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ABSTRACT: The aging heart is characterized by morphological and structural changes that lead to its
functional decline and are associated with diminished ability to meet increased demand. Extensive
evidence, derived from both clinical and experimental studies suggests that the aging heart undergoes
fibrotic remodeling. Age-dependent accumulation of collagen in the heart leads to progressive increase in
ventricular stiffness and impaired diastolic function. Increased mechanical load, due to reduced arterial
compliance, and direct senescence-associated fibrogenic actions appear to be implicated in the
pathogenesis of cardiac fibrosis in the elderly. Evolving evidence suggests that activation of several distinct
molecular pathways may contribute to age-related fibrotic cardiac remodeling. Reactive oxygen species,
chemokine-mediated recruitment of mononuclear cells and fibroblast progenitors, transforming growth
factor (TGF)-p activation, endothelin-1 and angiotensin II signaling mediate interstitial and perivascular
fibrosis in the senescent heart. Reduced collagen degradation may be more important than increased de
novo synthesis in the pathogenesis of aging-associated fibrosis. In contrast to the baseline activation of
fibrogenic pathways in the senescent heart, aging is associated with an impaired reparative response to
cardiac injury and defective activation of reparative fibroblasts in response to growth factors. Because
these reparative defects result in defective scar formation, senescent hearts are prone to adverse dilative
remodeling following myocardial infarction. Understanding the pathogenesis of interstitial fibrosis in the
aging heart and dissecting the mechanisms responsible for age-associated healing defects following cardiac
injury are critical in order to design new strategies for prevention of adverse remodeling and heart failure
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in elderly patients.
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Heart failure is the most common cause of
hospitalization for patients older than 65 years. As the
number of people over age 65 in North America is
expected to double over the next 25 years, the burden of
heart failure in the elderly will markedly increase. The
increased incidence of heart failure in the elderly is only
in part explained by the aging-associated, increase in the
prevalence of coronary disease, hypertension, and
diabetes, resulting in the development of ischemic,
hypertensive or diabetic cardiomyopathy. Evolving
evidence suggests that direct effects of cardiac
senescence on myocardial structure and function may
contribute to the development of heart failure in the
elderly. Cardiac aging is associated with left ventricular
hypertrophy and fibrosis leading to diastolic dysfunction
and heart failure with preserved systolic function [1, 2].
Age-related diastolic dysfunction has a significant

impact on the healthy elderly. Left ventricular filling is
impaired with normal aging, limiting the exercise
tolerance and reducing the quality of life [3]. Moreover,
direct effects of senescence on the reparative
mechanisms following cardiac injury may be responsible
for worse heart failure, accentuated adverse remodeling
and increased dysfunction in elderly individuals with
myocardial infarction.

Progressive fibrosis is a hallmark of aging in various
organs such as kidney [4, 5], liver [6, 7], pancreas [8]
and lung [9]. In the cardiovascular system a progressive
age-related deposition of collagen in the vascular wall
and in the cardiac interstitial and perivascular space
leads to reduction of myocardial and arterial compliance
[1]. Animal model experiments have demonstrated
increased collagen deposition in the aging heart [10] and
studies involving human subjects have documented an
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age-related increase in cardiac fibrosis [11, 12].
Increased fibrosis is a major determinant of increased
myocardial stiffness, which together with impaired
relaxation create the basis for development of diastolic
dysfunction [13]. This review manuscript deals with the
mechanisms responsible for the development of fibrosis
in the aging heart. In addition, we discuss the potential
involvement of impaired reparative fibroblast function in
mediating the development of age-associated adverse
remodeling following myocardial infarction.
Fibroblasts and the extracellular matrix in the
normal heart

The adult mammalian myocardium is composed of
cellular and extracellular compartments. In the normal
heart cardiac myocytes occupy approximately 75% of
the myocardial tissue volume, but account only for 30-
40% of the total number of cells [14]. Endothelial cells,
fibroblasts and pericytes are abundant in the
myocardium; small numbers of macrophages, mast cells
and dendritic cells are also noted in the perivascular and
interstitial space [15]. Despite the absence of hard
evidence using flow cytometry or cell sorting to
quantitatively assess the numbers of various cell types in
the myocardium, fibroblasts are generally considered the
predominant non-cardiomyocyte cell type in the adult
mammalian heart. Cardiac fibroblasts are multifunctional
cells that contribute to cardiac homeostasis by
maintaining the matrix network. Moreover, fibroblasts
are critically involved in cardiac repair following
myocardial infarction and in the pathogenesis of cardiac
fibrosis [16].

The cellular elements are enmeshed in a complex
network of extracellular matrix. In the normal
myocardium the extracellular matrix provides a scaffold
for cellular elements and blood vessels and serves to
maintain tissue architecture and the geometry of the
heart. The cardiac matrix network is subdivided into
three constituents: the epi-, peri- and endomysium [17].
The epimysium envelops the entire cardiac muscle and is
located on the endocardial and epicardial surfaces. The
perimysium arises from the epimysium and surrounds
groups of muscle fibers. The endomysium is the final
arborization of the perimysium and enwraps individual
cardiomyocytes (Fig. 1). Endomysial struts tether muscle
fibers together and to their nutrient microvasculature and
function as the sites for connections to cardiomyocyte
cytoskeletal proteins across the plasma membrane [18,
19]. The matrix directly influences ventricular pump
function by transmitting cardiomyocyte-generated force
and electrically separates the atria and the ventricles to
facilitate proper cardiac contraction [18]. Moreover,

matrix proteins transduce important cell survival signals
in cardiomyocytes and shield fibroblasts from
mechanical stress promoting a quiescent phenotype. The
homeostatic effects of the matrix on myocardial cells are
mediated through interactions between matrix proteins
and cellular receptors (such as dystroglycans and
integrins); these actions are essential for contractile
synchrony and cardiomyocyte function.

