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INTRODUCTION

According to the US Census Bureau, the proportion of people in the
United States over the age of 65 years is increasing. Current estimates
indicate that approximately 30 to 35 million people are 65 years of age
orolder. In the year 2030, it is estimated that there will be approximately
55 to 60 million people in this age category. This aspect of our population
has an important impact on the understanding of cardiovascular disease
(CVD) because it is known that advancing age confers the major risk.
The incidence and prevalence of CVD increases dramatically with ad-
vancing age in both men and women.

Aging is a complicated event, and most individuals consider the pro-
cess aloss in general function that impairs ability. Epidemiological stud-
ies have demonstrated that the process of aging is the major risk factor
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Fig. 1. Mechanisms of cardiovascular changes in aging. Aging is an indepen-
dent risk factor for cardiovascular disease. The effects of aging are diverse and
can be identified at the molecular, cellular, tissue, organ, and system levels as
contributing to the altered function of the intact organism. The effects of aging
act with other variables (initiating factors), such as gene expression, environ-
ment, and disease, to alter various organ systems. With respect to cardiovascular
remodeling and impaired function in older individuals (final common path-
way), it is known that the changes are modulated by other systems in the body
(sequence of events).

for cardiovascular impairment (Fig. 1). The reason for this dominance is
that aging occurs while an individual is responding to various stressors
by changing patterns of gene expression (genetic traits) on a background
of environmental factors and disease states.

The effects of aging are diverse and can be identified at the molecular,
cellular, tissue, organ, and system levels as contributing to the altered
function of the intact organism. With respect to the cardiovascular sys-
tem (Fig. 1), it is known that the changes that occur with age are modu-
lated by other systems in the body. For example, functional changes in
the autonomic nervous system during aging affect the overall function
of the cardiovascular system owing to the fact that the latter is controlled
in large part by the former. Another example is that changes in the
endocrine system can have an important impact on cardiovascular func-
tion. Testosterone levels decrease with age, and it is known that this
hormone alters the distribution of contractile proteins in the heart. It
should also be recognized that age-related changes in the cardiovascular
system differ in male and female subjects.

This brief review summarizes several aspects of cardiovascular aging.
The goal is to separate those changes in the heart and vasculature associ-
ated with aging in healthy individuals from those associated with disease
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processes. Clearly, it is nearly impossible to dissociate all the compo-
nents of aging from those that are characteristic of disease processes.
Aging of the cardiovascular system is the platform from which CVDs are
launched. Thus, the reader is directed to other reviews of these topics for
amore complete treatment of the subject (see refs. /—16). Other chapters
within this volume also address adaptive and pathological changes in the
cardiovascular system brought on by disease.

AGE-RELATED CHANGES IN VASCULAR FUNCTION

Increased Wall Thickening and Arterial Stiffening

Extensive evidence has demonstrated that wall thickening and dila-
tion are the major structural changes that occur in the large elastic arter-
ies during aging (Fig. 2; see refs. 1,4, 7, and /4 for review). The wall
thickening involves both the tunica intima and the tunica media. As a
consequence of this remodeling, there is a reduction in arterial compli-
ance with an increase in vessel stiffness. Increased pulse wave velocity
reflects this vascular stiffening because it is determined by the intrinsic
stress/strain relationship of the vascular wall and by the mean arterial
pressure.

Factors that contribute to the increased wall thickening and stiffening
in aging include increased collagen, reduced elastin, and calcification.
The amount of extracellular matrix increases and becomes particularly
rich in glucosaminoglycans. These changes should not be considered
“atherosclerotic” even though the factors are associated with this disease
process (17). Age-dependent thickening of the arteries occurs in the
absence of atherosclerosis and with aging in nonhuman primates and
rodents. Thus, aging of the arteries is likely an adaptive mechanism to
maintain conditions of blood flow and wall tension.

When the large arteries become stiffer, there is an increase in systolic
arterial pressure, a decrease in diastolic pressure, and a widening of the
pulse pressure (see ref. / for review). This pattern of changes in the
vasculature with respect to indices of blood pressure is much different
from that seen in hypertension, for which there is an increase in total
peripheral resistance. An increase in total peripheral resistance tends to
increase both systolic and arterial pressure to a similar degree.

