum CRP levels are predictive of future cardiovascular events.

CRT Cardiac resynchronization therapy (also called biventricular pacing) is increasingly used to
treat and/or prevent heart failure caused by DCM.

CsA Cyclosporin A. An inhibitor of PT pore opening.

CSC Cardiac stem cell.

cTnI Cardiac troponin I, widely used marker of myocardial ischemia and necrosis.
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cTnT Cardiac troponin T, widely used marker of myocardial ischemia and necrosis.

Cu-Zn SOD Also SOD1; Copper-zinc superoxide dismutase; Cytosolic ROS scavenger.

CVD Cardiovascular disease.

Cyclin A family of proteins involved in the progression of cells through the cell cycle, and in
activating the protein kinase function of its interacting partner, cyclin-dependent kinase (Cdk) and
in modulating proliferative growth.

CyP-D Cyclophilin-D. CsA-binding mitochondrial matrix protein component of the PT pore.

Cytochrome A family of proteins that contain heme as a prosthetic group involved in electron
transfer and identifiable by their absorption spectra.

Cytochrome c A mitochondrial protein involved in ETC at complex IV whose release from the
mitochondrial into cytosol is a trigger of caspase activation and early myocardial apoptosis.

DAP kinase Death-associated protein kinase, a positive mediator of apoptotic cell death.

DCM Dilated cardiomyopathy.

DHEA Dehydroepiandrosterone, a steroid prohormone and precursor of testosterone and estrogen
produced by adrenal glands, whose levels significantly decline in aging humans and monkeys, a
potential aging biomarker.

DHEAS Dehydroepiandrosterone sulfate, common highly-stable, sulfated form of DHEA found in
blood.

DISC Death-inducing signaling complex, a multiprotein complex involved in the extrinsic apop-
totic pathway triggered by the binding of specific ligands to the death receptor.

D-loop Noncoding regulatory region of mtDNA involved in controlling its replication and tran-
scription.

DMD Duchenne muscular dystrophy caused by defects in the X-linked DMD gene encoding dys-
trophin.

Dolichol Long-chain unsaturated organic compounds primarily associated with membrane proteins
and sugars which increase markedly with age.

DRVD Dysrhythmogenic right ventricular dysplasia (see ARVD).

DSB Double strand breaks, in which both strands in the DNA double helix are severed, are partic-
ularly deleterious DNA defects because they can lead to genome rearrangements.

DQAsomes Liposome-like vesicles formed in aqueous medium with a dicationic amphiphile
dequalinium used as a mitochondrial-specific delivery system for gene therapy.

Dystrophin Cytoskeletal protein defective in Duchenne (DMD) and Becker (BMD) muscular dys-
trophy.

EB Embryoid bodies, aggregations of embryonic stem cells which can differentiate spontaneously
in vitro to a variety of cell types including cardiomyocytes.

EC Endothelial cell.

ECM Extracellular matrix.

EcSOD Extracellular superoxide dismutase
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Endocannabinoids Endogenous lipids capable of binding to two cannabinoid receptors, CB1 and
CB2 involved in hunger-induced food intake and energy balance; in clinical trials, CB1 receptor
blockade has shown effects in reducing abdominal obesity and directly improving lipid and glucose
metabolism and insulin resistance in the metabolic syndrome.

eNOS Endothelial nitric oxide synthase.

EPC Endothelial progenitor cells.

Epigenetic Acquired and reversible modification of genetic material (e.g., methylation).

Epistasis Modification of the action of one gene by one or several genes that assort independently.

ER Endoplasmic reticulum. A membrane-bound cytosolic compartment where lipids and
membrane-bound proteins are synthesized.

ERK Extracellular regulated kinase.

ERs Estrogen receptors.

ESC Embryonic stem cell.

ETC Electron transport chain. A series of complexes in the mitochondrial inner membrane to con-
duct electrons from the oxidation of NADH and succinate to oxygen.

Exon Segment of a gene that remains after the splicing of the primary RNA transcript and contains
the coding sequences as well as 5’ and 3 untranslated regions

FA Friedreich ataxia. An autosomal-dominant neuromuscular disorder with frequent HCM.

FADD Fas-associated via death domain, adaptor protein recruiting procaspase into the apoptotic-
promoting complex DISC.

FAO Fatty acid oxidation.

FasL Fas ligand, death ligand in extrinsic apoptotic pathway.

FGF Fibroblast growth factor.

FH Familial hypercholesterolemia, relatively rare monogenic forms of dyslipidemia leading to
atherosclerosis.

FIX Procoagulant factor IX.

Forkhead box proteins (FOX and FOXO proteins) play important roles in regulating the transcrip-
tional expression of genes involved in cell growth, proliferation, differentiation, and longevity.

FPLD Familial partial lipodystrophy; a rare monogenic form of insulin resistance caused by muta-
tions in LMNA or PPAR-γ which has used as a potential model of MetSyn.

FRDA Gene for frataxin, a mitochondrial-localized protein. Mutations in FRDA are responsible for
Friedreich ataxia (FA).

FRTA Free radical theory of aging.

Functional genomics A branch of molecular biology that makes use of the enormous amount of
data produced by genome sequencing to delineate genome function.

