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ECM remodeling in hypertensive heart disease
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Hypertensive heart disease (HHD) occurs in patients that clinically have both diastolic and systolic heart fail-
ure and will soon become the most common cause of heart failure. Two key aspects of heart failure secondary
to HHD are the relatively highly prevalent LV hypertrophy and cardiac fibrosis, caused by changes in the local
and systemic neurohormonal environment. The fibrotic state is marked by changes in the balance between
MMPs and their inhibitors, which alter the composition of the ECM. Importantly, the fibrotic ECM impairs
cardiomyocyte function. Recent research suggests that therapies targeting the expression, synthesis, or acti-
vation of the enzymes responsible for ECM homeostasis might represent novel opportunities to modify the

natural progression of HHD.

Background

There is an epidemic of heart failure in the United States. The
three major causes of heart failure are hypertensive heart disease
(HHD), ischemic heart disease associated with prior myocardial
infarction(s), and idiopathic dilated cardiomyopathy. Because
the prevalence of hypertension is increasing globally, heart fail-
ure secondary to HHD will soon become the most common cause
of heart failure. Heart failure is clinically defined by its signs (e.g.,
peripheral edema, increased heart size, and a third heart sound)
and symptoms (e.g., shortness of breath, fatigue, orthopnea, and
paroxysmal nocturnal dyspnea). It has become clear that heart
failure can clinically present with predominantly diastolic or sys-
tolic dysfunction or both. Patients with heart failure secondary to
HHD frequently begin their clinical course with only symptoms
of diastolic heart failure (in particular, shortness of breath with
exertion) but frequently progress to combined diastolic and sys-
tolic heart failure. The major difference between HHD and other
causes of heart failure can be represented by the manner in which
geometric remodeling of the LV occurs (Figure 1). Patients with
HHD usually present with LV hypertrophy (LVH) but have a nor-
mal-sized LV chamber and preserved systolic function (ejection
fraction greater than 50%). By contrast, patients with heart failure
secondary to ischemia or idiopathic cardiomyopathy usually have
an enlarged, dilated LV chamber and more frequently also have
RV enlargement (1, 2).

Pathologic features of hearts from patients with heart failure
include cardiomyocyte hypertrophy and death and tissue fibro-
sis and scarring. Fibrosis seems to be more widespread in HHD
than in other causes of heart failure. It is found throughout
the heart, including the anterior, posterior, and lateral walls of
the LV; the interventricular septum; and even the RV. Because
of fibrosis, the classic finding in HHD is increased myocardial
stiffness, especially during diastole. Although fibrosis contrib-
utes to stiffness, it is the quality of the ECM, not the quantity,
that is most important. Importantly, fibrosis disrupts the coor-
dination of myocardial excitation-contraction coupling in both
systole and diastole. In the healthy heart, cardiomyocytes are
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connected together in an electrical synctium that permits a tem-
porally coupled contraction. Transmission of the systolic con-
traction is facilitated by a scaffold of type I and type III fibrillar
collagens, which are the major components of the cardiac ECM.
Following contraction, there is an active relaxation process dur-
ing diastole. Weber and Shirwany (3) have noted that the tensile
strength of type I collagen is similar to that of steel, making it
obvious that the ECM is the major determinant of myocardial
stiffness during diastole.

Alterations in HHD that contribute to disease pathology
other than those in the ECM include changes in the number
and function of other resident cells, myocardial apoptosis, and
changes in calcium handling associated with impaired relaxation.
Importantly, there are also substantial changes in the peripher-
al vasculature (especially resistance vessels) that impair cardiac
function. Little and colleagues (4) showed that patients who pres-
ent with pulmonary edema with preserved systolic function have
HHD characterized by severe peripheral vascular stiffness. The
impaired properties of the aorta and resistance arterioles (the
dominant determinants of vascular tone and pressure) contrib-
ute importantly to cardiac dysfunction in HHD. However, this
Review focuses on the functional and structural changes in ECM
in the heart that characterize HHD. The features of HHD ECM
are discussed in the context of alterations in the cellular and hor-
monal environments that lead to changes in ECM turnover and a
profibrotic state. Major features of the model we propose for the
development of HHD include the early transition of cardiac fibro-
blasts to myofibroblasts (Figure 2). Myofibroblasts produce a dif-
ferent ECM than fibroblasts and modify the balance of MMPs
and their inhibitors (tissue inhibitors of metalloproteinases
[TIMPs]) to promote fibrosis. The change in ECM modifies the
signals that cardiac myocytes receive from their scaffolding envi-
ronment, leading to changes in gene expression associated with
hypertrophy and contractile dysfunction. Finally, activation of
the renin-angiotensin-aldosterone system (RAAS) and increased
levels of active TGF-f1 recruit smooth muscle cells, monocytes,
and fibroblasts and stimulate a genetic program of wound repair
and ECM deposition, leading to perivascular fibrosis and ampli-
fication of the profibrotic state.