Endothelial Dysfunction

A portion of the stiffening of large arteries during the aging process
can be attributed to a reduction in endothelial function, which normally
opposes contraction of the underlying vascular smooth muscle (5,/8-
23). The principle finding is that with aging there is a reduction in the
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Fig. 2. Age-related changes in the cardiovascular system. The major age-related
changes in the cardiovascular system are (a) arterial stiffening; (b) endothelial
dysfunction, which promotes vasoconstriction; (c) elevated systolic blood pres-
sure and increased pulse pressure; (d) increased left ventricular wall thickness;
(e) reduced early diastolic filling of the ventricles; (f) impaired cardiac reserve;
(g) alterations in heart rate rhythm; (h) prolonged cardiac action potential; and
(i) a decline in renal function that contributes to improper maintenance of
extracellular fluid volume and composition. These age-associated changes in
cardiovascular function contribute to morbidity and mortality brought about by
various disease states (i.e., hypertension, atherosclerosis, heart failure, etc.).

amount of nitric oxide (NO) produced by the endothelial cells. NO is
produced from L-arginine by endothelial nitric oxide synthase (eNOS).
This enzyme is constitutively active and regulated by the intracellular
concentration of calcium (Ca?*). eNOS is inhibited competitively by
analogs of L-arginine such as Nw-nitro-L-arginine. Asymmetric dimeth-
ylarginine, an endogenous inhibitor of eNOS, is increased in older indi-
viduals and may therefore serve as an additional mechanismto lower NO
production by the endothelium (/9).

In addition to a reduction in the production of NO by the endothelial
cells, it has been demonstrated that the bioavailability of NO is reduced
with aging (5). This reduction is thought to be mainly the result of an
increase in oxidative stress during aging. Presumably, superoxide anion
quenches endothelium-derived NO through a chemical reaction to form
peroxynitrite (5,/5,22). Thus, vasoconstriction is promoted because the
dilator activity of NO is removed. However, this is not the only mecha-
nism by which superoxide acts because it is known to cause contraction
of vascular smooth muscle in the absence of the endothelium or in the
presence of inhibitors of nitric oxide synthase.
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Once produced, endothelium-derived NO diffuses to the smooth
muscle cells. NO binds to smooth muscle cell-soluble guanylate cyclase,
leading to an increase in cyclic guanosine 3°5' monophosphate (cGMP)
and the subsequent activation of cGMP-dependent protein kinase. NO/
cGMP/cGMP-dependent protein kinase signaling has been proposed to
decrease intracellular Ca2* concentration via the inhibition of L-type
Ca?* channels and the activation of sarcoplasmic reticulum Ca*G adeno-
sine triphosphatases (ATPases), as well as induce cellular hyperpolariza-
tion through the activation of membrane K* channels. NO has other
actions, such as activation of ribosyl transferases and nitration of pro-
teins, which could also contribute to inhibitory effects and vasodilation.
Reductions in many of the components of these NO-dependent cell-
signaling pathways have been observed in the vasculature of aging ani-
mals and humans.

The barrier function of the endothelium also changes during the aging
process (5). Compared to vessels of young animals, the permeability of
the endothelium is increased in older animals.

AGE-RELATED CHANGES IN CARDIAC FUNCTION

Heart Rate and Cardiac Output

Resting heart rate does not change dramatically with age (see ref. 2 for
review). In the supine position at rest, heart rate in older men does not
differ from that in younger men. In changing from the supine to the
sitting position, heart rate increases; the magnitude of this change is
somewhat less in older men.

During exercise, the maximal heart rate attainable is lower in older
individuals than in younger individuals. This inability to raise the heart
rate to high levels during exercise is reflected in lower cardiac output
reserve in older subjects and contributes to declining aerobic capacity in
advancing age. Other factors that contribute to the reduction in aerobic
capacity in older individuals include the following: (a) an increase in body
fat, (b) a reduction in muscle mass, and (c) impaired oxygen extraction.