Gene transfection Introduction of DNA into eukaryotic cells.

Genotype Genetic constitution of a cell or an organism.
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G-CSF Granulocyte colony-stimulating factor.

GH Growth hormone.

GIK Glucose, insulin and potassium. Applied as a metabolic “cocktail” to provide beneficial pre-
conditioning effects to injured myocardium.

GLUT Glucose transporter.

Glycation A form of non-enzymatic glycosylation in which sugars such as fructose or glucose,
bond to a protein or lipid molecule without the controlling action of an enzyme.

Glycolysis Cytosolic-located metabolic pathway present in all cells catalyzing the anaerobic con-
version of glucose to pyruvate.

GPCR G-protein coupled receptors.

G-protein A heterotrimeric membrane-associated GTP-binding protein involved in cell-signaling
pathways; activated by specific hormone or ligand binding to a 7-helix transmembrane receptor
protein.

GPx Glutathione peroxidase. An antioxidant enzyme with both mitochondrial and cytosolic iso-
forms.

GSH Reduced glutathione.

GSK-3B Glycogen synthase kinase 3B, negative regulator of cardiac hypertrophy and of both nor-
mal and pathologic stress–induced growth.

GSSG Glutathione disulfide.

HAGR Human Aging Genomic Resources.

Haplotype A set of single nucleotide polymorphisms (SNPs) or multiple linked alleles, on a single
chromatid whose genetic transmission is statistically associated.

Hayflick Limit The limit to the number of times a cell can divide during serial cell culture.

HbA1c Glycosylated (or glycated) hemoglobin; formed in a non-enzymatic pathway by
hemoglobin’s normal exposure to high plasma levels of glucose implicated in diabetes mellitus.

HCM Hypertrophic cardiomyopathy.

HDAC Histone deacetylases, enzymes that deacetylate lysine side chains in histones as well as
in specific non-histone proteins leading to altered states of conformation and activity, resulting in
chromatin remodeling, a major form of epigenetic modification.

HDL High-density lipoprotein.

HDOA High-density oligonucleotide array, technique for high-throughput mutation detection and
genotyping.

Helicase Enzymes that separate the strands of DNA.

Heterochromatin Condensed regions of chromosomes containing less active genes.

Heteroplasmy Presence of more than 1 genotype in a cell.

5-HD 5-hydroxydecanoic acid, selective mitoKATP channel blocker.

HF Heart failure.
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HF-NEF Heart failure with normal ejection fraction; more common in aging women than in men.

HGF Hepatocyte growth factor.

HGP Human Genome Project.

HGPS Hutchinson-Gilford Progeria Syndrome (see progeria).

Histones Chief proteins of chromatin acting as spools around which DNA winds. They play a role
in regulation of gene expression.

HNE 4-hydroxynonenal. A major product of endogenous lipid peroxidation.

H2O2 Hydrogen peroxide; a form of ROS and marker of oxidative stress.

HO-1 Heme oxygenase, antioxidant enzyme with cardioprotective function.

Homocysteine A reactive amino acid intermediate in methionine metabolism whose adverse effects
include endothelial dysfunction with associated platelet activation and thrombus formation and accu-
mulation of vascular atheroslerotic lesions.

Homoplasmy Presence of a single genotype in a cell.

Hormesis The stimulating effect of a subinhibitory concentration of any toxic substance on an
organism.

HR Homologous recombination; DNA repair pathway.

HRT Hormone replacement therapy.

HSC Hematopoietic stem cells.

HSP Heat-shock protein. A family of chaperones involved in protein folding.

HUVECs Human umbilical vein endothelial cells.

HPA Hybridization protection assay, rapid telomere analytical method.

Hydrophobic Lipophilic; insoluble in water.

ICAM-1 Intercellular adhesion molecule; along with integrins involved in the adhesion of inflam-
matory cells at the vascular surface, in the development of atherosclerotic plaques.

ICD Implantable cardioverter-defibrillator, implantation effective for treatment of short QT.

IEF Isolectric focusing, analytical technique useful to separate proteins on basis of charge; gener-
ally used in first dimension of 2D-PAGE.

IEG Immediate early response genes expressed early in response to stress

IFM Interfibrillar mitochondria.

IGF-1 Insulin-like growth factor, stimulates proliferative cardiomyocyte pathways and cell growth.

IMT Intima-media thickness; this measurement in carotid arteries are regarded as a valid index of
atherosclerosis and have been associated with the incidence of myocardial infarction and stroke.

Integral membrane protein Protein with at least 1 transmembrane segment requiring detergent
for solubilization.

Integrins Class of transmembrane, cell-surface receptor molecules that constitute part of the link
between the extracellular matrix and the cardiomyocyte cytoskeleton and which act as signaling
molecules and transducers of mechanical force.
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Intermembrane space Space between inner and outer mitochondrial membranes.

Intron A segment of a nuclear gene that is transcribed into the primary RNA transcript but is
excised during RNA splicing and not present in the mature transcript.

Ion channels Multisubunit transmembrane protein complexes that perform the task of mediating
selective flow of millions of ions per second across cell membranes, and are the fundamental func-
tional units of biological excitability

IP3 Inositol trisphosphate, second messenger produced by phospholipase C (see PLC).