What drives HHD?

In the Framingham Heart Study, echocardiographic LVH was
found to be present in 15% of the population and was indepen-
dently associated with several cardiovascular endpoints, including
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Schematic representation of changes in the cardiac chambers of an individual with HHD compared with idiopathic or ischemic cardiomyopathy.
The main difference between HHD and the other two main causes of heart failure (ischemic heart disease associated with prior myocardial
infarction[s] and idiopathic dilated cardiomyopathy) is the nature of the geometric remodeling of the LV chamber. Patients with HHD usually pres-
ent with LVH but with a normal-sized LV chamber and preserved systolic function. By contrast, patients with heart failure secondary to ischemia
or idiopathic cardiomyopathy usually have an enlarged, dilated LV chamber and more frequently also have RV enlargement.

coronary heart disease and stroke (5). Importantly, after adjusting
for other cardiovascular disease risk factors, including blood pres-
sure, LVH is associated with a doubling in mortality in both white
and African American cohorts (5). As would be expected, there are
substantially more cardiovascular events in hypertensive patients
who have LVH (S5, 6). It is reasonable to propose that the develop-
ment of LVH associated with HHD might represent a protective
mechanism, providing compensatory power to allow the heart
to withstand the hemodynamic strain associated with increased
arterial pressure. However, the continued presence of LVH leads
to cardiac dysfunction manifest by a reduction of coronary flow
reserve, tissue ischemia, development of arrhythmias, heart failure,
and sudden death (7). There is a strong correlation between blood
pressure and LVH; specifically, high blood pressure is associated
with a 10-fold increase in the incidence of LVH detected by electro-
cardiography (8). Blood pressure-independent effects also contrib-
ute to LVH, since antihypertensive therapies differ in their ability
to reduce LVH, despite similar efficacy in blood pressure reduction
(5,9). Furthermore, RV hypertrophy coexists with LVH despite a
lack of hemodynamic strain (10). Nonhemodynamic factors that
are likely to influence HHD include hormones and cytokines (such
as the RAAS, TGF-f1, TNF-q, and IL-1) that lead to a profibrotic
and inflammatory environment (9).

Structural changes in HHD

A fundamental characteristic of hypertensive cardiac remodeling
is myocardial stiffness, which is associated with fibrosis, altered
contractile and relaxation properties, and changes in cardiac cel-
lularity (especially perivascular inflammation). The scaffolding
of cardiomyocytes is provided by a network of fibrillar collagen
(Figure 3) (11). Based on morphology, the network can be sub-
divided into three components. The epimysium is located on the
endocardial and epicardial surfaces of the myocardium, where it
provides support for endothelial and mesothelial cells. The peri-
mysium surrounds muscle fibers, and perimysial strands connect
groups of muscle fibers together. The endomysium arises from
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the perimysium and surrounds individual muscle fibers. Struts
of endomysium tether muscle fibers together and function as the
sites for connections to cardiomyocyte cytoskeletal proteins across
the plasma membrane (e.g., laminin to dystroglycan; see below).
The endomysium is also the source of ECM scaffolding for blood
vessels. Morphologically, fibrotic tissue in the heart is visualized
as perivascular fibrosis involving the intramural coronary arterial
vasculature, interstitial fibrosis (accumulated perimysium), and
microscopic scarring (Figure 3) (12). The process of fibrosis has
several different stages, which is pertinent to therapeutic options
since it is probable that fibrosis is reversible (at least, prior to scar-
ring). It is also reasonable to propose that optimal treatment strat-
egies will differ according to the level of disease progression.

