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ABSTRACT

Cardiac fibroblasts are the most prevalent cell typthénheart and play a key role in regulating
normal myocardial function and in the adverse myoeardemodeling that occurs with
hypertension, myocardial infarction and heart failureanyl of the functional effects of cardiac
fibroblasts are mediated through differentiation @omyofibroblast phenotype that express
contractile proteins and exhibits increased migratory, pratifex and secretory properties. Cardiac
myofibroblastsrespond to proinflammatory cytokines (e.g. T&HAL-1, IL-6, TGF{3), vasoactive
peptides (e.g. angiotensin I, endothelin-1, natriureticipept and hormones (e.g. noradrenaline)
the levels of which are increased in the remodeling hd&dir function is also modulated by
mechanical stretch armchanges in oxygen availability (e.g. ischaemia-reperfusionyjofidroblast
responses to such stimuli include changes in cell prafiter, cell migrationextracellular matrix
metabolism and secretion of various bioactive molecuelsiding cytokines, vasoactive peptides
and growth factors. Several classes of commonly prestititerapeutic agents for cardiovascular
disease also exert pleiotropic effects on cardiac lilasts that may explain some of their beneficial
outcomes on the remodeling heart. These include drugsdocing hypertension (ACE inhibitors,
angiotensin receptor blockers, beta-blockers), choldstewels (statins, fibrates) and insulin
resistance (thiazolidinediones). In this review, we prowdgght into the properties of cardiac
fibroblasts that underscore their importance in the dmimg heart, including their origin,
electrophysiological properties, role in matrix metam) functional responses to environmental
stimuli and ability to secrete bioactive molecules. Vi&o aeviav the evidence suggesting that
certain cardiovascular drugs can reduce myocardial rdimgdspecifically via modulatory effects

on cardiac fibroblasts.
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Abbreviations:

15d-PGJ2 15-deox§t>14prostaglandin J2

a-SMA Alpha smooth muscle actin
ACE Angiotensin converting enzyme
Ang Il Angiotensin Il

ANP A-type (atrial) natriuretic peptide
ARB Angiotensin receptor blocker

AT1R/AT2R Angiotensin receptor type 1/2

B-AR Beta adrenergic receptor

BM Bone marrow

BNP B-type (brain) natriuretic peptide

CF Cardiac fibroblast

CNP C-type natriuretic peptide

CTGF Connective tissue growth factor
ECM Extracellular matrix

EPDC Epicardial-derived cells

ERK Extracellular signal-regulated kinase
ET-1 Endothelin-1

ETA/ETB Endothelin receptor type A/B

FGF Fibroblast growth factor

FPP Farnesyl pyrophosphate
GGPP Geranylgeranyl pyrophosphate
HF Heart failure

HMG-CoA  3-Hydroxy-3-methylglutaryl coenzyme A

IL-1 Interleukin-1



IL-6
ISO
MAPK
MI
MMP
MT-MMP
MTT
myoFb
NA
NF-xB
PDGF
PI13K
PPAR
RAS
ROS
TGF
TIMP
TNFo,
TZD

VEGF

Interleukin-6

Isoproterenol

Mitogen-activated protein kinase
Myocardial infarction

Matrix metalloproteinase

Membrane-type matrix metalloproteinase
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bra®a
Myofibroblast

Noradrenaline

Nuclear factor kappa B

Platelet-derived growth factor
Phosphatidylinositol-3-kinase

Peroxisome proliferator-activated receptor
Renin-angiotensin system

Reactive oxygen species

Transforming growth factor beta

Tissue inhibitor of metalloproteinase
Tumor necrosis factor alpha
Thiazolidinedione

Vascular endothelial growth factor



1. INTRODUCTION

In the mammalian heart normal cardiac function is regdlaoy co-coordinated and dynamic
interactions of the two major cell types, cardiomyesytand cardiac fibroblasts (CF), which
together account for 90% of the cells in the myocardiDR).which account for 60-70% of the cells
in the human heart, are a key source of componenke @xtracellular matrix (ECM) that regulate
the structure of the heart and hence mechanical, chiemnidaelectrical signals between the cellular
and non-cellular componentSardiomyocytes, whilst fewer in number, occupy the bulk melwof
the myocardium and are contractile cells that provide en@chl force, transmission of which is
one of the principal functions of the ECM network. @gén is the major stress-bearing element
within the ECM and forms a three-dimensional netwaduad bundles of myocytes to generate a
stress-tolerant network. Hence the importance of CF egtéardoeyond being simple regulators of
ECM production. These cells are critical not only to rermyocardial function, but also in the
remodeling that occurs in response to pathological charsyeh as hypertension, myocardial
infarction (MI) and heart failure (HF). Many of the fuioctal effects of CF are mediated through
differentiation of CF to myofibroblasts (myoFb), cetlsat express contractile proteins, including
alpha-smooth muscle acti-SMA), and exhibit increased migratory, proliferative and secretory
properties. Cardiac myoFb are particularly responsive tanflammatory cytokines (including
tumor necrosis factor-alpha (TNJ; interleukin-1 [L-1), interleukin-6 [L-6) and transformig
growth factor-beta (TGB)), vasoactive peptides (including angiotensin Il (Ang IlI), ehdl-1
(ET-1) and A- and B-type natriuretic peptides (ANP, BN bormones (including noradrenaline
(NA)), the levels of which are increased in the remodelingth€ardiac myoFb function is also
modulated by mechanical stretch and conditions of ischaamdareperfusion. Cardiac myoFb
respond to these stimuli by altering their proliferative amdratory properties, modifying ECM
turnover through altered production of ECM proteins and matatalloproteinases (MMPs), and

modulating secretion of bioactive molecules includingokies (TNF, IL-1, IL-6, TGF{),
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vasoactive peptides (Ang Il, ET-1, ANP, BNP) and growth fadfeug vascular endothelial growth

factor (VEGF)).

A number of widely prescribed therapeutic agents fortrtreat of cardiovascular disease
have been shown to exert pleiotropic effects on CFuhdérlie some of their beneficial effects on
the remodeling heart. These include anti-hypertensive ¢glQIE inhibitors, angiotensin receptor
blockers, beta-blockers), lipid-lowering drugs (statins,afiés) and drugs for lowering insulin
resistance (thiazolidinediones; TZDs). The success afynof these pharmacological agents in
treatment of cardiovascular disease may thereferdule to additional off-target effects on CF.

The importance of selecting appropriate models is afitic interpreting the value of
experimental data. Much of the data on the role of theh@&s been obtained from non-human
animal models (rat, mouse, rabbit and dog). Moreover, thiemajority of information on CF has
been generated from in vitro cell culture models thatatdake into account many of the complex
interactions that regulate cell behaviour in vivbany studies have employed neonatal rat CF as a
convenient model, however caution should be exerciseéximapolating results from thes
developmentally immature cells to those of the a@idt Throughout this review we have referred
to the species and developmental stage of CF to aick#akerr in their interpretation. Nevertheless,
in vitro studies remain at the forefront of approaches tmekgke the role of individual molecules
and thé& underlying mechanisms in the responses of specific cel tygpeefined stimuli.