It should also be noted that a considerable portion of the diminished
hemodynamic response during vigorous exercise is related to the inabil-
ity of the sympathetic nervous system to provide adequate modulation
of cardiac output. As noted by Lakatta and Sollott (4), the reduced [3-
adrenergic modulation of cardiac function is one of the best-character-
ized changes that occur in the cardiovascular system during aging, and
it has been characterized at the molecular, cellular, organ, and system
levels with integration into the intact organism.
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The variability in heart rate (beat-to-beat fluctuation) declines during
aging (see refs. 2 and /4 for review). This alteration in heart rhythm is
a reflection of dysregulation of the autonomic nervous system com-
monly found in older individuals. Based on the accumulated evidence,
it is widely believed that the dramatic change in cardiac function attrib-
utable to altered heart rhythm places the aging population at increased
risk of morbidity and mortality.

Left Ventricular Wall Function

The stiffening of arteries during aging affects cardiac structure and
function (see refs. 2 and /4 for review). As noted in the section “Increased
Wall Thickening and Arterial Stiffening,” systolic blood pressure increases
with age. This increase in afterload contributes to a moderate increase in
left ventricular mass observed in many individuals between the third and
ninth decades of life. A large portion of this hypertrophy is caused by an
enlargement of cardiac myocytes because of the addition of sarcomeres.
There is a decrease in myocyte number in the aging myocardium, but the
mechanism for this myocyte loss is unclear (24).

Left ventricular filling during the early phase of diastole slows after
the age of 20 years, and by the 80 years of age, the rate is approximately
50% of its peak value observed in early life (see refs. 2 and /4 for
review). Accumulation of fibrous material in the left ventricle and slow-
ing in Ca2* activation from the preceding systole are possible mecha-
nisms contributing to this reduced early diastolic filling rate.
Regardless, adequate filling of the left ventricle occurs in late diastole
because of an increase in atrial contraction. Thus, the atria are often
hypertrophied in older individuals because of this augmented atrial con-
traction. Left ventricular systolic function is preserved during aging.

Myocardial Contraction

Contraction of the cardiac myocyte is initiated by an action potential
that causes an increase in intracellular Ca>* concentration to activate
interaction between contractile proteins. The activator Ca** comes from
several sources, including a transmembrane flux of the cation and a
release from storage sites inside the cell (sarcoplasmic reticulum). Dur-
ing relaxation of the cardiac myocyte, the intracellular concentration of
Ca?* is reduced by pumping it back into the sarcoplasmic reticulum and
by extrusion from the cell (sodium—calcium exchange, plasma mem-
brane Ca2* ATPase).

Excitation—contraction coupling in the cardiac myocyte changes dur-
ing aging (2,25-28). The action potential becomes prolonged, and the
cytosolic Ca?* transient after excitation is increased, leading to pro-
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longed contraction. The prolonged action potential is caused by slower
inactivation of L-type Ca?* current and reduction in outwardly directed
potassium currents (26,27). The prolonged Ca?* transient is caused partly
by areduction in uptake of the cation by the sarcoplasmic reticulum (2).
There is also an increase in the transcripts for the sodium—calcium
exchanger, which serves to extrude calcium from the cell. These age-
associated changes in Ca?* movements impair myocardial relaxation
and contribute to the aforementioned reduction in early diastolic filling
rate characterizing the aging heart.

KIDNEY FUNCTION AND THE CONTROL
OF EXTRACELLULAR FLUID VOLUME IN AGING

Normal aging is accompanied by alterations in many aspects of renal
morphology and function in both humans and animals (29-32). Whereas
the prevalence of declining renal function in aging is recognized, the
mechanisms responsible for the decline remain obscure and highly con-
troversial. Renal mass decreases by 20 to 25% between the ages of 30
and 80 years (30). Glomerular filtration rate declines by approximately
10% each decade after 30 years of age and is accompanied by an increase
in renal vascular resistance and a decrease in glomerular number. The
decline in glomerular filtration rate and glomerular number stimulates a
compensatory increase in the size of the remaining glomeruli (30,31,
33,34). Age-related sclerosis of the remaining glomeruli, thickening of
basement membrane, accumulation of extracellular matrix, expansion
of the glomerular mesangium, and alteration of tubular epithelial trans-
porters are also commonly reported (35). These factors contribute to an
overall decline in glomerular filtration rate and impairment of tubular
reabsorptive function that compromises the ability of the kidneys to
maintain proper extracellular fluid volume and composition. This pro-
gressive loss of renal functional reserve develops over decades and may
be unnoticed until the subject is faced with significant cardiovascular or
extracellular fluid challenge (37). The addition of other cardiovascular
risk factors, such as salt sensitivity, hypertension, and diabetes, acceler-
ates the loss of functioning nephrons and increases the susceptibility of
elderly individuals to end-stage renal injury (36).