Changes in the collagen network present in HHD impair both
systolic and diastolic function (13). Collagen is a stable protein
whose balanced turnover (synthesis and degradation) by cardiac
fibroblasts is normally slow (estimated to be 80-120 days) (3). Col-
lagen turnover is primarily regulated by fibroblasts during normal
physiology. However, under pathologic conditions, morphological-
ly distinct cells termed myofibroblasts appear (Figures 2 and 3). These
cells are defined by their dual functions: fibroblast-like in terms of
ECM synthesis and smooth muscle myocyte-like in terms of migra-
tion. Myofibroblast-mediated collagen turnover is regulated by
autocrine and paracrine factors generated within the myocardium
and by endocrine hormones derived from the circulation.

In animal models of HHD, an increase in interstitial collagen
(accumulated perimysium) is associated with diastolic heart fail-
ure, whereas degradation of endomysial and perimysial compo-
nents of the collagen scaffolding is accompanied by ventricular
dilatation and systolic heart failure (14). These data suggest that
the transition from compensated LVH to heart failure is associ-
ated with degradation of ECM. Loss of the collagen network might
cause systolic dysfunction by at least three mechanisms (13). The
first mechanism involves interruptions in the collagen matrix
that provides support, geometric alignment, and coordination of
contraction by cardiomyocyte bundles. The second mechanism
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Mechanisms for transition of fibroblasts to myofibroblasts. The transi-
tion of fibroblasts to myofibroblasts is an early event in HHD, regulated
in part by increased expression of the hormones of the RAAS system
(renin, ANG I, and aldosterone), ET-1, and TGF-1. Myofibroblasts
express a gene program that contributes to a progressive profibrotic
state. Changes in the ECM occur in part due to an altered balance of
MMPs and their inhibitors (TIMPs). These changes lead to a stiffening
of the ECM and functional alterations that cause changes in signaling
to myocytes. The altered physical and functional environment of the
myocytes leads to progressive cardiac dysfunction.

involves the loss of the normal interactions between endomysial
components such as laminin and collagen with their receptors
(dystroglycans and integrins), which is required for contractile
synchrony and long-term cardiomyocyte homeostasis. The third
mechanism is the sliding displacement (slippage) of cardiomyo-
cytes, leading to a decrease in the number of muscular layers in the
ventricular wall and to LV dilation.

ECM synthesis in HHD. In fibrotic conditions there is evi-
dence that both the synthesis and degradation of collagens are
altered, yielding an accumulation of collagen that (together with
enhanced crosslinking) results in fibrosis. Myocardial stiffness is
mostly attributable to changes in the composition and arrange-
ment of ECM proteins, including type I and type III fibrillar col-
lagens (15, 16). Procollagen is synthesized by fibroblasts (and
myofibroblasts in disease) and secreted into the pericellular space,
where it forms collagen fibrils that assemble into fibers. Myofi-
broblast collagen turnover is regulated by a number of growth
factors such as ANG II, TGF-B1, IGF-1, and TNF-o. (17), some of
which act in concert. For example, ANG II produced locally by
activated macrophages and myofibroblasts regulates their expres-
sion of TGF-P1, a fibrogenic cytokine that, in turn, upregulates
the expression of the genes encoding type I and type III fibrillar
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collagen (18, 19). Besides collagen, expression of many other ECM
components, including elastin, fibrillin, fibronectin, and proteo-
glycans, are also changed in HHD.

In humans, a reduction in circulating markers of collagen deg-
radation occurs early after the onset of antihypertensive treatment
and parallels the reduction in hemodynamic load (20), similar to
what has been found in animals (21). Spontaneously hypertensive
rats (SHRs) show greater pro-collagen type I levels in the myocar-
dium than normotensive Wistar-Kyoto rats, indicative of increased
collagen type I synthesis in the hypertensive animals (22, 23). This
is also accompanied by increased collagen crosslinking following
the development of cardiac hypertrophy in SHRs (24). It should
be noted that increases in blood pressure per se have powerful
effects on the synthesis of protein by both cardiomyocytes and
fibroblasts. When pressure is rapidly increased in rodent hearts,
collagen and total protein synthesis increase and protein degrada-
tion decreases within 3 hours (25, 26). In most studies there is a
gradual return to baseline synthesis in two to three weeks, associ-
ated with protein degradation and decreased fibrosis (27). These
data suggest that even intermittent hypertension might lead to
changes in ECM and fibrosis.