Reactive and reparative cardiac fibrosis

Cardiac fibrosis is a hallmark of heart disease and is
associated with increased deposition of matrix proteins
in the myocardium. The term “reactive interstitial
fibrosis™ is used to describe expansion of the cardiac
interstitial space in the absence of significant
cardiomyocyte loss; in contrast “reparative fibrosis”
refers to the formation of a scar in response to
myocardial infarction [17, 20]. In the fibrotic heart,
increased deposition of perimysial and endomysial
collagen results in interstitial fibrosis, while perivascular
fibrosis may also develop leading to collagen deposition
in the adventitia of intramural coronary arterioles (Fig.
1). In animal models of left ventricular pressure
overload, reactive interstitial fibrosis is observed first
and may initially progress without loss of
cardiomyocytes. This initial reactive perivascular and
interstitial fibrosis is accompanied by cardiomyocyte
hypertrophy and is a part of an adaptive response aimed
at preserving cardiac output while normalizing wall
stress. Eventually, however, reparative fibrosis is noted
as cardiomyocytes undergo necrosis and apoptosis [21].
One possible mechanism is that the thickening of the
extracellular matrix around hypertrophied cardio-
myocytes may result in a mismatch between supply and
demand of nutrients, leading to cell death. Interstitial
fibroblasts respond to signals released by dying
cardiomyocytes by synthesizing new matrix aimed at
replacing the damaged cells. On the other hand, in
models of acute myocardial infarction, sudden death of a
large number of cardiomyocytes triggers an intense
inflammatory reaction that is followed by replacement
fibrosis [22].

Fibrotic remodeling of the aging heart

Even in apparently healthy individuals, aging is
associated with progressive changes in cardiac anatomy
and physiology [23]. Although left ventricular ejection
fraction and contractility are usually preserved in elderly
subjects, myocardial compliance is compromised [24].
Despite a reduction in the total number of
cardiomyocytes, the aging heart exhibits a progressive
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increase in left ventricular mass [25]. The progressive
hypertrophy of the aging heart is a consequence of
peripheral vascular stiffening. Loss of aortic elasticity
plays an important role in the hemodynamic alterations
noted in elderly individuals. As the aorta becomes less
compliant, an increased pulse pressure and a lower

Normal heart

Myocyte

diastolic pressure are noted. Age-related arterial
stiffening increases hemodynamic load, contributing to
the development of cardiomyocyte hypertrophy [26] and
leading to enhanced collagen deposition in the interstitial
and perivascular space.
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Figure 1. Fibrosis of the aging heart. Cardiac aging is associated with significant alterations in cardiac structure and
function. Elderly patients often present with left ventricular hypertrophy and diastolic dysfunction while the systolic
function is usually preserved. Age-dependent remodeling of the heart is associated with cardiomyocyte hypertrophy and
interstitial fibrosis. In the normal heart, thin layers of perimysium and endomysium surround myocardial bundles and
individual myocytes, respectively. The walls of the blood vessels also contain adventitial fibroblasts that contribute to the
endomysial collagen network. In the senescent heart, there is hypertrophy of cardiomyocytes, transition of fibroblasts to
myofibroblasts and accumulation of extracellular matrix proteins in the interstitium. These alterations lead to
perivascular, endomysial and perimysial fibrosis. The histopathologic images show fibrotic remodeling of the heart in
aging wild type mice. Picrosirius red staining identifies the collagen network in the myocardium of 2 mo and 24 mo
C57BL/6 mice. Senescent hearts (S) display markedly increased collagen content compared to young hearts (Y).
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Animal model studies provide consistent evidence of
aging-related cardiomyocyte hypertrophy accompanied
by an increase in myocardial collagen content.
Histological analysis of the non-hypertensive aging heart
reveals progressive loss of cardiomyocytes due to
necrotic and apoptotic cell death [27]. While the absolute
number of myocytes decreases in aging hearts, the
remaining cardiomyocytes undergo hypertrophy [28].
Eghbali and coworkers demonstrated that collagen
content in the left ventricle increased from 5.5% of total
protein in young Fischer 344 rats to approximately 12%
in senescent animals [29]. In addition, collagen content
is significantly increased in old normocholesterolemic
rabbits [30] and in senescent mice [31]. The relative
proportion of types | and Il collagen also changes with
time. Mays and colleagues observed a progressive
increase in the proportion of type Il collagen in the
myocardium of male Lewis rats [32].