In this review, we will give a detailed insight into the projsrof CF that underscore their
importance, including their origin, organization, distribnt electrophysiological properties and
role in physiological and pathological myocardial remwdel We will consider their key role in
ECM metabolism, highlight the functional responses Bft€ changes in their environment, and
discuss their significance as a source of bioactiveeocutds. Finally, we will review evidence that
proposes that CF are important targets for the pleiatmifécts of many cardiovascular drugs that

reduce adverse myocardial remodeling.
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2. CARDIAC FIBROBLASTS

The major cellular components of the heart are carghwytes, fibroblasts and vascular cells
(smooth muscle, endothelium). Fibroblast cells are phpiwatly diverse and experimental
evidence has indicated that considerable heterogenesis ebeétween fibroblasts from different

tissues (Brown et al., 2005)

2.1. Origin of cardiac fibroblasts

Seminal studies performed over two decades ago revealefbltbaing birth, the neonatal heart
adapts to a sudden increase in systolic pressure by increasitngwar wall thickness and tensile
strength (Borg et al., 1984). This occurs as a result sifjmificant increase in numbers GfF
together with synthesis and deposition of collagen fibhig provides contact between myocytes
and fibroblasts, the fibroblasts themselves or the ECMilséVthere is considerable knowledge
concerning the structure and function of cardiomyocyteshntess is known abo@F.

There are reportedly two major sourcesCét Firstly, it has been shown th@F originate
from a spatiotemporal locus in the developing embryo aaddarived from mesenchymal cells
originating in the proepicardial organ (Moorman and Qabffisls, 2003; Norris et al., 2008). These
cells migrate over the surface of the heart to formdp&ardium which in turn give rise to
epicardial-derived cells (EPDCs) that later in developmieavade the myocardial walls and
establish a compact myocardium through interaction eé@tidiomyocytes (Manner et al., 200l
vivo these EPDCs within the wall of the heart progressigifferentiate into fibroblasts by
undergoing a defined sequence of events that allows thewgtore their differentiated phenotype
which is strictly regulated by a sequence of coordinated ssioire of a number of growth factors,
including platelet-derived growth factor (PDGF) and fibroblastwgh factor (FGF)(Kalluri and
Neilson, 2003; Wessels and Perez-Pomares, 2004). During entbdevelopment the EPDC-

derived cells can alternate between the spindle-shapedtlfist and the.-SMA-expressing myBb
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phenotype. Ultimately most EPDCs assume the fibrolghshotype which in adult life can be

reactivated to a myeb during events that trigger pathological remodeling (Nottrial.e 2008). In
normal healthy myocardium however, nijmare not typically resident.

In addition to EPDC-derive€F, it is thought that some fibroblasts may originate from
progenitor stem cells present in the circulation orhie heart itself. Recent evidence has shown
postnatal recruitment of circulating fibroblast progenitells into the ventricular myocardium
(Visconti and Markwald, 2006). Irrespective of their origi; through the production of growth
factors, cytokines, proteases and ECM components havesheam to be vital for tissue repair and

fibrosis (Brown et al., 2005; Brown et al., 2007).

2.2. Organization of cardiac fibroblasts

At the cellular level, the normal adult human hearprises 30% cardiomyocytes and 70% non-
myocytes, of which the majority afeF (Jugdutt, 2003b)CF are arranged in sheets and strands that
run in parallel with muscle fibres and maintain continbiggween cells in the different layers of the
myocardium (Kohl et al., 2005)CF are recognized primarily for their ability to maintaireth
structural integrity of the heart through controlled pesation and ECM turnover (Brown et al.,
2005; Camelliti et al., 2005; Weber, 2004). However, the orgamizat fibroblasts in the normal
heart is such that, in addition to maintaining ECM intggrthey are also essential for other
physiological functions that are determined by dynamic amddinated cell-cell and cell-matrix
interactions. In this role, fibroblasts respond to aetgrof mechanical, electrical and chemical
stimuli that are pivotal to maintaining normal cardiaadtion (Banerjee et al., 2006; Kohl et al.,
2005) Thus, in addition to CF being fundamental to the nornmattire and function of the heart,
differentiated myoFb play a key role in adverse mydiehremodeling - a pathological process that
can ultimately lead taAHF. Therefore the key role ofF in both myocardial physiology and

pathophysiology and their unique properties compared with fiastbfrom other tissues, both in
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terms of developmental lineage and in their responsgtd&ines (Brown et al., 2005), makes them

a potentially appealing therapeutic target for the treatofehie failing heart.

2.3. Fibroblast distribution in the heart

There are relatively few studies that have examine@reéifices in fibroblast density in the heart
although it is known that their number increases withggind during disease (Camelliti et al.,
2006). Indeed, other studies have also reported that fibtamlasbers fluctuate in response to
physiological signals (Goldsmith et al., 2004; Kohl, 2004; Moralkeal., 2005). During cardiac

remodeling and repair the number of fibroblasts increlasadly, for example increased density of
fibroblasts is observed in the vicinity of healing sitissue following MI (Holmes et al., 2005) and

in mature infarct scars a persistence of myoFb hasdmammented (Sun and Weber, 2000)

2.4. Electrophysiology of cardiac fibroblasts

A key role of CF is that of maintaining the ECM, andwective tissue has been generally
perceived as being an insulator as far as myocardiatrieddcsignaling is concerned. The
traditional view was that in disease states, alterationsardiac structure due to increased CF
proliferation would present more obstacles to conductimhrence lead to arrhythmias. Studies in
recent years have now revealed data that challengeatitept.

Although CF are electrically unexcitable they can dbuate to the electrophysiology of
myocytes. It is well established that in cell culturemgle fibroblast cells are capable of
synchronizing contraction between individual myocytes (Goshand Tonomura, 1969), and
observed membrane potential fluctuations in the interatimue fibroblasts provide evidence of
electrical communication. More recently, CF were shoeovmodify electrophysiological properties
of myocytes in coculture, suggestive of electrical caogpbetween the two cell-types (Feld et al.,
2002) CF respond to myocardial contraction (mechanical sfretgth changes in their resting

potential, known as the mechanically-induced potential (Karekial., 2003). Such changes may
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contribute to increased risk of post-MI arrhythmias, a psapsupported by observations that the
sensitivity of CF to mechanical stimulation is enlehafter Ml and correlates with decreased heart
rate. In vitro differentiated myoFb express a varietyKofchannel subunits, and the inwardly
rectifying K" current has been shown to modulate resting membrane ipbtéhtis altering
essential physiological functions, proliferation antlagen contraction (Chilton et al., 2005).

Intercellular transfer of electrical signals betwé&fhand myocytes occurs via gap junctions
that are characterized by expression of connexin (CxgipotCo-cultured neonatal rat myocytes
and CF readily form functional gap junctions comprisingt&and Cx45 (Gaudesius et al., 2003;
Rook et al., 1992) that can synchronize electrical actiVibe first in vivo studies of this nature
were performed in the rabbit sinoatrial node, where filasisl preferentially expressed Cx40 in
fibroblast-rich areas and Cx45 when intermingled with cytyes (Camelliti et al., 2004b)
Temporal and spatially distinct expression of Cx43 and GwMe been demonstrated in a sheep
MI model (Camelliti et al., 2004a) and were related to pregraof infarction.

Fibroblasts can be genetically modified to produce exetaells capable of electrical
coupling (Kizana et al., 2005) supporting the prospect of developing-lggsed strategies for
repairing cardiac conduction defects. Mutant Cx43 varidrdse been shown to diminish
intercellular coupling and normalise cardiac conductivity (K&aet al., 2007). The functional
relevance of Cx43 was recently highlighted in a study oimau€F whereby intercellular coupling
was increased by Cx43 overexpression and decreased by gdieiicna moreover proliferation
was inversely associated with Cx43 expression levels (Zhaab, €008). In principle therefore,
Cx expression has potential to alter CF function, E@ivhover and ventricular remodeling

although how this might be tested in vivo presents condiiechallenges.