IPC Ischemic preconditioning.

I/R Ischemia/reperfusion.

Ischemic heart disease – Also called coronary artery disease (CAD) and coronary heart disease
(CHD), this condition is caused by narrowing of the coronary arteries, thereby causing a decreased
blood supply to the heart.

Isoforms Related form of the same protein generated by alternative splicing, transcriptional starts
or encoded by entirely different genes.

JC-1 Fluorometric dye used for measuring/imaging mitochondrial membrane potential.

KCOs Potassium channel openers (e.g., nicorandil, diazoxide, and pinacidil); can mediate cardio-
protection.

KIR Potassium inward rectifier, key pore-forming subunit in sarcolemmal KATP channels.

Klotho A single-pass transmembrane protein that function in signaling pathways that suppress
aging and which has β-glucuronidase activity.

Knock-out mutation A null mutation in a gene, abolishing its function (usually in transgenic
mouse); allows evaluation of its phenotypic role.

Krebs cycle Central metabolic pathway of aerobic respiration occurring in the mitochondrial
matrix; involves oxidation of acetyl groups derived from pyruvate to CO2, NADH, and H2O. The
NADH from this cycle is a central substrate in the OXPHOS pathway. Also termed TCA or citric
acid cycle.

KSS Kearns-Sayre syndrome. A mitochondrial neuropathy characterized by ptosis, ophthalmople-
gia, and retinopathy frequently with cardiac conduction defects and cardiomyopathy

LA Lipoic acid, a potent thiol antioxidant and mitochondrial metabolite, appears to increase low
molecular weight antioxidants, decreasing age-associated oxidative damage.

LBBB Left bundle branch block.

LCAD Long-chain acyl CoA dehydrogenase involved in FAO.

LCFA Long-chain fatty acid.

LCHAD Long-chain 3-hydroxylacyl-CoA dehydrogenase.

LDL Low-density lipoprotein, a cholesteryl ester-rich particle (containing only apoB100) whose
plasma levels are elevated in several monogenic disorders of lipoprotein metabolism and lead to
atherosclerosis.

LDLR Low-density lipoprotein receptor, cell-surface receptor in liver or peripheral tissues respon-
sible for LDL removal from blood; defective LDLR results in FH.

Leptin An adipokine produced by adipose tissue that regulates energy intake and expenditure
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by decreasing appetite (e.g., downregulating endocannabinoids) and increasing metabolism. (e.g.,
increased oxygen consumption).

LHON Leber hereditary optical neuropathy, mitochondrial cytopathy.

LMNA Gene encoding Lamin A/C; mutations can cause a wide variety of disorders including
DCM, FPLD or premature aging (HGPS).

Ligand Any molecule that binds to a specific site on a protein or a receptor molecule.

Lipofuscin Brown pigment granules composed of difficult-to-degrade lipid-containing residues of
lysosomal digestion whose accumulation in several tissues/cells is associated with aging, hence the
term age pigment.

Liposomes Lipid spheres with a fraction of aqueous fluid in the center used as vectors for gene
transfection with plasmid DNA or oligonucleotides.

LPO Lipid peroxides

Lp-PLA2 Lipoprotein-associated phospholipase A2 (also known as platelet-activating factor
acetylhydrolase); produced by inflammatory cells primarily of myeloid origin and highly expressed
in vulnerable plaques and recognized as biomarker for predicting stroke risk associated with
atherosclerosis.

LPO Lipid peroxidation, oxidative degradation of lipids most often attacking multiple double-
bonds of polyunsaturated fatty acids after initiation by free radicals.

LQT Long QT syndrome; prolongation of the QT interval a significant cause of syncope and SCD
in children; delayed or prolonged repolarization of the cardiac myocyte can be acquired (e.g., drugs)
or congenital (e.g., mutations in specific ion channels).

LVAD Left-ventricular assist devices.

LVOTO Left ventricular outflow tract obstruction.

LVH Left ventricular hypertrophy.

LXR Liver X receptors; member of the nuclear receptor family of transcription factors closely
related to PPARs. Regulator of cholesterol, fatty acid and glucose homeostasis. LXR is considered
an orphan receptor since no endogenous activating ligand has been yet identified.

MAPCs Multipotent adult precursor cells.

MAPK Mitogen-activated protein kinases. A family of conserved serine/threonine protein kinases
activated as a result of a wide range of signals involved in cell proliferation and differentiation;
includes JNK and ERK.

Matrix Space enclosed by the mitochondrial inner membrane.

Membrane potential or cell potential. Combination of proton and ion gradients across the inner
mitochondria membrane/or a cell’s plasma membrane making the inside negative relative to the
outside.

Metabonomics Quantitative assessment of multiple metabolic changes occurring in response to
developmental, physiological or pathophysiological perturbations or genetic modification; also
metabolomics.

MetR Methionine restriction; form of dietary restriction which promotes reduction of mtDNA
oxidative damage, mitochondrial ROS production, and levels of markers of protein oxidation.

MetSyn Metabolic syndrome.
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3-MA 3-methyladenine, inhibitor of autophagy.