ECM degradation in HHD. During the initial phases of HHD
described above, the predominant process is increased synthesis
of cardiomyocyte and ECM proteins. Much less is known about
the subsequent phases of HHD, especially the transition from the
compensated state to clinically apparent heart failure. The natural
response of the body to increased synthesis of ECM components
is to increase the levels and activity of enzymes that degrade the
ECM. However, degradation of ECM in a heart that has undergone
hypertrophy might not be benign. Recently, Diez and colleagues
provided information regarding collagen degradation in patients
with HHD during the process of deteriorating systolic function
(28). They showed that enhanced MMP-mediated collagen deg-
radation contributed to the LV dilation and decline in ejection
fraction seen with systolic heart failure in HHD. Specifically, they
found in patients with systolic heart failure that perivascular fibro-
sis and scarring occupied a greater portion of the myocardium,
while the number of interstitial collagen fibers was reduced. Based
on these findings they proposed that an imbalance in the ratio of
MMPs to their inhibitors, the TIMPs, might underlie LV dilation
and reduced ejection fraction in systolic heart failure. These data
stress the importance of studying the mechanisms responsible for
ECM degradation as well as those responsible for ECM synthesis.

The heart contains many MMPs that can degrade ECM pro-
teins with differing degrees of specificity. These include the col-
lagenases (MMP1, MMP8, and MMP13) that initiate the ECM
degradation process by cleaving the a-chains of type I and type
II collagens and the gelatinases (MMP2 and MMP9) that further
process collagen fragments (29, 30). Although some MMPs are
constitutively expressed, the expression of others is regulated
by hormones, growth factors, cytokines, and mechanical strain
(31, 32). MMPs are generally synthesized as inactive precursors
that are then activated by serine proteases, secreted MMPs, or the
highly related membrane-type MMPs (33). Localization of MMPs,
either membrane attached or secreted, can determine their rela-
tive activity (30). MMP activation can contribute to the fibrotic
process by participating in a vicious circle in which ECM degrada-
tion promotes ECM protein synthesis and fibrosis. This pathway
is particularly detrimental because the nature and organization of
the newly synthesized ECM differs from that of the native ECM.
Volume 117

Number3  March 2007



review series

Myocyte Endomysium Hypertrophic Endomysial
myocyte fibrosis
>
// L
// 4
\ = \ = &
ST / ) _ MV “
k. — : =
7. ( Q ( 4 !o
/ I_/"/—__ F T
= }
I
Fibroblast Artery Perimysium Myofibroblast ~ Perivascular Perimysial
fibrosis fibrosis
Figure 3

Schematic representation of changes to the collagen network in HHD. In the normal heart, thin layers of perimysium and endomysium surround
myocardial bundles and myocytes, respectively. The walls of the blood vessels also contain adventitial fibroblasts that create an endomysial
network. In HHD, there is hypertrophy of cardiomyocytes and transition of fibroblasts to myofibroblasts. These changes are associated in early
disease with increases in ECM manifest by perivascular fibrosis and fibrosis of the endomysium and perimysium.

For example, turnover of oxidized and highly crosslinked colla-
gen (which is more prevalent during fibrosis) is slower than that
of normal collagen, favoring the accumulation of the former, a
much stiffer collagen (34). Other potential mediators of ECM
degradation include the membrane-bound proteases known as
a disintegrin and metalloproteinases (ADAMs) and their soluble
thrombospondin motif-containing counterparts (ADAMTSs),
both of which can participate in the release of growth factors
from the ECM. Importantly, these enzymes have been shown to
increase levels of proteins such as heparin-binding EGF (HB-EGF)
and TGF-a. TGF-a, which is cleaved and activated by ADAM17,
has been shown to influence ECM homeostasis in the pressure-
overloaded heart (35, 36).