2.5. Role of cardiac fibroblasts in adaptive remodeling and scar for mation

CF are key components of the myocardial ECM due to thaiity to synthesize and secrete

fibrillar collagen types | and Ill (Eghbali et al., 1989).eTitegulation and turnover of the ECMdan
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fibroblasts contained within it are crucial to normal myda homeostasis as well as in the
response to pathophysiological stimuli. The myocardial osieg that accompanies HF
progression is characterized by cardiomyocyte hypertro@bgptosis and necrosis (Cohn et al.
2000; Swynghedauw, 1999). Under these circumstances, normallycentie€F undergo
phenotypic modulation to myoFb (Brown et al., 2005; Camaedtital., 2005; Cohn et al., 2000;
Swynghedauw, 1999; Weber, 2004). Differentiating fibroblasts expeeS8VIA, indicating
acquisition of a secretory, myoFb phenotype, a tramsitiat correlates with increased secretion of
profibrotic molecules such as collagen and fibroneciabpiani, 1998; Petrov et al., 2002).

Activated myocardial fibroblast cells are responsivesgiecific hormones, growth factors
and proinflammatory cytokines, the levels of which arerdased in the remodeling heart. In
response to such stimuli, cardiac myoFb become highly gratife and invasive, and actively
remodel the cardiac interstitium by increasing secretbrECM-degrading metalloproteinases
(MMPs) and increasing collagen turnover (Brown et al., 20@mé&lliti et al., 2005; Weber, 2004)
The fibroblasts themselves secrete increased amougte®wth factors and cytokines (see Section
5), and a number of these cytokines such asfllarid TNF have been co-localized in fibroblasts.
In this situation they can activate MMPs and regulate TIMPs (tissue inhibitafs
metalloproteinases) (Jugdutt, 2003a), thereby contributing to rdingpd&ann and Spinale, 1998)
Although these changes serve initially as an important ry@naound healing response, in the
longer term they become maladaptive leading to net acatiowlof collagen, cardiac fibrosis and
loss of cardiac function. Irrespective of the natfran initial injury, wound repair in most tissues
and organs follows a common sequence of events that ctémimaremodeling during which the
early inflammatory and repair processes decline and ceaseé¢Ger al., 2008).

Phenotypically transformed myoFb are not observethénnormal myocardium but are
abundant at infarct sites where synthesis and deposifianllagen promotes scar formation and
fibrosis (Sun and Weber, 1996). MyoFb are more motila thalifferentiated CF and can contract

collagen gels and as such are believed to be importantimiaiméng structural integrity of healing
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scars (Sun and Weber, 2003). They confer mechanical tensidhetremodeling matrix by
anchoring and contracting; hence closing the wound and limiteagrisg (Gabbiani, 2003)
Synthesis and deposition of collagen provides tensilegttreAs the scar matures, myoFb undergo
apoptosis and leave a healed scar composed predominanttpsstlinked collagen and other
matrix proteins with a low cellular content (Gurtner &t 2008). However, chronic or repeated
injury in the heart overcomes these regulatory mechan&md as such, fibrous tissue deposition
may be a persistent process rather than a transientiroontrast to skin, where myoFb undergo
apoptosis once healing is complete (Desmouliere et al., 19#5¥till unclear why cardiac myoFb
persist in mature infarct scars. MyoFb have been oédesix months post-MI in a rat model (Sun
and Weber, 2000), and in post-mortem human myocardium,hfvee been shown to persist for
months (Willems et al., 1994) or years (Jugdutt, 2003a). Rarses of myoFb can thus facilitate
hypertrophic scarring and fibrosis that directly influenceshglagical remodeling, compromises

cardiac function and ultimately leads to HF (Frangogiar2@i66; Sun and Weber, 2000)

2.6. Oriqgin of cardiac fibroblastsin the remodeling heart

The classical model of myoFb being derived from CF residemnhe myocardium has been re-
evaluated in recent years following observations thatogortion of CF/myoFb in remodelling
areas of the heart can also be derived from circuldtérmgatopoietic bone marrow (BM)-derived
cells, as well as from endothelial cells.

The contribution of BM-derived cells to the post-MlI leg and remodeling process has
been studied in murine experimental Ml models in which BMeplaced with an enhanced green
fluorescent protein (eGFP)-labeled stem cell pool (Mollmeinal., 2006; Zeisberg et al., 2007; van
Amerongen et al., 2008). One study reported that as many asf5#iysBb in the infarct zone co-
expressed eGFP 7 days after Ml, indicating these cells @feaBM-derived origin. CF and myoFb
in the remote areas were found not to express eGFP (Milltaal., 2006). In a second study, up

to 24% of myoFb in the infarct area were shown to be calldgaoducing BM-derived myoFb
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(van Amerongen et al., 2008). These findings are in dcentrast to an earlier study in which
eGFP-BM from transgenic mice was transplanted into immuiiel® nude rats (Yano et al.,
2005). In that study, myocardial scar fibroblasts were foun8et derived exclusively from an
existing fibroblast populatiorHowever, the choice of recipient model (T cell-defitiande rats)
may itself have affected the ability of BM-derived cetls differentiate into myoFb (van
Amerongen et al., 2008).

A role for hematopoietic cell-derived fibroblasts ladso been observed in a murine model
of fibrotic ischemic cardiomyopathy in the absence oflicemyocyte death (Haudek et al., 2006;
Haudek et al., 2008). A proportion of fibroblastic cells potigathe fibrotic myocardium were
found to be derived from monocytes. These spindle-shapgdyhproliferative cells represented
3% of all live ronmyocyte cells andco-expressed myoFb markers (collagen |1 an®&MA),
hematopoietic markers (CD45) and primitive cell markers (CDBdaudek et al., 2006). Monocyte-
to-fibroblast transformation has also been reported inrif@rdted myocardium of a mouse M
model (Fuijita et al., 2007) and in fibrotic areas of a fures overload model (Endo et al., 2007;
Zeisberg et al., 2007). Recent data suggest that montefitaroblast differentiation is dependent
on transendothelial migration in response to monocy&nolattractant protein-1 (Haudek et al.,
2008).

Evidence for derivation of myocardial fibroblasts fremdothelial precursor cells has come
from a murine pressure overload model, in which endothelalesenchymal transition
contributed to the total pool of CF in fibrotic areas of hieart (Zeisberg et al., 2007). This source
of fibroblasts was entirely separate from BM-derived CE there also observed in the fibrotic
myocardium in the same study (Zeisberg et al., 2007)

Thus, it is apparent that resident myocardial CFratethe sole source of myoFb in the
remodeling heart. Non-resident cells derived from othefk tgples (including monocytes and
endothelial cells) account for a small, but functionaignificant, proportion of thee CF that

infiltrate the heart in response to ischemia, Ml or pressuerload.
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2.7. Cardiac fibroblastsin vitro

During studies in our own laboratories conducted in recems yea have consistently observed that
primary cells cultured from human atrial appendage aeadyr differentiated into myoFb at the
first passage independently of an additional stimulugdm@te this phenotypic change (Porter et
al., 2004b). Moreover, they maintain this phenotype thraigisequent passages, evidenced by
consistent and sustained expressiorneBMA (Mughal et al., 2009; Porter et al., 2004b). Our
findings differ, however from those of another stuyvhich primary rat ventricular CF retained a
fibroblast-like phenotype up to third passage, before acquarimyd=b phenotype characterized by
increaseda-SMA expression (Teunissen et al.,, 2007). Studies in castdcother tissues have
frequently reported the requirement for a specific stusiuhotably TGH3, to induce fibroblasts to
differentiate to a myeb phenotype (Hao et al., 2008; Leask, 2007; Lenga et al., 2008)s #lso
been demonstrated that ovine CF in culture adopt a myoFiogype in the presence or absence of
cytokine stimulation (Jarvis et al., 2006).