MCFS Macrophage colony-stimulating factor; upregulated in response to oxLDLs binding and
activation of macrophage enabling their survival and multiplication within atherosclerotic lesions.

MHC Myosin heavy chain.

MI Myocardial infarction.

Microarray A range of oligonucleotides immobilized onto a surface (chip) that can be hybridized
to determine quantitative transcript expression or mutation detection.

Minisatellites Repetitive and variable DNA sequences, generally GC-rich, ranging in length from
10 to over 100 bp.

Missense mutation Mutation which causes substitution of one amino acid for another.

MitoKATP channel Activation of the ATP-sensitive inner membrane mitoKATP channel has been
implicated as a central signaling event (both as trigger and end effector) in IPC and other cardiopro-
tection pathways.

MitoQ Synthetic ubiquinone analog which can be selectively targeted to mitochondria used to pro-
vide antioxidant cardioprotection.

MitoPTP Mitochondrial permeability transition pore (see PT pore)

Mito VitE Synthetic analog of vitamin E which can reduce mitochondrial lipid peroxidation and
protein damage and accumulate after oral administration at therapeutic concentrations within the
cardiac tissue.

MLC Myosin light chain.

MLP Muscle LIM protein, localized in the cardiomyocyte cytoskeleton, a positive regulator of
myogenic differentiation.

MMPs Metalloproteinases, enzymes involved in extracellular matrix remodeling.

MMR Mismatch repair, corrects errors of DNA replication and recombination that result in mis-
paired nucleotides following DNA replication.

MnSOD Also SOD2; manganese superoxide dismutase; mitochondrial ROS scavenger.

MODY Maturity onset diabetes of the young; rare monogenic form of diabetes due to dominantly
inherited mutations impacting insulin production or secretion.

MOMP Mitochondrial outer-membrane permeabilization, channel formed as an apoptotic event in
part mediated by binding of proapoptotic proteins (e.g., Bad, Bax, Bid) to mitochondria.

Modifier gene A gene that modifies a trait encoded by another gene.

MPTP See MitoPTP (also PT pore).

MR Mineralocorticoid receptor.

mRNA Messenger RNA. Specifies the amino acid sequence of a protein; translated into protein on
ribosomes. Transcripts of RNA polymerase II

MSC Mesenchymal stem cells.

MT Metallothionein. An inducible antioxidant metal-binding protein with cardioprotective proper-
ties.
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mtDNA Mitochondrial DNA.

mtTFA Mitochondrial transcription factor A (also called TFAM).

mTOR Mammalian target of rapamycin (also TOR).

MTP Microsomal triglyceride transfer protein; involved in both lipid metabolism and genetic vari-
ants have been associated with increased life span in several human populations.

Mutation Changes occurring in the genetic material (usually DNA or RNA).

Myocarditis An inflammatory disease of the myocardium associated with cardiac dysfunction and
increased myocyte necrosis; can be a precursor to dilated cardiomyopathy (DCM).

NADH Nicotinamide adenine dinucleotide (reduced form).

NADPH oxidase (also NOX) Multicomponent enzyme which is a major source of endothelial
superoxide; subject to specific regulation by diverse stimuli including oscillatory shear stress,
hypoxia, angiotensin II, growth factors, cytokines and hyperlipidemia.

NCX Sodium-calcium exchanger, a mitochondrial form of NCX (also denoted mNCE) is primarily
responsible for calcium efflux from the mitochondria.

Necrosis A form of cell death resulting from injury causing severe molecular and/or structural
damage and leading to progressive, irreversible and catastrophic metabolic failure. This results in
membrane disruption, cell swelling and eventual cell lysis and fragmentation with associated acute
inflammatory response.

NHEJ Non-homologous end joining, a highly-conserved pathway present in humans requiring a
number of proteins that can be used to repair DNA double-strand breaks

Nitrotyrosine The formation of 3-nitrotyrosine (3-NT) resulting from the nitration of tyrosine
residues. Is a post-translational modification of selective proteins arising primarily from peroxyni-
trite reactions and is associated with aging.

NER Nucleotide excision repair.

NF-κB Nuclear Factor-Kappa B. Family of transcription factors involved in the control of a num-
ber of normal cellular and organismal processes, including immune and inflammatory responses,
developmental processes, cellular growth, and apoptosis.

NO Nitric oxide; vasodilator.

Northern blot Molecular analytical technique by which RNA separated by electrophoresis is trans-
ferred and immobilized for the detection of specific transcripts by hybridization with labeled probe.

NOS Nitric oxide synthase

NRF-1 and NRF-2 Nuclear respiratory factors. Transcription factors that modulate expression of
nuclear-DNA encoded mitochondrial proteins.

NSI-MS/MS Nano-electrospray ionization-tandem mass spectrometry, analytical technique used in
proteomic analysis to assist in protein identification.

Nt nucleotide, the basic unit of DNA composed of a purine or pyrimidine base, a sugar (deoxyri-
bose) and a phosphate group.

NT-proBNP N-terminal pro-brain natriuretic peptide, a marker for acute congestive HF.