Similar findings were observed in human hearts.
Collagen content increases with age in the normal human
heart [33]; myocardium from senescent individuals
exhibited increased collagen deposition and thicker
endomysial and perimysial collagen fibers [34]. Autopsy
studies of cardiac tissue from human subjects free of
pathologic conditions showed that collagen content
increases by almost 50% between the third and seventh
decade of life [33].

Collagen turnover in the aging myocardium

Resident fibroblasts regulate extracellular matrix protein
turnover in the myocardium by modulating the balance
between synthesis and degradation. When stimulated by
fibrogenic growth factors, such as transforming growth
factor (TGF)-B, cardiac fibroblasts synthesize matrix
proteins and express protease inhibitors (such as the
tissue inhibitors of metalloproteinases/TIMPS). In
contrast, pro-inflammatory mediators such as tumor
necrosis factor (TNF)-o and interleukin (IL)-1p stimulate
matrix metalloproteinases (MMPSs) expression by cardiac
fibroblasts activating matrix degrading pathways [35].
Collagen levels in the heart are determined by the
balance between matrix-preserving and matrix-degrading
signals. Evidence suggests that, in contrast to
hypertensive heart disease where collagen expression is
markedly elevated, increased collagen synthesis may not
be the main culprit of fibrosis in the senescent
myocardium. By measuring the incorporation of
radiolabeled proline Mays et al. estimated that in the
heart of 1-month old rat about 20% of collagen is newly
synthesized per day. Synthesis remains high in rats aged
to 15 months and drops significantly to 2% per day in
24-month old animals [36]. Similarly mMRNA expression

of collagens I and 111 is reduced in aging rat myocardium
[37, 38]. Robert et al. described the differential
regulation of MMPs associated with aging and
hypertension in the rat heart [39]. Hypertension was
induced by continuous infusion of aldosterone for 2
months, and was associated with development of
perivascular  fibrosis. At the molecular level,
aldosterone-induced fibrosis was associated with a 40%
increase in MMP-2 expression and activity. Aged non-
hypertensive rats showed significant interstitial fibrosis
when compared with young animals. However, in
contrast to the observations made in the model of
aldosterone infusion, aging was associated with reduced
MMP-2 and MMP-1 expression and activity [39]. A
similar phenomenon has been described in the liver of
the aging rat [40]. Interstitial collagen (especially
collagen 111) accumulated significantly in the oldest
animals, mainly in the periportal area. Conversely, type
Il collagen gene transcription decreased during the
animal’s lifespan (2-19-months), whereas collagen | and
TGF-p1 mRNA expression remained unchanged.
Importantly in the aged rats, hepatic MMP-1 and MMP-2
decreased significantly [40]. These findings suggest that
in normal aging, fibrosis may be primarily due to a
reduction in the proteolytic activity of matrix MMPs;
increased expression of TIMP-1 may be a possible
regulatory factor. The mechanisms leading to cardiac
fibrosis in hypertension and aging are therefore different:
increased collagen synthesis explains the accumulation
of collagen in models of hypertension, whereas
attenuation of matrix-degrading pathways may account
for excessive collagen deposition in the aging heart.

Collagen cross-linking in the aging myocardium

Production of mature collagen requires complex post-
translational events [41]. Procollagen is synthesized by
fibroblasts and secreted into the pericellular space, where
it forms collagen fibrils that assemble into fibers.
Covalent cross-linking of collagen by the enzyme lysyl
oxidase stabilizes fibrillar collagen, increasing its tensile
strength and limiting its degradation. Accumulation of
cross-linked collagen has been proposed as a major
mechanism in the pathogenesis of increased stiffness in
the aging heart. The degree of collagen cross-linking
may be measured in tissue by assaying
hydroxylysylpyridinoline (HP) residues after hydrolysis
[10]. The concentration of wventricular HP increases
approximately fivefold in senescent Fischer 344 rats
compared to sedentary young animals [42]. Interestingly
collagen cross-linking is significantly lower in old
trained rats, compared with their sedentary counterparts
[42-44]. Glucose can react nonenzymatically with
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myocardial collagens and link them together, producing
advanced glycation endproducts (AGEs) [45]. Protein
cross-linking through AGEs may be important in the
pathogenesis of diastolic dysfunction in the aging heart.
However, experimental studies examining this concept
have produced contradictory results. Treatment with the
AGE breaker ALT-711 attenuated age-related left
ventricular stiffness [46] in normal aged dogs,
suggesting a significant role for accumulation of AGE
cross-links in promoting the decreased cardiovascular
compliance of aging. In contrast, a more recent study
showed no effects of the same AGE breaker on diastolic
ventricular function in elderly hypertensive canines and
suggested that AGE accumulation and AGE cross-link
breaker effects were confined to the vasculature without
evidence of myocardial accumulation [47].

Functional consequences of cardiac fibrosis in elderly
patients

Aging-associated cardiac fibrosis may be involved in the
pathogenesis of diastolic dysfunction in the elderly. The
Framingham Heart Study [48] and the Baltimore
Longitudinal Study on Aging [26] have demonstrated
that, in healthy populations, there is an age-dependent
increase in the prevalence of left ventricular hypertrophy
accompanied by a decline in diastolic function. Systolic
function at rest is relatively preserved; however, exercise
capacity is reduced. Diastolic dysfunction plays a
dominant role in the pathogenesis of heart failure and
impaired exercise tolerance in elderly individuals [3, 49].
Because senescent subjects exhibit significant alterations
in cardiomyocyte function, the contribution of fibrosis to
the aging-associated diastolic dysfunction remains
unknown.