In view of these markedly differing reports, a full chaeaeation of the source of
fibroblasts under investigation is paramount (animal or hunaault or neonatal, atrial or
ventricular, in vivo or in vitro) and their relevance to tftiaical scenario should be interpreted with
caution. Interestingly, a recent study reported that muaidal CF cultured in Dibecco’s modified
Eagles medium have a myoFb phenotype, but the samegoai® in endothelial growth medium
were shown to maintain a fibroblast phenotype (Rossiml.et2008), suggesting that culture
conditions alone can affect phenotype. Another study stegjethat TZDs can prevent the
phenotypic conversion of fibroblasts to niy® an effect that would potentially confer beneficial
anti-fibrotic effects (Burgess et al., 2005; Hao et al., 20B8)wvever, in our own studies using
spontaneously differentiated human atrial myoFb, suadffeot would be impossible to determine,

although we have confirmed that TZDs do not reverse this pygn@Viughal et al., 2009).
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It is clear therefore that the cardiac riygphenotype adopted in culture can be induced by a
plethora of stimuli and/or culture conditions. Importgntl has been shown that cultured Ao
characteristics can be markedly influenced by the s fwhich they are derived, for example,

infarcted or non-infarcted myocardium (Jarvis et al., 2006)

The key aspects of CF function of relevance to myoahrdemodeling therefore include
proliferation, migration, differentiation, ECM turnoveand secretion of growth factors and
cytokines (summazed in Figure 1). These facets of fibroblast function wéive as the focus for

discussion in subsequent sections of this review

3. CARDIAC FIBROBLASTSARE KEY REGULATORS OF ECM TURNOVER

In the normal heartCF are recognized chiefly as regulators of ECM metaboliimereby
maintaining myocardial structure. In this regard, these celhtrol ECM homeostasis and produce
growth factors, cytokines and MMPs that maintain a bald®tween synthesis and degradation of
ECM components. In order to maintain ECM homeostagisyimthetic and degradative aspects of
ECM metabolism are continuously ongoing, but tightly rated (Jugdutt, 2003a). However, in
cardiovascular disease CF/niym perform pivotal roles in remodeling characterized by
cardiomyocyte death or hypertrophy, migration and prolinadf fibroblasts and changes in the
synthesis and deposition of ECM. Although such events dait&lly as an important adaptive
response that may augment cardiac function, in thg term this progresses to maladaptation and
ultimatelyHF. The turnover of ECM and the fibroblasts containedhiwiare therefore important not

only to normal cardiac function but also in patholobatates.

3.1. Main components of myocardial ECM
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The non-cellular component of the heart, the E@Wims an organized network surrounding and
connecting the cellular components. It is a highly d#féiated structure that comprises a 3-
dimensional network that includes interstitial collaggmsteoglycans, glycoproteins and proteases
(Eghbali and Weber, 1990; Corda et al., 2000; Holmes et al., 20088)major fibrillar collagens
are type | and type Ill that comprise approximately 80% and d0#te ECM, respectively. Other
less abundant matrix molecules are collagens typ&/Iahd VI, elastin and laminin (Bosman and
Stamenkovic, 2003; Jugdutt, 2003a). In different regions of the tieaarrangement of collagen,
although qualitatively similar, can differ quantitatively wittspect to type | and Il collagens, for
example between the atria and ventricles (Bing e1897).

The ECM network provides a support for the myocardial leglivactions and in addition is
responsible for distribution of mechanical forces amghali transduction to individual cells
throughout the myocardium via cell surface ECM receptifethemselves form a highly organized
network within which they are not only connected to othHanohblasts but also cardiomyocytes via
cell-cell contacts (Goldsmith et al.,, 2004). Indeed, fibrstfdoroblast and fibroblast-myocyte
contacts are apparent, together with evidence of funt¢t@mapling in both normal and diseased
myocardium (Camelliti et al., 2004a; Camelliti et al., 2004B¢ll junction proteins such as
connexin-43 have been localized on both cardiomyocytedilamblasts (Goldsmith et al., 2004)
and appear to connect adjacent fibroblasts to one anotteecardiomyocytes. Similarly, cadherins
are likely to be important in cellular communications andy @arole in physical connection
between fibroblasts and other myocardial cells (Angst et 297).

In the healthy heart, collagen serves to maintain aboardiac architecture that assists in
co-coordinating the contractile capacity of the cardionytes. Fibrillar collagen plays a crucial
role in maintaining cardiac shape, size and function duéstrelatively rigid structure that is in
close contact with all the other cellular and non-¢allecomponents of the myocardium (Bishop
and Laurent, 1995). Since myocardial collagen is notta gieotein, ECM homeostasis therefore

requires equilibrium between synthesis and degradationshaaintained by coordinated activity
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of stimulators and inhibitors. However, in the failing heactivation of a number of humoral,
autocrine and paracrine pathways determines how ECM metabslisegulated and ultimately
dictates the extent of myocardial remodeling. In ti@spect, changes in the balance of ECM
synthesis and degradation may thus lead to disrupfidime composition of the collagen network in

the heart.

3.2. Role of cardiac fibroblastsin ECM degradation

Collagen degradation requires the expression and acbi¥pyoteolytic enzymes, the MMPs, that
constitute a family of more than 20 zinc-dependent enzyhascollectively have the capacity to
degrade all the components of the ECM (Raffetto and KI28103; Visse and Nagase, 2003). There
are two principal types of MMPs; those that are sedrat® the extracellular space as latent
proenzymes, which constitute the majority of known MMPsaddition are the more recently
described membrane-bound (membrane-type (MT)-MMPs), of hwthere are six (Visse and
Nagase, 2003). All are tightly regulated at three levetsanscription, activation of latent pro-
enzymes and by tire naturally-occurring inhibitorsTIMPs (Nagase and Woessner, Jr., 1999).
Although MMPs undoubtedly play an important role in mamatnce of normal cardiac architecture
and function, increased expression and activation aceiatsd with progression to pathological
states. Prolonged activation therefore leads to exee§3CM degradation and impaired healing
(Baudino et al., 2006).

Following a myocardial injury, CF responses are influenogdytokines and/or growth
factors released from inflammatory cells, cardiomyocyieshe CF themselves. Moreover, the
ability of CF to respond to such factors is advocated by theession of appropriate receptors for
example TGH3, Ang Il, endothelin (Weber, 1997) and proinflammatory cytoki(i@rown et al.,
2007; Porter et al., 2004a; Turner et al., 2007b). Cytokine-induceali@ftion is vital to wound

healing and scar formation, and requires co-coordinatedssipneand activity of MMPs (Brown et
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al., 2007). The mechanisms by which MMPs, TIMPs and bacholecules interact are complex,
but their contribution to HF progression is undoubtedhyssantial

Activated cardiac myoFb play a pivotal role in theund healing response by initiating a
cascade of events in order to restore tissue integrdyhameostasis. This sequence of events is
similar to that observed in other tissues and likewisar $ormation leads to similar tissue
dysfunction irrespective of the nature of the injurytloe affected organ (Gurtner et al., 2008). In
response to initiating injurCF degrade fibrillar collagen by expression and sequential Bctvi
MMPs thus permitting migration and proliferation to theneoof injury to repopulate areas of
necrotic myocytes and cell debris (Deschamps and SpR@06; Tao et al., 2004). The importance
of bioactive molecules in the regulation of MMP/TIMEtiaity in the myocardium and progression
to HF has been previously reviewed (Tsuruda et al., 2004). Not all MkPsxaressed b@F; this

review will therefore focus exclusively on expression of MiPecifically in this cell-type.