NTG Nitroglycerin.
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Null mutation Ablation or knock-out of a gene

Nutrigenomics Study of how different nutrients may interact with specific genes to increase the
risk of common chronic diseases. Nutrigenomics also seeks to provide a molecular understanding
of how common dietary factors affect health and aging by altering the expression of genes and the
structure of an individual’s genome.

OGGT Oral glucose tolerance test.

Oligonucleotide Short polymer of DNA or RNA that is usually synthetic in origin.

ORI Origin of replication. Unique DNA sequence at which DNA replication is initiated, from this
point replication may proceed either bidirectionaly or unidirectionaly.

OS Oxidative stress.

OxLDL Oxidized LDL, a primary substrate for macrophage activation and involved in atheroscle-
rosis progression.

8-oxodG 8-oxo-deoxyguanosine, major oxidative DNA lesion associated with aging, reparable by
BER.

OXPHOS Oxidative phosphorylation. A process in mitochondria in which ATP formation is driven
by electron transfer from NADH and FADH2 to molecular oxygen and by the generation of a pH
gradient and chemiosmotic coupling.

PAF Platelet-activating factor, potent inflammatory mediator binding to the PAF receptor found on
platelets, monocytes and leukocytes which can lead to platelet aggregation; structure mimicked by
oxidized LDL phospholipids.

PAGE Polyacrylamide gel electrophoresis.

PAI-1 Plasminogen activator inhibitor-1, a principal regulator of fibrinolysis.

PAR Protease-activated receptors; these G-coupled transmenbrane receptors are activated by extra-
cellular proteolytic cleavage by serine proteases such as thrombin and trypsin.

Paraoxonase Antioxidant enzyme.

Parvalbumin Small, intracellular, calcium-binding protein found exclusively in fast-twitch muscle
fibers; overexpression in senescent rats corrected myocardial diastolic dysfunction.

PARP Poly (ADP-ribose) polymerase; enzyme that plays diverse roles in many molecular pro-
cesses, including DNA damage detection and repair, chromatin modification, transcription, and cell
death pathways.

PC Anticoagulant factor protein C.

PCR Polymerase chain reaction. An amplification of DNA fragments using a thermostabile DNA
polymerase and paired oligonucleotide primers subjected to repeated reactions with thermal cycling.

PDGF Platelet-derived growth factor.

PDH Pyruvate dehydrogenase, mitochondrial matrix enzyme producing acetyl-CoA from pyruvate
linking glycolysis and Krebs cycle.

Penetrance The proportion of individuals with a specific genotype expressing the related pheno-
type.

Peptide Short polymer of amino acids that can be produced synthetically.
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Peripheral membrane protein Protein associated with membrane via protein-protein interactions;
solubilized by changes in pH or salt.

Peroxisome Small membrane-bounded organelle that uses oxygen to oxidize organic molecules,
including fatty acids and contain enzymes that generate and degrade hydrogen peroxide (H202)
(e.g., catalase).

pFOX Partial fatty acid oxidation.

PGC-1α Peroxisome proliferator-activated receptor γ coactivator 1α. Transcriptional regulator of
mitochondrial bioenergetic and biogenesis operative during physiological transitions.

Pharmaceutical preconditioning A large variety of drugs including the targeted use of volatile
anesthetics, potassium channel openers, nitric oxide donors and modulators of downstream path-
ways including erythropoietin, statins, insulin and pyruvate have been shown to mimic ischemic
preconditioning and provide cardioprotection when either substituted for the preconditioning period
or applied at reperfusion.

Pharmacogenetics Study of the role of inheritance in interindividual variation in drug response.

Pharmacogenomics A branch of pharmaceutics dealing with the influence of genetic changes on
drug response by correlating gene expression or SNPs with the drug’s effect.

Phenome A set of all phenotypes expressed by a cell, tissue, organ, organism, or species including
phenotypic traits due to either genetic or environmental influences.

Phenotype Observable physical characteristics of a cell or organism resulting from the interaction
of its genetic constitution (genotype) with its environment.

Phospholamban Negative regulator of SERCA.

PI3-K Phosphatidylinositol 3-kinase; also PI3K.

PKA Protein kinase A. Activated by cAMP.

PKB Protein kinase B; also called Akt.

PKC Protein kinase C.

PKD Protein kinase D, a mitochondrial sensor of oxidative stress

Plasmid A relatively autonomous replicating non-chromosomal DNA molecule primarily found in
bacteria that can be used as a vector for transferring recombinant genes to cells or tissues.

Pleiotropy The multiple phenotypic effects of a single gene.

PNA Peptide nucleic acids; an alternative delivery system for nucleic acids to mitochondria.

Polygenic A large number of genes, each contributing a small amount to the phenotype.

Polγ Nuclear-encoded catalytic subunit of mtDNA polymerase γ.

Porin Pore-forming protein in the outer mitochondrial membrane (see VDAC).

Postconditioning A series of brief interruptions of reperfusion applied at the very onset of reperfu-
sion can reduce infarct size and apoptosis and provide cardioprotection.