Studies regarding the roles of specific MMPs and TIMPs in
HHD are confusing due to the simplicity of animal models com-
pared with patients with HHD. In hypertensive Dahl salt-sensitive
rats, MMP2, TIMP1, and TIMP2 expression levels increase as LVH
progresses (14). Similarly, MMP?2 activity increases in SHRs (37),
and cyclic stretching of cardiomyocytes elevates mRNA expres-
sion, protein synthesis, and the activity of MMP2 and MMP14
(38). A role for MMPs in hypertensive cardiac remodeling has
also been strongly demonstrated using MMP2-deficient mice.
In a model of aortic banding, these animals demonstrated lower
LV weight and LV end-diastolic pressure and showed less inter-
stitial fibrosis and cardiomyocyte hypertrophy than wild-type
controls with similar levels of aortic hypertension (39). In other
studies, mice lacking either MMP9 or urokinase-like plasminogen
activator were also protected from cardiac fibrosis and dysfunc-
tion following pressure overload (40). Further evidence for the
importance of MMP9 is provided by the observations that rising
plasma MMP?9 levels correlated with deterioration of LV function
(41) and that enhanced MMP9 activity (but not MMP?2 activity,
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TIMP1-TIMP4 expression, or collagen crosslinking) correspond-
ed with the transition from compensated LVH to congestive heart
failure (42). Pharmacologic data also demonstrate a deleterious
role for MMP activity in HHD, since treatment with a broad-spec-
trum MMP inhibitor completely prevented the transition to overt
heart failure in rats with spontaneous hypertensive heart failure
(43). Similar observations were made in the Dahl salt-sensitive rat
model of pressure overload and heart failure (44).

In hypertensive patients with LVH, there are increased levels of
circulating TIMP1 but diminished levels of circulating MMP1 and
collagen type I telopeptide (CITP, a breakdown product of colla-
gen) (45), compared with hypertensive patients without LVH. More
recently, Ahmed et al. showed that patients with hypertension but
normal LV structure and function had normal plasma MMP and
TIMP levels (29). By contrast, patients with hypertension and
LVH had decreased levels of MMP2 and MMP13 and increased
levels of MMP9. Only patients with LVH and heart failure had
increased levels of TIMP1. Based on these data, they concluded
that decreased ECM degradation was associated with LVH and dia-
stolic dysfunction. These studies highlight a potential beneficial
effect of specific MMP9 inhibitors in HHD and raise the general
concept that altering the balance of degradation and synthesis of
ECM might have clinical utility.

ECM regulation of myocyte and myofibroblast function. A disordered
balance of MMP and TIMP activity in HHD would exert profound
effects on cardiac function in several ways. First, cell-cell junctions
are subject to MMP-mediated degradation. Depending on the type
of MMP expressed and the composition of the cell-cell junctions,
different junctions would be more susceptible to degradation. For
example, direct binding and processing of connexin-43 by MMP7
has been related to arrhythmias and myocardial dysfunction in
mice (46). Second, given the dynamic nature of intercellular adhe-
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A laminin-dystroglycan-dystrophin signaling cascade. Dystroglycan
(DG) is a key component of the dystrophin-associated glycoprotein
complex that provides mechanical support to the sarcolemma. (3-Dystro-
glycan is the transmembrane subunit, and its extracellular domain non-
covalently binds a-dystroglycan. Laminin is a major component of the
basal laminae and a prominent protein in the endomysium. The bind-
ing of laminin to dystroglycan activates a growth factor receptor-bound
protein 2-RAC1-PAK1-JNK (GRB2-RAC1-PAK1-JNK) pathway that
promotes hypertrophy, an initial adaptive response to increased pres-
sure. Decreased expression of laminin, as might occur during the tran-
sition to heart failure, might impair survival signaling to cardiomyocytes
and predispose them to apoptosis, similar to the pathology in skeletal
muscle dystrophies. Direct association between dystroglycan and MEK
and between dystroglycan and ERK was recently demonstrated (82).
MEK-dystroglycan association was localized to membrane ruffles, while
ERK-dystroglycan association was found in focal adhesions. It is not
known how these interactions are regulated.

sions in cell signaling and cytoskeletal biology (e.g., activation of
PI3K, mechanotransduction, RAC activation, and microtubule
polymerization), it is critical to elucidate the effects of decreased
intercellular connections. Third, peptides derived from ECM mac-
romolecule degradation, termed matrikines, modulate prolifera-
tion, migration, and MMP expression by cells present in the heart,
including smooth muscle cells and myofibroblasts (47, 48). The
best characterized matrikines are derived from elastin by enzymes
such as MMPs (MMP2, MMP7, MMP9, and MMP12), elastases,
and cathepsins (47, 49, 50). Fourth, MMPs act on non-ECM pro-
teins, cleaving (and potentially activating) a number of remodeling
modulators such as EGF, HB-EGF, and TNF-a (51).