3.2.1. MMPs

CF from a variety of species have been shown to exprdissitad subset of MMPs, including
collagenases (MMP-1, MMP-13), gelatinases (MMP-2, MMP-@onglysins (MMP-3) and
membrane-type MMPs (predominantly MT1-MMPA variety of chemical, physical and
environmental stimuli modulate MMPs in CF by inducing gene egfresand/or activation of the
latent proenzyme. Table 1 summarizes the modulatoryteftédey stimuli detailed in this review
on MMP expression bZF of both human and animal origiMMP-1 (collagenase I) expression
can be induced bi_-1, BNP, PDGF and anoxia-reoxygenation, but is consistesdiyced by Ang

Il treatment. MMP-2 (gelatinase A) is constitutivelgceeted by CF in culture, although its
expression can be further induced by cytokinesl@, TNFa, TGF), BNP, oxidative stress and
mechanical loading. In contrast, Ang Il generally de@seddMP-2 secretion in mouse and rat CF
Cytokines, PDGF, collagen and oxidative stress can indctbeaion of secreted MMP-2, while

Ang Il and hypoxia decrease MMP-2 activatidfiiviP-3 (stromelysin-1) secretion from CF can be
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induced by IL-1 and BNPMMP-9 (gelatinase B) expression by CF is very low under basal

conditions, but is markedly increased in response to paommiatory cytokines and oxidative
stress. Reports on the effects of Ang Il on MMP-9 efgmn are at variance, with increased
expression observed in adult human CF (Pan et al., 2008)lecreased expression in adult murine
CF (Stacy et al., 2007). CF exhibit increased expressioaetndy of MMP-13 (collagenase-3) in
response to ILf1 and oxidative stress. Finally, cellular expressionvidil-MMP (MMP-14) is
increased in CF in response to TEFBNP, collagen and stretcin summary, proinflammatory
cytokines, BNP, mechanical stretch and oxidative stress angrcrease expression and activity
of multiple MMPs, whereas Ang Il has opposing effects loyceng MMP expression and activity

(Table 1).

3.2.2. TIMPs
The TIMPs are locally synthesized secreted proteinsmithiple functions although their principal
role is that of inhibiting MMPs. Four TIMPs have beemiifeed that inhibit the activity of various
MMPs by binding in a 1:1 stoichiometry with differential affies (Li et al., 1998)In normal
cardiac tissue MMPs and TIMPs are co-expressed arliytigigulated to maintain integrity of the
cardiac interstitium (Tyagi et al., 1995b). As such MMP/TIMP system is a key contributor to
ECM turnover and its dysregulation plays a vital rolenyocardial remodeling and progression to
HF. Clinical studies have revealed that in the failingteehilst the activity of MMPs is increased,
TIMPs are decreased (Li et al., 1998; Thomas et al., 1998ji Bt al., 1996); a scenario wher
MMP/TIMP balance is disturbed leads to changes in netegiygic activity and a potentially
deleterious outcome (Spinale et al., 2000)

CF are the key source of TIMPs in the myocardiuma@iyet al., 1995a) and they can be
modulated at the level of expression and/or activity bgnmibal, physical and environmental
stimuli. Although there are four TIMP isoforms, TIMP-aidaTIMP-2 are predominant in CF. For

example, Ang Il increased TIMP-1 and TIMP-2 in adult r& @iang et al., 2007; Lijnen et al.,
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2008), although in human CF Ang Il reportedly decreased TIMANIPT2 and TIMP-3 mRNA

expression (Pan et al., 2008). In neonatal rat CF,al stfnulated an increase in TIMP-1 protein
both directly and indirectly, via increased angiotensgteptor expression and subsequent
stimulation with Ang 1l (Peng et al., 2002). In adult rat, A1 stimulated a robust increase in
TIMP-1 secretion, but TIMP-2 was constitutively secresad was not changed by any of a number
of different cytokines (Brown et al., 2007). In these satudies, TIMP-3 and TIMP-4 were not
detected. In neonatal rat CF, TIMP-1 expression was eerbaguring reoxygenation after hypoxia
(Makino et al., 2006) and in adult rat CF, mechanicatdtrancreased TIMP-2 expression (Husse
et al., 2007). Our own recent data show that cultured humanragettb express very high levels
of TIMP-1 and TIMP-2 mRNA under basal conditions, buMP-3 mRNA was undetectable
(Turner and Porter 2008, unpublished).
Pharmacological modulation of TIMPs appears impracticdbk to their short half life in

vivo, and although MMP inhibition has been more extensively tigaigd, clear therapeutic

strategies remain to be defined (Spinale, 2002).

3.3. Role of cardiac fibroblastsin ECM protein synthesis

In the normal heart collagen deposition is low, but iskedly increased in disease states, for
example in hypertrophy, Ml and HF (Weber, 1989). Whilst ECMrdéation due to increased
MMP activity dominates the early, adaptive wothealing response after MI, enhanced collagen
synthesis is a feature of the later stages of healingemudts in increased ECM deposition (Brown
et al., 2005; Eghbali and Weber, 1990). Early after an injury sscMI, a series of cellular
responses are activated to promote tissue repair antbatation in the infarct zone. However, in
some cases the repair process involves myocardial tissnete from the infarct, resulting in
superfluous fibrous tissue being deposited in non-infarcted myiaoarde. fibrosis (Sun and
Weber, 2000). Fibrosis appears to underlie most cardiaclpgit® where overproduction of ECM

can alter the structure and architecture of the heart datbterious effects on cardiac function
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(Jugdutt, 2003b; Khan and Sheppard, 2006). The formation of mydcscdreatissue is believed to

progress to congestive HF and/or myocardial arrhythmiasteatunt for significant morbidity and
mortality (Frangogiannis, 2006). Healed myocardial infarcts veeiginally thought to be inert
structures of fibrillar cross-linked collagen but key stuthed systematically examined remodeling
in the canine heart revealed new perspectives on the dymanice of myocardial scar tissue

(Jugdutt and Amy, 1986; Jugdutt et al., 1992).

3.3.1. Interaction of Ang Il and TGEsystems in myocardial fibrosis

At the molecular level, myocardial ECM remodelingrigdiated by the activation of a number of
neurohumoral systems, specifically the renin-angiotersgistem (RAS), TGP and beta-
adrenergic systems (Rosenkranz, 2004). How these bioattdlecules participate in and/or
contribute to a broad range of CF functions key to remodaliagliscussed in detail in Sections 4
and 5.