Post-translational modification Postsynthetic modification of proteins by glycosylation, phospho-
rylation, proteolytic cleavage, or other covalent changes involving side chains or termini.

p66Shc Adaptor protein which controls oxidative stress; p66Shc-null mice have reduced systemic
and tissue oxidative stress, vascular cell death and increased life span.
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P70S6K 70-kDa ribosomal protein S6 kinase. It plays a key role in translational control of cell
proliferation in response to growth factors in mammalian cells

PPARs Peroxisome proliferator-activated receptors. Nuclear receptor transcription factors that
function as transcriptional regulators impacting cellular carbohydrate and lipid metabolism as well
as cell differentiation in a variety of target tissues, including the heart.

PVBs Premature ventricular beats, often benign but can promote a more serious dysrhythmia.

Primer Short nucleotide sequence that is paired with 1 strand of DNA and provide a free 3’-OH
end at which a DNA polymerase starts the synthesis of a nascent chain.

Progeria Human genetic disease resembling accelerated aging, typically affects children. Examples
include Hutchinson-Gilford progeria syndrome (HGPS).

Progeroid A phenotype with features resembling accelerated aging.

Promoter Non-coding regulatory region of DNA sequence upstream of the gene coding sequences
involved in the binding of RNA polymerase to initiate transcription.

Protein kinase Enzyme that transfers the terminal phosphate group of ATP to a specific amino acid
of a target protein.

Proteome Entire complement of proteins contained within the eukaryotic cell.

Proteasome A cytosolic macromolecular complex of multicatalytic proteases that digest proteins
that have been tagged with ubiquitin for destruction.

PT pore Permeability transition pore. A non-specific megachannel in the mitochondrial inner mem-
brane. See also mitoPTP or MPTP.

PUFA Polyunsaturated fatty acids.

RAAS Renin-angiotensin-aldosterone system

RACKs Receptors for activated C kinase.

RAGE Receptors for AGE (advanced glycation endproducts); integral membrane proteins present
in a wide array of cardiovascular cell-types that mediate production of pro-inflammatory cytokines
and formation of free radicals.

Ras A small G protein (see G proteins).

RBBB Right bundle branch block.

RCM Restrictive cardiomyopathy, the rarest form of cardiomyopathy, involves impaired ventric-
ular filling and reduced diastolic volume in the presence of normal systolic function and is most
frequently caused by pathological conditions that stiffen the myocardium by promoting infiltration
or fibrosis.

Real-Time PCR Quantitative PCR technique employs simultaneous DNA amplification and quan-
tification often using fluorescent dyes that intercalate with double-strand DNA, and modified DNA
oligonucleotide probes which fluoresce when hybridized with a complementary DNA.

Reactive fibrosis Occurs in the absence of cell loss as a maladaptive reaction to inflammation and
is primarily perivascular and further extends into the neighboring interstitial space.

Redox reactions Oxidation-reduction reactions in which there is a transfer of electrons from an
electron donor (the reducing agent) to an electron acceptor (oxidizing agent).
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Replacement fibrosis Also called reparative fibrosis; occurs as a reaction to a loss of myocardium
(due to necrosis or apoptosis, after myocardial ischemia or senescence), and it is mainly interstitial.

Replicative senescence Cessation of cell division, usually determined in a cell population that may
or may not be accompanied by cell death.

RER Recombinational repair; overall class of DNA repair.

Resveratrol Plant-produced polyphenolic compound (found in red grapes and red wine) with anti-
inflammatory and cardioprotective properties in rats and mice, as well as anti-aging effects (increas-
ing lifespan) in yeast and mice; potential sirtuin (SIRT1) activator.

Ribosome A factory-like organelle that builds proteins from a set of genetic instructions. Composed
of rRNA and ribosomal proteins, it translates mRNA into apolypeptide chain.

Rimonabant Specific CB1 receptor blocker stemming endocannabinoid action and tested in the
RIO clinical trials to impact symptoms of the metabolic syndrome (see endocannabinoid).

RNAi RNA interference, use of a specific double-stranded RNA (dsRNA) construct to post-
transcriptionally silence specific gene expression.

RNA polymerase Enzyme responsible for transcribing DNA as template into RNA

RNS Reactive nitrogen species (e.g., peroxynitrite)

ROS Reactive oxygen species, including superoxide, hydroxyl radicals, and hydrogen peroxide.

rRNA Ribosomal RNA. A central component of the ribosome.

RTK Receptor tyrosine kinase; this large family of proteins includes receptors for many growth fac-
tors and insulin; ligand binding results in dimerization and phosphorylation of downstream signaling
targets as well as autophosphorylation.

RT-PCR Reverse transcription (RT) of RNA to DNA with the enzyme reverse transcriptase can be
combined with traditional PCR to allow the amplification and determination of the abundance of
specific RNA.

RXR Retinoid X receptor. On binding 9-cis retinoic acid, RXR acts as a heterodimer and as a
repressor or activator of specific gene transcription, playing a key role in cardiac development and
physiological gene expression.

Ryanodine receptor Major SR Ca2+ release channel in cardiac muscle; mutations in the cardiac
isoform encoded by RyR2 result in ARVD and CVPT.

SAGE Serial analysis of gene expression. Quantitative analysis of RNA transcripts by using short
sequence tags to generate a characteristic expression profile.

SAN Sinoatrial node (see SA node)

SA node The sinoatrial node is a group of specialized cells located in the right atrium which pro-
duces electrical impulses (a relatively simple action potential) that travel down to eventually reach
the ventricular muscle causing the heart to contract and serving as the "natural" pacemaker of the
heart.