Although fibrosis in senescent hearts is primarily
associated with a stiffer ventricle and diastolic
dysfunction, fibrotic remodeling may also induce
impaired systolic function. Activation of matrix-
degrading pathways leads to the development of
ventricular dilation and systolic failure [50]. Although
systolic hypocontractility is not observed in healthy
aging hearts, aging-associated fibrotic remodeling of the
ventricle may contribute to the pathogenesis of systolic
dysfunction in the presence of other conditions, such as
hypertensive or diabetic cardiomyopathy. Disturbance of
the collagen network in the fibrotic heart may cause
systolic ~ dysfunction  through  several  distinct
mechanisms. First, fibrosis may result in impairment of
systolic function through disruption of the coordination
of myocardial excitation—contraction coupling [51].
Second, loss of fibrillar collagen may impair
transduction of cardiomyocyte contraction into

myocardial ~ force  development,  resulting in
uncoordinated contraction of cardiomyocyte bundles
[52]. Third, interactions between endomysial
components (such as laminin and collagen) and their
receptors may play an important role in cardiomyocyte
homeostasis [53]. Finally, fibrotic remodeling of the
cardiac interstitium is often associated with MMPs
activation and enhanced matrix degradation, resulting in
sliding displacement (slippage) of cardiomyocytes and
leading to a decrease in the number of muscular layers in
the ventricular wall and subsequent left ventricular
dilation [54].

In addition, the fibrotic process has profound effects
on the cardiac conduction system. An autopsy study of
230 non-cardiac patients demonstrated increased fibrosis
and fat within the cardiac conduction system of elderly
patients [11]. Fibrotic ventricular remodeling may also
promote arrhythmogenesis through impaired anisotropic
conduction and subsequent generation of reentry circuits
[55].

Mechanisms of fibrosis in the aging heart

Cellular effectors of cardiac fibrosis

Collagen turnover in tissues is primarily regulated by
fibroblasts. Under certain conditions, fibroblasts are
activated and undergo phenotypic transition into
“myofibroblasts”, the key effector cells in fibrotic states.
The myofibroblast phenotype is characterized by the
expression of contractile proteins, such as a-smooth
muscle actin  (a-SMA). In  healing  wounds
myofibroblasts are required for tissue repair; however in
pathologic conditions activated myofibroblasts become
the cellular effectors of the fibrotic process.

Transition of fibroblasts to myofibroblasts and
myofibroblast-mediated collagen turnover are regulated
by autocrine and paracrine factors generated within the
myocardium and by endocrine hormones derived from
the circulation. The main regulators involve angiotensin
(ANG) II, endothelin (ET)-1, and TGF-p1. TGF-B1 is a
crucial factor because it stimulates both fibroblast to
myofibroblast  transdifferentiation and  collagen
synthesis.

The origin of participating fibroblasts in fibrotic
tissues remains controversial. The traditional view is that
activated myofibroblasts in fibrotic hearts derive from
resident fibroblasts through proliferation and activation.
However, investigations that tracked proliferating cell
populations during cardiac hypertrophy and reactive
interstitial fibrosis showed proliferating fibroblast-like
cells only in the neighborhood of blood vessels [56, 57].
These data suggest that proliferating profibrotic cells

Aging and Disease * Volume 2, Number 2, April 2011

162



A. Biernacka and N.G. Frangogiannis

Aging and Cardiac Fibrosis

may be recruited from other cellular sources during
reactive interstitial fibrosis such as endothelial cells,
pericytes [58], bone marrow progenitor cells [59, 60],
circulating monocytes [61] and fibrocytes [62]. Cardiac
fibroblasts are derived from epithelial and endothelial
cells during embryonic development of the heart in a
process called epithelial-mesenchymal transition (EMT)
and endothelial-mesenchymal transition (EndMT)
respectively [16]. Acquisition of a fibroblast phenotype
is stimulated by various cytokines and growth factors,
such as platelet-derived growth factor (PDGF), fibroblast
growth factors (FGFs) and TGF-p [63]. Fate mapping
studies have demonstrated that, while there is no
significant endothelial contribution to the fibroblast
population in the normal adult heart [64-66], up to 30%
of fibroblasts in damaged myocardium may be of
endothelial origin [67] suggesting that EndMT play a
significant role in cardiac fibrosis. A recent study has
suggested that EndMT may contribute to profibrotic
responses during myocardial fibrosis in aged mouse
hearts and that this process may involve constitutive
TGF-p signaling [68]. In this study Ghosh et al. used a
murine model of spontaneous age-dependent cardiac
fibrosis that develops in the absence of the plasminogen
activator inhibitor-1 (PAI-1) gene. PAI-1 plays a
significant role in regulation of fibrosis by inhibiting the
tissue collagenolytic activities and by protecting matrix
proteins  from  proteolytic  degradation  [69].
Paradoxically, mice lacking PAI-1 develop age-
dependent cardiac fibrosis; the mechanism responsible
for this phenomenon is not understood [70]. Ghosh et al.
showed that aged hearts from PAI-1-deficient mice
displayed increased inflammation, elevated levels of
TGF-f and induction of TGF-B-mediated profibrotic
responses. Moreover, PAI-1-deficient endothelial cells
are more susceptible to EndMT in response to TGF-p via
induction of both Smad and ERK1/2 MAPK pathways.
These findings suggest that physiologic PAI-1 levels
help to protect the heart from age-dependent fibrogenesis
[68]. Bone marrow-derived progenitor cells may be an
additional potential source of fibroblasts in the fibrotic
heart. However, their role in aging-associated fibrosis
remains unknown.