Regulation of glomerular perfusion, glomerular capillary pressure,
medullary blood flow, and renal hemodynamics all occur through adjust-
ments in renal microvascular resistance (37). Resistance changes are
controlled by intrinsic mechanisms such as autoregulation and locally
released autocrine and paracrine factors as well as through extrinsic
mechanisms, which include sympathetic nerves or circulating vasoac-
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tive agents (37). In normal kidneys, locally produced NO, adenosine,
prostaglandins, endothelin, angiotensin II, and myriad tubular and endot-
helial factors combine to modulate intrarenal vascular function. Studies
have shown that the influence of these regulatory systems on renal vas-
cular function is reduced in aged subjects, possibly exposing glomeruli
to inappropriately high blood pressures and promoting glomerular and
vascular inflammation and sclerosis (38,39). Thus, age-related impair-
ment of renal vascular control can account for some of the reduction in
glomerular number and glomerular filtration rate known to define the
senescent kidney.

Kidney-related volume and electrolyte disturbances also represent a
significant clinical challenge in elderly individuals (30,37,40). The gen-
esis of such disturbances remains poorly understood, but includes both
renal tubular and neurological mechanisms. Renal tubular function is
reduced in elderly subjects, leading to a reduced ability to excrete a
sodium or an acid load and a compromised ability to maintain potassium
balance. As the excretory capacity of the kidney declines, the ability of
the kidney to eliminate drug metabolites also declines. Accordingly,
therapeutic regimens need to be adjusted to account for reduced renal
clearance to prevent drug toxicity or overdose (35).

Paradoxically, the aged kidney also exhibits reduced urinary-concen-
trating ability, leading to polyuria and reduced ability to conserve fil-
tered sodium (30,31,40). This is coupled with a reduced thirst sensation,
leading to overall volume contraction and susceptibility to hyponatre-
mia, hyperkalemia, and acidosis. Thus, cardiovascular management of
elderly individuals can be complicated by conditions of volume and
electrolyte overload or volume and electrolyte deficit. Diagnosis and
treatment of such conditions certainly require consideration of both
renal and cardiovascular issues to correct clinical and physiological
abnormalities safely in elderly patients.

ETIOLOGY OF AGING
IN THE CARDIOVASCULAR SYSTEM

The mechanistic explanation for aging of the cardiovascular system
is an area of intense study. Most investigators believe that aging is the
result of cumulative damage brought on by a variety of insults. Oxidative
stress, nonenzymatic glycation, and changes in gene expression influ-
ence aging of the cardiovascular system (2,5,41,42). Thus, it is often
stated that aging of the cardiovascular system resembles the morpho-
logical and biochemical changes seen in inflammation. This is reason-
able because the two processes share many common features, such as
alterations in reactive oxygen species and cytokine expression.



Chapter 2 / Aging and the Cardiovascular System 19

Many of the changes in the aging cardiovascular system are not fixed.
Indeed, endurance training has a beneficial effect on maximum oxygen
consumption, diastolic filling, myocardial relaxation, and vascular stiff-
ening (43-45).

SUMMARY

This briefreview provides an overview of the major age-related changes
in the cardiovascular system. These changes include the following:

+ arterial stiffening

 endothelial dysfunction promoting vasoconstriction

« elevated systolic blood pressure and increased pulse pressure

* increased left ventricular wall thickness

» reduced early diastolic filling

 impaired cardiac reserve

« alterations in heart rate rhythm

» prolonged cardiac action potential

* adecline in renal function that contributes to improper maintenance of
extracellular fluid volume and composition.

These age-associated changes in cardiovascular function precede
clinical disease (hypertension, stroke, atherosclerosis, etc.).
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