Sarcopenia The degenerative loss of skeletal muscle mass and strength in senescence, reducing
muscle performance in the elderly; an important independent predictor of disability, and linked to
poor balance, gait speed, falls, and fractures.

SCD Sudden cardiac death.
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SD Sudden death.

SDH Succinate dehydrogenase. A TCA cycle enzyme associated with respiratory complex II.

SDS Sodium dodecyl sulfate. An ionic detergent used for solubilization and denaturation of pro-
teins, and their size separation in PAGE.

SENS Strategies for engineered negligible senescence, a proposal by A. de Grey that includes a
detailed plan to reverse cellular and molecular age-related changes and cure human aging.

SERCA Sarcoplasmic reticulum Ca2+-ATPase. There are 3 major isoforms which are variably
expressed in different muscle types.

SERM Selective estrogen receptor modulators.

SHR Spontaneously hypertensive rats.

Sick sinus syndrome The failure of the sinus node to regulate the heart’s rhythm.

SIPS Stress-induced premature senescence; stressful stimuli unrelated to telomere damage, includ-
ing intracellular oxidative stress or persistent mitogenic stimulation cause cellular senescence.

siRNA Small interfering RNA. Sometimes known as short interfering RNA, they are a class of
20-25 nucleotide-long RNA molecules that interfere with the expression of genes.

Smac/Diablo Mitochondrial intermembrane protein released into the cytosol during early apoptosis
stimulating caspase activation.

SMC Smooth muscle cell.

S-nitrosylation A ubiquitous post-translational modification involving the covalent attachment of
NO to cysteine thiol moieties on targeted proteins.

SND Sinoatrial node dysfunction

SNP Single nucleotide polymorphism.

SOD Superoxide dismutase. An antioxidant ROS-scavenging enzyme with both cytosolic (Cu-Zn
SOD)/SOD1 and mitochondrial (MnSOD)/SOD2 isoforms.

Southern blot Detection of separated restriction fragments after size separation on agarose gels,
transfer to membranes and hybridization with labeled gene probes.

SP cells Side population cells; rare groups of multipotent progenitor cells capable of proliferation
and differentiation.

SP-PCR Small pool PCR, a sensitive method for the detection and quantification of microsatellite
instability (MSI) in somatic cells

Splicing Reaction in the nucleus in which introns are removed from primary nuclear RNA and
exons joined to generate mRNA.

SR Sarcoplasmic reticulum. A network of internal membranes in muscle-cell cytosol that contains
high Ca2+ concentration, which is released on excitation.

SSB Single-strand breaks; lesions in one of the two DNA strands often caused by oxidative damage
and repàrable by NER or BER.

SSCP Single strand conformation polymorphism; technique for mutation detection.

SSM Subsarcolemmal mitochondria.
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Statins HMG-CoA reductase inhibitors used to treat patients with elevated plasma LDL.

STELA Single telomere length analysis utilizing PCR analysis

STEMI ST-segment elevation myocardial infarction.

Supravalvular aortic stenosis Discrete narrowing of the ascending aorta resulting from mutations
in the gene encoding a component of the extracellular matrix (i.e., elastin).

SUR Sulfonylurea receptor, components of potassium ion channels

SVECs Endothelial cells from the human saphenous vein

SVT Superventricular tachycardia.

T1D Type 1 diabetes; Also juvenile diabetes. Primarily autoimmune-mediated disease associated
with the destruction of insulin-producing pancreatic B cells; has multiple genetic and environmental
risk factors.

T2D Type 2 diabetes; also known as non insulin-dependent or adult-onset diabetes; a polygenic
metabolic disorder that is primarily characterized by insulin resistance, relative insulin deficiency,
and hyperglycemia. most common form of diabetes and particularly prevalent in the elderly.

TAG Intracellular triacylglycerols.

Taq polymerase Thermostable DNA polymerase isolated from the bacterium Thermus aquaticus
used extensively in PCR.

TCA cycle Tricarboxylic acid cycle (see Krebs cycle).

TCR Transcription-coupled repair, form of NER (see NER) which deploys high-priority NER
repair enzymes to genes that are being actively transcribed.

TD Tangier disease; a rare autosomal-recessively inherited atherosclerotic disease characterized by
severe reduction in plasma HDL levels due to defective ABCA1 transporters.

TdP Torsade de pointes, a polymorphic ventricular tachycardia which can be followed by syncope
and SD; this can be acquired by exercise (swimming) or congenital (any of the LQTs).

Telomere Special structure containing tandem repeats of a short G-rich sequence present at the end
of a chromosome.

Telomerase An enzyme that recognizes the G-rich strand, and elongates it using an RNA template
that is a component of the enzyme itself.

TEA Tetraethylammonium chloride, a specific inhibitor of some types of K+ currents including the
calcium-activated K+ (KCa) channel

TERC Telomerase RNA component.

TERT Telomerase reverse transcriptase catalytic subunit.

TF Tissue factor.

TGF Transforming growth factor.

TH Thyroid hormone (also thyroxin), a stimulus for cardiac hypertrophic growth and myocardial
mitochondrial biogenesis.