Evidence for a pivotal role of TGE-in inducing cardiac fibrosis has been provided by
overexpression and knockout studies (Nakajima et al., 2000nRase et al., 2002; Schultz et al.,
2002; Tomita et al., 1998). Moreover, T@FHnhibition has been shown to ameliorate the pro-
fibrotic effects of this cytokine in animal models (Kuwahataal., 2002). A recent study using
tissue from failing and non-failing human hearts demonstratesignificant increase in the
transcript levels of TGIB- in the pathological heart tissue (Sivakumar et al., 2008}, were
accompanied by significantly elevated levels of typed Hhcollagens. The key role of TGF4n
myocardial tissue remodeling and fibrosis has been extensieelgwed elsewhere (Bujak and

Frangogiannis, 2007; Lijnen et al., 2000).

3.3.2. Profibrotic effects of Ang Il and T@Fen cardiac myofibroblasts

Ang Il and TGFB secreted by myoFb enhance collagen synthesis at botmftret site and

beyond. Moreover it has been shown that activated @€ capable of producing significantly
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larger quantities of collagen than their fibroblast ceypdrts (Petrov et al., 2002). The resultant
fibrosis in the myocardium is believed to be a major rowtor to adverse remodeling observed in
HF progression. Increasing evidence has defined a rokenfpil in influencing both synthesis and
degradation of the myocardial ECM, and in vitro studies lgreonstrated that Ang Il stimulates
cardiac myoFb fibrillar collagen expression via actmatiof the type 1 angiotensin receptor
(AT1R)(Hafizi et al., 1998; Weber et al.,, 1994; Zhou et al,, 19%88e also Section 4.3.2.
Furthermore, in vivo studies have shown that Ang Il, v@Af 1R, stimulates fibrosis in infarcted
hearts by promoting TGB-synthesis (Sun et al., 1998).

CF are the primary source of TG¥Fin the heart (Bujak and Frangogiannis, 2007) and
several studies have provided clear evidence that Ang lletttlirregulates collagen synthesis in
CF by upregulation of other growth factors, principally T@Hostal, 2001). There is now
extensive evidence supporting a direct functional associdtgiween the RAS and the T@F-
pathways indicating that Ang Il stimulation induces TBFexpression by CF and myoFb
(Campbell and Katwa, 1997; Crabos et al., 1994; Gray et al., 1@@8et al., 1995; Zhou et al.,
1996) clearly demonstrating that TGF-acts downstream of Ang Il. Another study reported that
both B-adrenergic stimulation (norepinephrine) and Ang Imstated secretion of TGB-in
neonatal rat CF in vitro (Fisher and Absher, 1995). The clssignaling cascade from stimulation
of the TGFB receptor involves Smad proteins which are phosphorylated arslotate to the
nucleus where they act as transcription factors (M&astat al., 2001). In cultured rat CF, Ang Il
stimulation directly initiated phosphorylation and skcation of Smad proteins, an effect
dependent on the AT1R (Hao et al., 2000). This study thus peofudiner evidence of cross-talk
between Ang Il and TGB-downstream of receptor activation at the level of Seigwaling.

It is clear that the RAS and TQFplay essential independent and overlapping roles in the
progression of myocardial remodeling (Rosenkranz, 2004).0&dh multiple systems and
mechanisms are involved, networking between Ang Il and F@GFthe level of the CF is evident.

Ang Il induces expression of TGF4in CF which in turn increases expression of ECM proteins
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However, due to its ability to regulate a multitude of celluésmponses with often opposing effects
(see Section 4.4), a greater understanding of the underiginglisg mechanisms will be required

before therapeutic strategies targeted at modulatidiG&H3 can be addressed.

4. HOW CARDIAC FIBROBLASTSRESPOND TO ENVIRONMENTAL STIMULI

CFrespond to a diverse array of environmental stimuli thatiio the remodeling heart, including
changes in mechanical stretch, oxygen leyesmones and cytokines. Many of these stimuli serve
as important activators of CF that facilitate eadiaptive remodeling to aid myocardial repair or
compensation. However, if these stimuli are prolonged begtmndluration of cardiac repair, then
they also serve to drive pathological remodeling thatideto loss of cardiac function and HF

progression

4.1. M echanical stretch

CF are exposed to cyclic mechanical stretch with eveayt Heat (frequency of ~1 Hz). Under
pathological conditions, the frequency and force oftdtreis altered and this results in
compensatory effects at the level of ECM metabolism@Rdunction. The effects of mechanical
stretch on CF have been reviewed in depth elsewhere (Gught&rande-Allen, 2006; MacKenna
et al., 2000).

Mechanical stretch (both cyclic and static) decreasddquation of neonatal rat CF, with a
role for up-regulated p26" and down-regulated cyclin B1 expression being proposed (Attnce
al., 2004; Liao et al., 2004Mechanical loading may also modulate the Fyghenotype. For
example, static stretch increased SMemb expressionltared neonatal rat CF (Shiojima et al.,
1999) and 1-day cultures of neonatal rat CF in whiecBMA expression was low (Wang et al.,

2003). However, in mouse and rat cells with already higinession otx-SMA (i.e. myoFb), static

stretch decreased SMA expression (Wang et al., 2000; Wang et al., 2001; Waaly, 003).
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Mechanical loading exerts predominantly profibrotic effeah CF. In fetal, neonatal and
adult rat CF, cyclic stretcinduced expression of type | collagen (Butt and Bishop, 199dahiret
al., 2002; Papakrivopoulou et al., 2004; Atance et al., 2004; Husse &0@¥), and type Il
collagen (Carver et al., 1991; Husse et al., 2007). Cyclidrigaalso induced MMP expression,
including MT-MMP in cultured human ventricular CF (Tyagia¢, 1998) and MMP-2 and TIMP-
in adult rat CF (Husse et al., 2007).

Cytokine and growth factor expression by CF is also respe to mechanical stretch. For
example, stretch increased T&KYokoyama et al.,, 1999), TGF-(Ruwhof et al., 2000; van
Wamel et al., 2001; Lindahl et al., 2002) and E{van Wamel et al., 2001; Pikkarainen et al.,
2006) gene expression in rat CF. Static stretch (Lall,e2@08), but not cyclic stretch (Ruwhof et
al., 2000; van Wamel et al., 2001), also increased angiotgyen gene expression in neonatal rat

CF.

4.2. | schaemia-reperfusion

The cessation of blood flow to the myocardium caused dgkblye of the coronary arteries results
in a reduced supply of oxygen and nutrients (ischaemia) tbethe tissue i.e. MI. This leads to
necrotic death of the affected regions of heart musitlein several hours. Rapid reperfusion of the
infarcted myocardium is therefore essential foraesy function, but this can result in further
damage to the heart most notably through increased produétieaative oxygen species (RQS)
such as superoxide and hydrogen peroxide. Compared with CForogodiytes are particularly
sensitive to hypoxia and ROS production and undergo necrotic aptbtpaell death under the
same conditions that stimulate CF proliferation €tial., 1999). Thus, CF are able to adjust to
altered oxygen tension and modify their activity appraplya Indeed, “normoxia” for CF is an
adjustable variable, and restoration of oxygen suppiypoxiaadjusted cells results in “perceived
hyperoxia” which stimulates myoFb transformation and inhibition of cell cycle gnession in

mouse CF (Roy et al., 2003b; Roy et al., 2003a; Roy &1047).