Changes in ECM components and MMP activity also influence
cardiac contractile function by influencing bidirectional signal-
ing from integrins (i.e., inside out signaling as well as outside in
signaling) and the coordination of integrin signaling with other
receptors (e.g., modulation of growth factor signaling) (52, 53).
One such example relates to the interaction between the integ-
rin o, and TGF-B1. Overexpression of a,f3; stimulates TGF-f1
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expression, whereas TGF-B1 can increase expression of o1 (51).
Other examples include changes in cell survival pathways. For
example, deletion of melusin, a mechanosensitive integrin ;-
interacting protein, accelerates hypertensive LVH and heart fail-
ure, whereas overexpression of the protein has the opposite effect,
through activation of antiapoptotic AKT and ERK1/2 signaling
pathways (54). Mechanical forces related to hypertension-induced
myocardial stretch constitute a key activator of intracellular
signaling pathways such as those involving phospholipase C,
phospholipase D, and phospholipase A2; PKC; tyrosine kinases;
p21 MAPKs; and 90-kDa S6 kinase, potentially through the
release of growth-promoting factors (ANG II, endothelin 1
[ET-1], and phenylephrine) or by integrin activation (51). Apart
from promoting fibroblast proliferation, a number of these fac-
tors can also increase expression of MMPs (51). For example, in
vascular smooth muscle cells, PDGF-BB and IGF-1 increase the
transcription rate of Mmp2 through activation of PI3K and its
downstream effector, AKT (55).

To provide an example of how alterations in ECM proteins
can influence cardiomyocyte function, we discuss the nature of
signaling from laminin to dystroglycan-dystrophin (Figure 4).
Although the dystroglycan-dystrophin pathway has been exten-
sively studied in muscular dystrophies, its role in HHD has been
little studied (56, 57). Dystroglycan is best known for its interac-
tion with dystrophin in striated muscle and is a key component
of the dystrophin-associated glycoprotein complex that provides
mechanical support to the sarcolemma. B-Dystroglycan is the
transmembrane subunit, and its extracellular domain noncova-
lently binds a-dystroglycan, a heavily glycosylated extracellular
peripheral membrane protein (58). Laminin is a major component
of the basal laminae throughout the body and a prominent pro-
tein in the endomysium (59). In the heart, dystrophin signaling
seems to be important for the response to pressure, since pressure
overload increases dystrophin expression and since dystrophin-
deficient mice exhibit increased myocardial apoptosis and fibro-
sis in response to acute pressure overload (56, 57). Since laminin
binding to dystroglycan activates a growth factor receptor-bound
protein 2-RAC1-p21-activated kinase 1-JNK (GRB2-RAC1-PAK1-
JNK) pathway that promotes hypertrophy, it is probable that this
pathway is required for the response to increased pressure (60).
This exemplifies the importance of signaling from the ECM to
cardiomyocytes for physiologic compensation in response to
stresses such as hypertension.