Titin Large polypeptide, anchored in the Z-disc spanning the sarcomere contributes to sarcomere
organization, myofibrillar elasticity and myofibrillar cell signaling.
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TLR Toll-like receptors involved in the innate-immunity signaling response of the macrophage,
including pattern-recognition of pathogens and oxidized LDL, leukocyte recruitment and production
of local inflammation and downstream signaling in atherosclerotic progression.

TNF-α Tumor necrosis factor α

tPA Tissue-type plasminogen activator, a primary regulator of fibrinolysis.

TR Thyroid hormone receptor, mediates both nuclear genomic effects of TH (largely as a transcrip-
tion factor) as well as non-genomic effects of TH.

Transgenic animal Animal that has stably incorporated one or more genes from another cell or
organism.

Transcript Specific RNA product of DNA transcription.

Transcription factor Protein required for the initiation of transcription by RNA polymerase at
specific sites and functioning as a regulatory factor in gene expression.

Transcriptome Comprehensive transcript analysis for expression profiling.

Translation Synthesis of protein from the mRNA template at the ribosome.

TRF2 Telomere repeat- binding factor, telomere-associated protein critical for the control of telom-
ere structure and function.

tRNA Transfer RNA. A small RNA molecule used in protein synthesis as an adaptor between
mRNA and amino acids.

TTD Trichothiodystrophy; premature aging disorder caused by mutations in XPD, a DNA helicase,
involved in both DNA repair and transcription

TTT Tilt table test, diagnostic test to detect cause of syncope or near-syncope

TUNEL Terminal deoxynucleotidyl transferase mediated dUTP Nick End Labeling assay; a fluo-
rescence method for detecting DNA fragmentation associated with apoptotic cell death.

2-dimensional electrophoresis Technique for separating proteins based on their size and charge
differences; also 2DE.

TZD Thiazolidinediones; PPAR-γ agonist used in treating type 2 diabetes and potentially MetSyn.

UCP Uncoupling protein.

Uncoupler Protein or other molecule capable of uncoupling electron transport from oxidative phos-
phorylation.

VDAC Voltage-dependent anion channel in mitochondrial outer membrane (see porin).

VEGF Vascular endothelial growth factor.

VF Ventricular fibrillation, the most serious dysrhythmia resulting in little blood pumped from the
heart, fainting and if not treated, heart attack; higher risk groups include the elderly with history of
CAD, or myocardial ischemia.

VGCC Voltage-gated calcium channels.

VLCAD Very long-chain acyl CoA-dehydrogenase; enzyme involved in mitochondrial β-oxidation
of fatty acids.

VLDL Very low density lipoprotein, a triglyceride-rich lipoprotein containing apoB100 which pro-
gressively become enriched in cholesteryl ester (CE) as a result of CE transfer from HDL and is
converted by lipolysis to LDL and/or taken up as VLDL remnants by the liver.
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VT Ventricular tachycardia, a potentially life threatening cardiac dysrhythmia. VT may degrade to
the more serious ventricular fibrillation, and is a common and often lethal complication of myocar-
dial infarction.

Western blot Immunochemical detection of proteins immobilized on a filter after size separation
by PAGE.

Wild-type The common genotype or phenotype of a given organism occurring in nature.

WPW Wolff-Parkinson-White syndrome may present with hypertrophic cardiomyopathy, conduc-
tion defects and accumulation of cardiac glycogen.

WS Werner syndrome, a very rare autosomal recessive genetic disorder resembling accelerated
aging. Typically has an adult onset. The defect is in the WRN gene localized on the short arm of
chromosome 8 encoding a DNA helicase protein involved in DNA repair.

XIAP X-linked inhibitor of apoptosis; Member of the family of inhibitor of apoptosis proteins
(IAPs) which binds to and inhibits already activated caspases-9, -3, and -7, and interferes with
procaspase-9 dimerization and activation.

XO Xanthine oxidase, cytosolic enzyme involved in purine metabolism. XO is involved in myocar-
dial ROS production (e.g., superoxide radicals) particularly after I/R injury.

Z-discs Cardiomyocyte component positioned at the junction between the cytoskeleton and the
myofilaments, providing a physical connection between the sarcomere, nucleus, membrane and sar-
coplasmic reticulum (SR) with role in cardiac contraction and signaling.
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Dilated cardiomyopathy (DCM), 216, 218–222
3,5-dimethylpyrazole (DMP), 456
2,4-dinitrophenol (DNP), 400
Direct reversal pathway, 123, 124
Disposable Soma Theory, 12
DNA

damage and mutations, 117–123
See also Aging

damage types, 83
dependent Protein Kinase (DNA-PK), 477
dependent Protein Kinase complex (DNA-PKcs), 126
genetic theory, 15
methyltransferases (Dnmts), 432
repair, 19, 123–128
repair and human diseases of aging, 129–131
and telomere damage in aging and DNA repair

pathways, 126
Dolichol, 508
Double-strand break (DSB), 125, 477
Drosophila melanogaster

aging, genetic factors in, 398–401
aging process study, 9
Sir2 (dSir2), 396

DST, see Disposable Soma Theory
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