involved _in__aging-associated

Molecular signals

fibrosis

Several distinct molecular signals have been proposed to
contribute to age-related fibrotic cardiac remodeling

(Fig. 2).

The role of inflammatory mediators

In several fibrotic processes the role of inflammation has
been clearly demonstrated. Most types of tissue injury
trigger a local inflammatory reaction. Inflammatory cells
release fibrogenic cytokines and growth factors as
important components of the reparative process [71, 72].
The close association between the inflammatory and
fibrosis is well-established in the reparative fibrotic
process observed following myocardial infarction.
However, the potential involvement of the inflammatory
response in aging-associated fibrosis is not well-
established. Recent studies suggested that interstitial
fibrosis in senescent mice may arise from age-dependent
immunoinflammatory dysregulation [73]. In C57BL/6
mice, cardiac fibrosis and diastolic dysfunction were
present at the end of the first year of life and became
progressively worse as the mice aged up to 30 months.
These morphological and functional changes were
associated with increased myocardial expression of
monocyte chemoattractant protein  (MCP)-1/CCL2,
interleukins 4 and 13 (IL-4 and IL-13) and with
accumulation of CD45+ myeloid-derived fibroblasts that
correlated temporally and quantitatively with the degree
of fibrosis and the development of diastolic dysfunction.
MCP-1 may induce fibrosis through recruitment of
monocytes with fibrogenic properties or through
chemoattraction of fibroblast progenitors. Although both
animal and human studies have suggested a significant
role for MCP-1/CCL2 in ischemic cardiac fibrosis [36,
37], its involvement in aging-associated fibrotic cardiac
remodeling has not been investigated. The potential role
of other chemokines with fibrogenic and anti-fibrotic
properties [74, 75] in regulation of aging-related fibrosis
remains unknown.

IL-13 is known to exert profibrotic actions in vivo
[76, 77]; however its role in the aging heart has not been
examined. Elevation of IL-4 and IL-13 expression in the
aging mouse heart suggests a shift to a Th2 phenotype.
Age-associated changes in  immune  function
characterized by a shift from Thl (IL-12, IFN-y) to Th2
(IL-13, IL-4) cytokines have been shown in animal
studies [78] and in human aging [79, 80] and may be
important in senescence-associated fibrosis.

The role of the renin—angiotensin-aldosteron system

A large body of evidence indicates that the activation of
renin—angiotensin-aldosteron system (RAAS) might play
a central role in cardiac aging and in age-associated
fibrotic remodeling. Even in the absence of overt
hypertension, arterial vascular walls become less
compliant with age, resulting in some degree of pressure
overload. ANG Il concentrations increase significantly in
aged rodent hearts [81, 82], probably due to an increase
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Figure 2. Pathways involved in the pathogenesis of cardiac fibrosis in the senescent heart. Angiotensin Il
(ANG 1I), reactive oxygen species (ROS), transforming growth factor B (TGF-B) and endothelin-1 (ET-1)
signaling appear to play an important role in mediating fibrotic remodeling of the aging heart. ANG Il exerts its
effects directly through the ANG 11 type 1 receptor (AT1) and indirectly through induction of TGF-f. Smad 2/3
seems to be a common pathway for these two mechanisms. Age-dependent mitochondrial dysfunction is the
major source of ROS in the myocardium. ANG Il induces NADPH oxidase dependent generation of ROS.
ROS activate TGF-B and upregulate its downstream fibrogenic effector connective tissue growth factor
(CTGF). ROS, ANG Il and ET-1 induce adhesion molecules in the microvascular endothelium and pro-
inflammatory mediator expression. Inflammatory cytokines may induce and activate matrix metalloproteinases
(MMPs) enhancing matrix degradation. TGF-p/Smad2/3 signaling promotes fibroblast proliferation, phenotypic
conversion to myofibroblasts and the production of extracellular matrix components including fibrillar
collagen, fibronectin, and proteoglycans. Changes in the extracellular matrix occur in part due to an imbalance
of MMPs and their inhibitors (TIMPs). The altered matrix modifies the pro-survival signals that cardiac
myocytes receive from their scaffolding environment, leading to cardiomyocyte loss due to apoptosis or
necrosis. Symbols: E, endothelial cell; Fi, fibroblast; L, lymphocyte, Ma, macrophage; M, monocyte; N,
neutrophil; TGF-BR, TGF-B receptor; VCAM-1, vascular cell adhesion molecule-1; MCP-1, monocyte
chemoattractant protein-1