28
Exposure of CF to hypoxia stimulates myoFb differeista{Clancy et al., 2007), reduces

cell proliferation (Agocha et al., 1997a; Griffin et al., 2000ad and Eghbali-Webb, 2002) and
MMP-dependent invasion (Morley et al., 200&hd increases collagen synthesis (Agocha et al.,
1997a; Tamamori et al., 1997). Recently we have shown thatxiaypeduces MMP-2 activity
without affecting expression levels in human atrial FtyqMorley et al., 2007), which contrasts
with a prior report showing hypoxia-induced increases in MMP#ession in neonatal rat CF
(Bergman et al., 2003). Hypoxia can also stimulate CF to teecyokines and growth factors,
including TNFee and VEGF (Shivakumar et al., 2008; Clancy et al., 2007). Indegd¢ardial
ischaemia promotes increased TiNExpression and secretion specifically from CF in rartse
(Shames et al., 2002)

Reoxygenation of anoxic adult CF leads to increaseduoaliferation (Chen et al., 2004b)
However, perceived hyperoxia in mouse CF inhibits cell cyclgrpssion through a mechanism
involving increased expression of 51 (Roy et al., 2003b; Roy et al., 2003a; Roy et al., 2007)
Reoxygenation is also a potent stimulus for increase E@nover, resulting in synthesis of
collagen I and Il MMPs and TIMPs by CF (Chen et al., 2004b; Makino et al., 2006; Geblé,
2007). Hypoxia/reoxygenation also stimulates T&s&d BNP synthesis in neonatal rat CF (Grobe
et al.,, 2007; Makino et al., 2006). The effects of ROS (supgoand hydrogen peroxide) on
neonatal rat CF have been investigated and shown to inalicpraliferation (Li et al., 1999)
decrease collagen synthesis (Siwik et al., 2001) and ircegmession and activity of multiple

MMPs (Siwik et al., 2001).

4.3. Neurohormonal stimuli, vasoactive peptides and adenosine

4.3.1. Noradrenaline

Myocardial and circulating levels of the catecholamiadsenaline and NA are elevated ht-
patients and are associated with worse outcome (Swynghed®99) Increased catecholamine

levels increase adrenergic drive and the force andfatentraction of the heart to compensate for
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reduced pumping capacity. In addition to these cardiomyatisgeted effects, catecholamines can
directly modulate CF function

Catecholamines elicit cellular effects via activatainspecific adrenergic receptors (AR)
located on the cell surface of target cells. Adrenalirle A can both activate members of tie
AR andp-AR families of receptors. CF expref2-AR, but notp1-AR, B3-AR or members of the
o-AR family (Meszaros et al., 2000; Gustafsson and Brunton, Z0@0gr et al., 2003; Yin et al.,
2003b) See Section 6.2.1 for more detail RAR expression in CFThus, the effects of
catecholamines on CF are mediated predominantly via aiotivaf the32-AR.

In vivo stimulation of3-AR has been reported to induce myoFb activation and myatardi
remodeling. In a rat model of myocardial injury induced lopisterenol (ISO; a non-selectife
AR agonist) a-SMA-expressing cardiac myoFb were observed at the bofdke injured area 3-7
days after ISO injection, with peak myoFb proliferatiorseted after 3 days (Nakatsuji et al.,
1997). In a similar model, proliferation of CF in ISO-tezhthearts was purported to be a direct
response to ISO rather than a result of myocyte Bssjgamin et al., 1989).

There is good evidence tHa2-AR stimulation induces proliferation of CF in cultuiieable
2). NA, ISO and clenbuterol (a selecti)-AR agonist) all induce proliferation of CF from
multiple species (human, rat, rabbit) and developmetagles (adult, neonatal), both at the level of
DNA synthesis and increased cell number. However therariation in the proposed mechanism
of cell proliferation specifically whetherf2-AR stimulation is itself mitogenic, or whether it
stimulates proliferation via up-regulation of secretetbenine growth factors, as we and others
have observed (Turner et al., 2003; Turner et al., 2004hteial., 2003).

The effects of-AR stimulation on differentiation of CF to myoFb leanot been thoroughly
investigated. Although one study found that NA had no modulatiiegte on TGFB-induced
differentiation of adult rabbit CF (Eghbali et al., 1991bhas been reported more recently that ISO

reduces TGHB-induced differentiation of rat CF into myoFb (Liu et a006)
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NA was shown to induce ECM protein expression (collageibripriectin) in one study of
neonatal rat CF (Akiyama-Uchida et al., 2002), althoughesastudies reported no such effects
(Bhambi and Eghbali, 1991; lwami et al., 1996). MoreoyeAR activation by ISO appears to
reduce collagen synthesis in adult rat CF (Ostrom et al., 2003t al., 2006; Liu et al., 2008)
Thus, the ability of NA an@-AR stimulation to influence ECM protein expression dy @mains
somewhat unclear. There are no reports on the abiliB2eAR stimulation to influence MMP or
TIMP activity in CF.

NA acting via the2-AR can stimulate cytokine and growth factor secrebyg CF. There
are many reports that the pro-inflammatory cytokine IL-&asreted by rat and mouse CF in
response to both NA and ISO (Burger et al., 2001; Briest 204)3; Leicht et al., 2003; Jaffre et
al., 2004; Yin et al., 2003a; Yin et al., 2006; Du et al., 2007). Dilgyaof B-AR stimulation to
modulate CF expression of other important pro-inflammyatgtokines, such as TNFand IL-183,
is less clear. For example, NA had no effect on IL-TiFo. mMRNA expression in rat CF (Burger
et al., 2001), whereas I1SO increased IL-1 and d Nécretion in mouse CF (Jaffre et al., 2004). The
situation is further confused by the observation th& IShibited TNFee MRNA expression and
protein secretion in neonatal rat CF (Yokoyama et18199). The reasons for these discrepancies
may relate to the species and developmental stage @Rstudied, although this was not directly
addressed in any of the studies. The abilit-&R stimulation to influence expression of the pro-
fibrotic cytokine TGFB1 by CF has been studied by a number of groups. The magdrgtudies
found no effect of NA or ISO treatment on T@BE-levels (Bhambi and Eghbali, 1991; Takahashi et
al., 1994; Colombo et al., 2001), although there is a report stiggé¢hat NA can stimulate TG
expression in neonatal rat CF (Fisher and Absher, 1995).

B2-AR stimulation is also coupled to increased secragiovasoactive peptides, including
Ang Il, ET-1, ANP and BNP. For example, ISO stimulates Angrdiduction in neonatal rat CF

(Dostal et al., 2000; Singh et al., 2008). Human cardiac mywoEblture secrete ET-1, a vasoactive
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peptide of import to myocardial remodeling, and we demonstratgdhis was necessary f3e-
AR-induced cardiac myoFb proliferation, althoug®-AR stimulation did not alter expression of
ET-1 per se (Turner et al., 2004). Adult rat myoFb cultured ftbenscar region of a rat model of
MI were shown to express ANP and BNP, and BNP (but not ANP) leweis increased by ISO
treatment (Calderone et al.,, 2006). In contrast, ISO sl BNP levels in neonatal rat CF
(Calderone et al., 2006). Although this may suggest differeoetygeen fibroblasts and myoFb, it
cannot be ruled out that these differences reflectigieeof adult versus neonatal cells. NA and 1ISO

also increase generation of extracellular adenosinaliored adult rat CF (Dubey et al., 2001a).

4.3.2. Angiotensin |l

Myocardial levels of Ang Il are increased in a numbepathologies characterized by myocardial
remodeling (Swynghedauw, 199®though the cellular effects of Ang Il can be mediateal two
different receptor subtypes (AT1R and AT2R), cultured CF esppeedominantly the AT1Ksee
Section 61.1for more detalil).