Signaling cascades influencing HHD

Fibroblast transition to myofibroblasts. The mechanisms responsible
for the transition of fibroblasts to myofibroblasts have been
recently elucidated (Figure 2). Myofibroblasts are smooth mus-
cle-like fibroblasts that express 0-SMA and contain a contractile
apparatus composed of actin filaments and associated proteins
organized into prominent stress fibers. Myofibroblast formation
is controlled by growth factors, cytokines, and mechanical stimuli
(61). Key hormones and cytokines for this transition are ANGII,
ET-1, and TGF-B1 (Figure 2). TGF-B1 is a critical factor because
it stimulates both myofibroblast formation and collagen produc-
tion. A recent study showed that increasing cAMP blocked the
fibroblast-to-myofibroblast transition, perhaps due to a RhoA-
dependent effect (18, 62). ANG II is also very important because
it sensitizes fibroblasts to this transition by directly promoting
TGF-P1 signaling, elevating SMAD3 levels, and inducing nucle-
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Common signaling pathways activated by ANG II, ET-1, and TGF-p1
contribute to fibrosis. SMAD3 mediates acute and chronic changes in
gene expression that lead to inflammation and fibrosis. Chronic expo-
sure to ANG Il increases expression of TGF-31. This cytokine promotes
a profibrotic environment by multiple mechanisms, including stimula-
tion of SMAD3-dependent gene expression in smooth muscle cells and
monocytes and increased expression of ET-1 by endothelial cells. ET-1
promotes fibroblast activation by stimulating connective tissue growth
factor (CTGF) expression and activating an NF-kB—dependent gene
program that is profibrotic.

ar translocation of phosphorylated SMAD3 (63, 64) (Figure 5).
As discussed below, this might be particularly important for the
chronic effects of TGF-f31 on ECM production.

Effects of the RAAS. There is evidence that all major components
of the RAAS — renin, ANG II, and aldosterone — exert profibrotic
effects on cells. Although there are limited data regarding renin,
a recent study by Huang et al. (65) showed that both renin and
prorenin increased the synthesis of TGF-f1 in mesangial cells.
Renin also enhanced the synthesis of fibronectin, collagen I, and
plasminogen activator inhibitor-1. The actions of renin seemed to
be independent of ANG II, based on the inability of the angioten-
sin-converting enzyme inhibitor enalaprilat and the ANGII type 1
receptor blocker losartan to block TGF-B1 synthesis. Data regard-
ing expression of renin and prorenin receptors in cardiac fibro-
blasts are not yet available, so the role of renin in cardiac fibrosis
and HHD remains unclear.

The greatest weight of evidence indicates that ANG IL is the dom-
inant hormone responsible for cardiac fibrosis in HHD. ANG II
exerts its effects directly through the ANG II type 1 receptor and
indirectly through induction of TGF-B1 (17). SMAD3 seems to be
a common pathway for these two mechanisms, as summarized by
Sorescu (64) and Wang (63) (Figure S). According to a recent review
of ANG II signaling by Mehta and Griendling (66), there are three
rapid pathways activated by ANG II that lead to the expression of
genes encoding ECM components, with JNK and activator protein 1
(AP-1) activation as a final common pathway. The first is an ROS
pathway dependent on the small G-proteins Rho and RAC; the
second is a focal adhesion kinase (FAK) pathway dependent on cal-
cium, ¢-SRC, and paxillin; and the third is a PAK pathway. Studies
by Shen et al. (41) that involved our laboratory showed that ANG II
induced adventitial fibroblast differentiation to myofibroblasts by
a pathway that involved NADPH oxidase generation of ROS and
activation of p38 MAPK and JNK pathways. A second pathway is
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the tyrosine kinase pathway mediated by c-SRC. After activation,
¢-SRC translocates to focal adhesions and initiates phosphorylation
of FAK1 and proline-rich tyrosine kinase 2 (PYK2). Subsequently,
the small GTPase RAC is activated at the focal adhesion and pro-
motes JNK activation. The final pathway involves PAK, which has
been shown to stimulate RAC and thereby activate JNK (67, 68).

In addition to these rapid pathways, there are several indirect
pathways for ANG II-mediated signal transduction that probably
regulate ECM turnover. Two important pathways result in the acti-
vation of MMPs and the secretion and activation of TGF-$1. ANG I
has been shown to transactivate tyrosine kinase receptors such as
the EGF receptor (69). The predominant mechanism involved in
this process seems to be stimulation of ADAM17, which cleaves
matrix and cell-bound HB-EGF to generate soluble HB-EGF locally
(70). HB-EGF secreted by cardiomyocytes leads to cellular growth
and reduced expression of the principal ventricular gap junction
protein, connexin 43. The local disruption in gap junctions might
be a part of the hypertrophic response induced by HB-EGF (71)
and might have functional consequences to impair electrical cou-
pling of cardiomyocytes. However, for myofibroblasts, the domi-
nant pathway seems to be through the secretion and activation of
TGF-B1. TGF-B1 is secreted as a large latent complex bound to its
cleaved prodomain and, through this domain, to latent TGF-B1-
binding proteins (72). The latter target large latent complexes
of TGF-B1 to the ECM (72). Bone morphogenetic protein 1-like
(BMP1-like) metalloproteinases have key roles in ECM formation,
where they convert TGF-B1 precursors into mature functional pro-
teins (73). Recently, Ge and Greenspan (73) showed that BMP1
cleaves latent TGF-B1-binding protein 1 at two specific sites,
thereby liberating large latent complexes of TGF-f1 from the ECM
and activating TGF-f1 through cleavage of the latency-associated
peptide by non-BMP1-like proteinases.