ROS

tissue levels of angiotensin Il converting enzyme (ACE)
[83]. ANG Il promotes cardiomyocyte hypertrophy [84]
and stimulates fibroblast proliferation and expression of
extracellular matrix proteins [85]. ANG Il exerts its
effects directly through the ANG Il type 1 receptor
(AT1) and indirectly through induction of TGF-f1 [86].
Long-term inhibition with angiotensin receptor blockers,
or AT1 disruption, reduce age-dependent -cardiac
pathology and prolong rat [87] and mouse [88] survival.
In contrast, knock-in mice with a gain-of-function
mutation of AT1A develop progressive cardiac fibrosis

with increased expression of collagen [89]. Stein et al.
showed that chronic RAAS inhibition resulted in the
reduction of both interstitial and patchy fibrosis in the
senescent mouse heart. Interestingly, a significant
reduction in the susceptibility to arrhythmias was
observed after RAAS inhibition, and was directly
correlated to the reduction of patchy fibrosis [90].

The role of p-adrenergic signaling
Activation of B-adrenergic signaling increases heart rate,
contractility and afterload, enhancing cardiac metabolic
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demand. Chronic activation of B-adrenergic signaling is
deleterious to the heart; several clinical trials have
demonstrated that inhibition of B-adrenergic signaling by
B-blockers provides survival benefit in patients with
heart failure. Mice with disruption of adenylate cyclase
type 5 (AC5), a major mediator of B-adrenergic signaling
in the heart, had prolonged life span and were protected
from cardiac aging, exhibiting reduced age-dependent
cardiac hypertrophy and attenuated fibrosis [91].

The role of reactive oxygen species (ROS)

Experimental studies have demonstrated increased
generation of ROS in the aging heart. Within the cells,
ROS are produced in multiple compartments; however,
mitochondria contribute to the majority of ROS
generation as a byproduct of electron transfer during
oxidative  phosphorylation.  Mitochondrial DNA
(mtDNA), lipids, and proteins are therefore at the highest
risk from free radical-induced damage and dysfunction.
Several studies have documented an age-dependent
impairment of mitochondrial function associated with
increased production of ROS. The heart, with its high
metabolic demand is rich in mitochondria and is
especially vulnerable to mitochondrial oxidative damage.
Impairment of mitochondrial function has been widely
documented in heart failure in both human patients and
mouse models [92]. Moreover a significant increase in
superoxide radical production was seen in mitochondria
prepared from aging rat hearts [93]. Direct evidence for
the critical role of mitochondrial ROS in cardiac aging
was reinforced by studies on mice overexpressing
catalase targeted to the mitochondria (mCAT). First,
overexpression of mCAT prolonged murine median
lifespan by 17% to 21% [94]. Second in senescent mice,
overexpression of mMCAT reduced cardiomyocyte
hypertrophy, diminished cardiac fibrosis, and attenuated
diastolic dysfunction [81]. Third mCAT overexpression
attenuated age-dependent mitochondrial  oxidative
damage, as displayed by significant reductions of
mtDNA mutation and deletion frequencies, better
protection of ultrastructure of mitochondrial cristae and
attenuation of age-dependent activation of mitochondrial
biogenesis [81]. Another recent study focused on the role
of mitochondrial NAD-dependent deacetylase sirtuin-3
(SIRT3) in cardiac senescence. Overexpression of SIRT3
in cultured cells increases respiration and decreases the
production of reactive oxygen species. SIRT3 knockout
mice show accelerated signs of aging in the heart
exhibiting cardiac hypertrophy and fibrosis at 13 months
of age. SIRT3 knockout mice are also hypersensitive to
cardiac stress induced by transverse aortic constriction
(TAC), as evidenced by cardiac hypertrophy, fibrosis,

and increased mortality. Together, these data show that
SIRT3 activity is necessary to prevent mitochondrial
dysfunction and cardiac hypertrophy during aging [95].
These data suggest an important role for ROS in the
pathogenesis of aging-associated fibrotic cardiac
remodeling.

Which pathways are responsible for ROS-induced
fibrosis in aging hearts? ROS may exert fibrogenic
actions both through direct effects on cardiac fibroblasts
and through modulation of cytokine signaling. Oxidative
stress regulates the quantity and quality of extracellular
matrix by modulating both collagen synthesis and
metabolism [96]. In addition, ROS mediate cytokine and
ANG ll-induced effects on fibroblasts [97]. On the other
hand, ROS are capable of inducing expression of
inflammatory and fibrogenic mediators that may play an
essential role in aging-associated fibrosis. ROS-mediated
upregulation of CC chemokines (such as MCP-1/CCL2),
accompanied by induction of adhesion molecules in the
microvascular  endothelium [30], may promote
recruitment of mononuclear cells and fibroblast
progenitors in the aging myocardium creating a
fibrogenic milieu [98, 99].

The role of TGF-g#

TGF-B may play an essential role in aging-associated
cardiac  fibrosis by  inducing  myofibroblast
transdifferentiation [100] and by enhancing matrix
protein synthesis by cardiac fibroblasts [101]. In
addition, TGF-B may exert potent matrix-preserving
actions by suppressing the activity of MMPs and by
inducing synthesis of protease inhibitors, such as PAI-1
and TIMPs [102, 103]. Beyond its effects on
mesenchymal cells, TGF-$ also induces hypertrophic
effects on cardiomyocytes [104] and modulates the
function of inflammatory cells [105-107].

The canonical signhaling pathway for TGF-f involves
the Smad family of transcriptional activators [108, 109].
The receptor-associated R-Smads, Smad2, and Smad3
are phosphorylated directly by the TGF-B type 1 receptor
kinase, after which they heterooligomerize with Smad4,
translocate to the nucleus, and together with their
binding partners, activate or repress their target genes.
Several studies have shown that TGF-p can also signal in
a Smad-independent fashion, activating extracellular
signal-regulated kinase (ERK), c¢-Abl or TAK-1
pathways [110].

TGF-B1-overexpressing mice exhibited enhanced -
adrenergic signaling and significant cardiac hypertrophy
accompanied by interstitial fibrosis [111]. On the other
hand, loss of one TGF-B1 allele in TGF-B1 heterozygous
mice appears to ameliorate age-associated myocardial
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fibrosis and improve left ventricular compliance [112].
Both ROS and ANG Il may activate TGF-$ signaling
pathways in the senescent heart. ROS activate TGF-
and upregulate its downstream fibrogenic effector [113],
connective tissue growth factor (CTGF) [114]. In
addition, ANG Il markedly upregulates TGF-B1
synthesis by cardiac fibroblasts and myofibroblasts [115,
116]. ANG ll-induced TGF-B upregulation is followed
by the development of cardiac fibrosis [45]; however, the
dependence of the pro-fibrotic actions of ANG Il on
TGF-B has not been established [85].

The antifibrotic role of C-type natriuretic peptide

C-type natriuretic peptide (CNP) is an endothelial cell-
derived peptide that shares key biological actions with
the cardiac natriuretic peptides such as atrial natriuretic
peptide (ANP) and B-type natriuretic peptide (BNP)
[117, 118]. In vitro studies showed that CNP exerted
potent antifibrotic and antiproliferative properties in rat
cardiac  fibroblasts [119]. Recent work by
Sangaralingham et al. showed a progressive decline in
circulating CNP that characterizes natural aging and is
strongly associated with a reciprocal increase in cardiac
fibrosis that precedes impairment of diastolic and
systolic function [120]. Whether CNP plays a direct role
in regulation of fibrosis in vivo has not been examined.

Age-related defects in the
following cardiac injury

reparative response

The average age for a first myocardial infarction (Ml) is
66 years in men and 70 years in women [121]. Patients
aged 65 years and over account for about 50% of
hospital admissions and 80% of deaths from acute Ml
[122]. The incidence of post-MI heart failure is
increased; adverse ventricular remodeling is more
common in elderly patients. The age-related increase in
post-MI mortality and morbidity cannot be explained by
larger infarcts [123]. Thus, distinct responses of the
senescent heart to cardiac injury may play a role in
aging-associated heart failure. Optimal healing of the
infarcted heart is critical to repair structural damage and
preserve left ventricular function. Aging may modulate
post-MI reparative responses and may promote adverse
remodeling, reducing survival and increasing the
likelihood for development of heart failure [122].
Healing after MI is dependent on an inflammatory
reaction that ultimately results in formation of a scar
[124]. Inflammatory signals regulate key reparative
pathways in the infarcted heart, modulating deposition,
and metabolism of extracellular matrix proteins in the
wound [75, 125]. These actions ultimately determine the

mechanical properties and geometric characteristics of
the infarcted ventricle by affecting the tensile strength of
the scar.

We have recently tested the hypothesis that aging-
related changes in inflammatory mediator expression and
impaired responsiveness of senescent cells to growth
factors may be responsible for defective infarct healing
and adverse remodeling of infarcted heart. Using a
mouse model of reperfused infarction, we compared the
inflammatory and fibrotic response between young (3-4
month old) and old mice (>24-month old) as well as the
response of isolated cardiac fibroblasts to TGF-p
stimulation [126]. We found that aging was associated
with suppressed post-infarction inflammation, decreased
and delayed neutrophil and macrophage infiltration,
reduced cytokine and chemokine expression, and
impaired phagocytosis of dead cardiomyocytes.
Temporally, despite similar infarct size, reperfused Ml in
young mice induced intense inflammation after 24 h and
replacement with granulation tissue within 72 h, whereas
healing in the older mice was delayed beyond 7 days.
Decreased phagocytotic activity [127] and diminished
oxidative response to activating signals [128] displayed
by senescent macrophages and neutrophils may explain
the impaired clearance of dead cardiomyocytes in the
infarcted myocardium. The suppressed inflammatory
reaction was followed by decreased myofibroblast
infiltration and markedly attenuated collagen and
matricellular protein deposition in senescent mouse
infarcts, resulting in formation of a scar containing loose
connective tissue. The reduction in scar collagen content
in old animals was associated with increased dilative
remodeling and markedly enhanced systolic dysfunction
following infarction.