In addition to affecting TGF-B1 secretion and activation, ANG II
also directly enhances TGF-B1 signaling by increasing SMAD2
levels and augmenting nuclear translocation of phosphorylated
SMAD3 (63, 64) (Figure 5). Specifically, Wang et al. showed that 24
hours after ANG II stimulation, the SMAD2/3 signaling pathway
was activated; this pathway was TGF-f1 dependent because it was
blocked by a TGF-B1-specific antibody and by overexpression of a
dominant-negative TGF-f1 receptor (63). Wang et al. also found
that activation of SMAD3 but not SMAD2 was critical because
ANG Il induced SMAD3/4 promoter activities and collagen-matrix
expression was abolished in vascular smooth muscle cells lacking
SMAD3 but not SMAD2.

A role for aldosterone in cardiac fibrosis has become increas-
ingly apparent, especially in light of pharmacologic aldosterone
inhibitor studies with spironolactone and eplerenone (74-76). A
recent study in SHRs by Susic et al. (77) indicated that eplere-
none can directly reduce fibrosis, independently of its hemody-
namic effects. Specifically, eplerenone reduced collagen in the RV,
a chamber not exposed to systemic hemodynamic overload. The
exact mechanism by which antagonizing the mineralocorticoid
receptor (that binds aldosterone), prevents fibrosis is unknown.
Possible mechanisms include alterations in intracellular signal-
ing, changes in activation of transcription and growth factors,
decreased ET-1 production, increased endothelial NO produc-
tion, and decreased oxidative stress.

Direct effects of TGF-B1. Expression of mRNA encoding TGF-$1
is increased in the LV myocardium of patients with LVH and
dilated cardiomyopathy (78). TGF-B1 is specifically expressed
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in hypertrophic myocardium during the transition from stable
hypertrophy to heart failure (10). In vitro, TGF-B1 induces the
production of ECM components including fibrillar collagen,
fibronectin, and proteoglycans by cardiac fibroblasts (79) and
stimulates fibroblast proliferation and phenotypic conversion
to myofibroblasts (61). In addition, TGF-f1 self amplifies its
expression in myofibroblasts (80). Overexpression of TGF-f1 in
transgenic mice results in cardiac hypertrophy that is charac-
terized by both interstitial fibrosis and hypertrophic growth of
cardiac myocytes (81).

Summary

In patients with HHD, changes in the ECM that predispose to
fibrosis contribute importantly to the functional and structural
abnormalities that cause progressive cardiac dysfunction. In
patients with hypertension, normal MMP and TIMP profiles cor-
relate with normal LV structure and function. Changes in MMP
profiles that favor ECM accumulation are associated with LVH
and diastolic dysfunction (29), and increases in ECM degrada-
tion seem to herald the transition to systolic failure. These find-
ings suggest that monitoring plasma markers of myocardial ECM
remodeling might provide important prognostic information with

respect to ongoing adverse LV remodeling in patients with HHD.
In conclusion, ECM-generating and -degrading enzymes have an
established role in both the development and the progression of
HHD. Recent research suggests that therapies that target expres-
sion, synthesis, or activation of these enzymes might represent
novel opportunities to alter the natural history of HHD (35, 36).
The first molecules tested as ECM-modifying drugs have been the
MMP inhibitors. Unfortunately, these molecules have been limited
in their development by side effects such as tendonitis. Further-
more, because of the widespread expression of ECM components
in all tissues, development of ECM drugs specific for individual
organs will clearly be challenging.
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