Because of the critical role of the Smad2/3 pathway
in mediating fibrogenic TGF-B responses [129, 300], we
hypothesized that defective fibrous tissue deposition in
senescent infarcted hearts may be due to impaired
responses of aged mouse fibroblasts to growth factor
stimulation. Young mouse cardiac fibroblasts exhibited a
robust increase in Smad2 phosphorylation after
stimulation with TGF-B1. In contrast, fibroblasts isolated
from senescent hearts showed a blunted response to
TGF-p stimulation [126], suggesting that aging results in
impaired fibroblast responses to growth factors. The
blunted response of senescent fibroblasts to fibrogenic
mediators is not limited to TGF-B stimulation. The
stimulatory effect of ANG Il on matrix synthesis is
reduced in rat fibroblasts isolated from senescent hearts
in comparison with fibroblasts harvested from young
hearts [131].

Therefore, the enhanced baseline activation of
fibrogenic pathways and increased collagen deposition in
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senescent hearts may be associated with an impaired
reparative reserve, due to blunted responses of
mesenchymal cells to stimulatory signals. Defective scar
formation may play an essential role in the pathogenesis
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Figure 3. Age-related defects in the inflammatory and reparative response lead to enhanced adverse
remodeling following myocardial infarction. Although aging is associated with enhanced baseline inflammation
and fibrosis, acute infarction results in suppressed, but prolonged, inflammatory reaction, impaired cardiomyocyte
phagocytosis, and markedly diminished collagen deposition in the scar. Evolving evidence suggests that the
alterations in post-infarction cardiac repair may be due to impaired responsiveness of senescent fibroblasts to growth
factors, such as TGF-B. Whether this is due to an aging-related reduction of TGF-f receptor (TGF-BR) expression by
fibroblasts, or reflects impaired TGF-p/Smad2/3 signaling in senescent cells, remains unknown. Diminished
collagen deposition may lead to a marked reduction in tensile strength of the scar, resulting in accentuated dilation

of the infarcted ventricle. Symbols: E, endothelial cell;

monocyte; N, neutrophil

Therapeutic targets to attenuate fibrotic remodeling
in senescent hearts

Our expanding knowledge on the molecular signals
involved in aging-associated fibrosis suggests several
potential therapeutic targets. MCP-1 inhibition, targeting
of the TGF-B cascade, attenuation of ROS signaling and
AGE breakers may be reasonable therapeutic approaches
to prevent progression of cardiac fibrosis in the elderly.
However, several important concerns dampen
enthusiasm about the potential usefulness of these
strategies. First, whether cardiac fibrosis can be reversed
remains controversial. It has been suggested that
established fibrotic changes may no longer be reversible
due to the absence of cellular mediators that could
produce proteases to degrade the collagen-rich tissue
[71]. In addition, the formation of cross-linked matrix
proteins in advanced lesions of senescent hearts may
prevent reversal of the fibrotic process. Thus, effective

Fi, fibroblast; L, lymphocyte, Ma, macrophage; M,

inhibition of age-related cardiac fibrosis may require
early and prolonged treatment, exposing patients to the
consequences of therapeutic agents that interfere with
tissue repair. Second, blockade of fibrogenic pathways
may in many cases also inhibit adaptive processes with
protective effects on the aging heart. For example,
chronic MCP-1 inhibition may not only exert anti-
fibrotic actions, but may also reduce arteriogenesis,
interfering with collateral vessel formation. TGF-B
inhibition, on the other hand, may interfere with
important actions on immune responses [132]. Third, the
clinical significance of age-associated cardiac fibrosis in
patients without concomitant conditions (such as
diabetes, hypertension, or coronary atherosclerotic
disease) is unclear. Whether age-associated fibrotic
remodeling significantly contributes to diastolic
dysfunction in elderly patients remains unknown.
Attenuation of the modest fibrosis noted in healthy
elderly individuals may not confer clinically significant
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benefits. Thus, it may be more reasonable to focus on
specific subpopulations of senescent patients who are at
a high risk for development of fibrotic remodeling and
diastolic dysfunction due to the presence of
hypertensive, diabetic, or ischemic heart disease.
Beyond, the established beneficial effects of ACE
inhibitors in patients with hypertension that may be due,
at least in part, to attenuation of cardiac fibrosis, other
anti-fibrotic strategies (such as AGE breakers, anti-
MCP-1 strategies, or TGF-B inhibitors) may exert
beneficial actions in high-risk elderly patients with
diastolic heart failure.

A much more realistic goal would be to target
specific age-associated healing defects in senescent
patients with cardiac injury, in order to prevent adverse
remodeling and to protect from the development of heart
failure [133, 134]. In senescent mice, a suppressed post-
infarction inflammatory response results in delayed
replacement of dead cardiomyocytes with granulation
tissue [126], while blunted responses of senescent
fibroblasts to fibrogenic growth factors markedly
decrease collagen deposition in the scar, resulting in
decreased tensile strength and enhanced ventricular
dilation. These findings suggest that age-associated
adverse remodeling of the infarcted ventricle is not due
to enhanced inflammatory injury, or increased fibrosis,
but rather results from a defective fibroblast response
and impaired formation of the reparative matrix network,
necessary to mechanically support the infarcted heart.
Thus, strategies aiming at enhancing reparative
responses following cardiac injury through the cautious
administration of growth factors along with injection of
smart biomaterials [135] may represent new therapeutic
opportunities for preventing the development of heart
failure in elderly patients with acute myocardial
infarction.
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