It is generally perceived that Ang Il is mitogenic for @Rd detailed analysis of the
supporting evidence has confirmed this to be the case for ta¢dDi, in which Ang Il directly
stimulates DNA synthesis via AT1R activation (Bouzegrhamel Thibault, 2002). However,
reports on the ability of Ang Il to induce proliferation in adalt CF are much less consistent, and
when effects have been observed they are suggestiveant@acrine/paracrine mechanism whereby
Ang Il stimulates CF to secrete growth-promoting subswntmt feed back on the cells
(Bouzegrhane and Thibault, 2002). Reports on the mitogeractefof Ang Il on human CF are
also somewhat at variance (Bouzegrhane and Thibault, 2002; etaft, 2004a). Interestingly,
Ang Il could induce proliferation of cardiac myoFb from shhearts or the non-infarcted zone of
MI rat hearts, whereas a hypertrophic response waswaioser myoFb obtained from the infarct

zone (Staufenberger et al., 2001)
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Ang Il (acting via AT1R) can induce differentiation of natal or adult rat CF into myoFb,
as evidenced by increasedSMA expression and stress fibre organization (Klett gt 1895;
Thibault et al., 2001; Olson et al., 2005; Samuel et al., 206)Ag 1l is a potent stimulus for
expression of TGPB- (Rosenkranz, 2004), itself a strong inducer of the myaénotype, it is not
clear from these studies whether Ang Il can directly isdhe myoFb phenotype or whether it does
S0 via increased TGB-expression.

Ang Il acting on CF elicits pro-fibrotic effects on theart through multiple mechanisms,
including increased ECM protein synthesis, decreased MMW#tpa@nd increased TIMP activity.
Specifically, Ang Il stimulated collagen I, collagen lihdafibronectin synthesis through AT1R
activation in adult rodent and human CF (Agocha et al., 199bos et al., 1994; Hafizi et al.,
1998; Staufenberger et al., 2001; Zhou et al., 1996; Lijnen et al., 20@&ne array study has also
recently demonstrated that AT2R activation may stimutatbagen | synthesis in adult rat CF
(Jiang et al., 2007), although how this fits with the pesxkiack of expression of the AT2R in CF
(see Section .&.1) is not clear. Ang Il reduced expression of collagenéses MMP-1) in rat
(Brilla et al., 1995; Chen et al., 2004a; Lijnen et al., 2008)yseaqStacy et al., 2007) and human
(Pan et al., 2008) CF. Ang Il also down-regulated expresdidiMP-2 in rodent and human CF
(Stewart, Jr. et al., 2006; Stacy et al., 2007; Pan et al., 20088)effects of Ang Il on MMP-9
expression are less consistent, with inhibitory (Sta@l.e2007), neutral (Lijnen et al., 2008), and
even stimulator (Pan et al., 2008) effects all being reported. The ability af Ano modulate CF
expression of other members of the MMP family has not begorted. The inhibitory effects of
Ang Il on MMP activity are exacerbated by a coincident éase in activity of TIMPs, the
endogenous inhibitors of MMPs. For example, Ang Il inaeda§IMP-1 and TIMP-2 in adult rat
CF (Jiang et al., 2007; Lijnen et al., 2008). This may nahéease in human CF however, as Ang
Il was recently shown to decrease TIMP-1, TIMP-2 and TBAMRNA expression (Pan et al.,

2008).
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Ang Il can also induce secretion of several other itgmbrbioactive molecules from CF,
thereby regulating cellular function in an autocrine/pamacmanner. For example, Ang Il (acting
predominantly via the AT1R) induced expression and secrefidiGF{3 (Campbell and Katwa,
1997; Rosenkranz, 2004), TMHYokoyama et al., 1999; Sato et al., 2003), IL-6 (Sano et al.
2001), ET-1 (Fujisaki et al., 1995; Gray et al., 1998; Chaa,e2@05), natriuretic peptides (Makino
et al., 2006; Wang et al., 2007; Calderone et al., 2006) and VERRté@attu et al., 2003) in a
number of CF and myoFb models.

It is noteworthy that Ang-7), a product of Ang Il cleavage by the ACE homologue ACE-

2, appears to oppose the actions of Ang Il on collagenTdfdmtic and

4.3.3. Endothelin-1

Myocardial and circulating levels &T-1 are elevated in HF patients and in experimental models
of HF (Motte et al., 2006ET-1 elicits effects via two distinct cell surface recept®TA and ETB
Both these receptors are expressed by adult human ar@rand myoFb, with ETB being
predominant (Modesti et al., 1999; Asano et al., 2002; Katwah, €993; Fareh et al., 1996; Katwa,
2003). This is in marked contrast to cardiomyocytes that expres®minantly the ETA subtype
(Fareh et al., 1996; Modesti et al., 1999)

ET-1 can stimulate proliferation of neonatal and adatt CF via activation of the ETA
receptor (Piacentini et al., 2000; Ogata et al., 2004; Kuruvilid. e2007), although this has been
challenged (van Kesteren et al., 1997). In human cellsl Bi@-not induce proliferation of human
atrial myoFb (Turner et al., 2004) and actually decreased DNthayis in adult human CF (Hafizi
et al., 2004b). ET-1 was recently shown to induce neorattéli to express markers of the myoFb
phenotype, including.-SMA (Nishida et al., 2007). ET-1 has predominantly proefiloreffects on
the heart by stimulating CF from different speciesluding human, to increase collagen synthesis
(Guarda et al., 1993; Katwa, 2003; Chintalgattu and Katwa, 2004; teafati, 2004b; Nishida et

al., 2007; Kuruvilla et al., 2007). Both the ETA (Hafizi et a004b; Kuruvilla et al., 2007) and
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ETB (Guarda et al., 1993) receptors have been implicated inptbiess. Further pro-fibrotic

effects of ET-1 occur at the level of MMPs, with evidetitat ET-1 acting via the ETA receptor

can reduce collagenase activity (Guarda et al., 1993).

4.3.4. Natriuretic peptides

ANP and BNP are cardiac-derived cyclic polypeptides that amgufated in a number of cardiac
pathologies and exhibit important autocrine and paractfeete on the heart (D'Souza et al,
2004) Natriuretic peptides act predominantly via two membraneesssnl guanylyl cyclase
receptors (NPR-A and NPR-B), both of which are expressed {C&¢ and Gardner, 1995; Lin et
al., 1995). Both ANP and BNP exert anti-proliferative effeaitsG¥, as determined by reduced
DNA synthesis in human, mouse and rat CF (Cao and Gard@8hg; Fujisaki et al., 1995;
Calderone et al.,, 1998; Huntley et al., 2006; Li et al., 2008b; Kapowal., 2004). Natriuretic
peptides also inhibit phenotypic transformation of CF to FRi¢Kapoun et al., 2004; Li et al.,
2008b). Both ANP and BNP reduced collagen synthesis in humannoatse and canine CF
(Tamamori et al., 1997; Redondo et al., 1998; Maki et al., 20Q0uda et al., 2002a; Kapoun et
al., 2004; Li et al., 2008b) and BNP increased expression of ¢NRdult canine CF (Tsuruda et
al., 2002a) Natriuretic peptides inhibéid ET-1 synthesis in neonatal rat CF (Fujisaki et al., 1995)
while ANP increased renin and angiotensinogen mRNA and protegislév neonatal rat CF
(Sanghi et al., 2005A third member or the natriuretic peptide family, C-typerinagtic peptide
(CNP), signals via NPR-B and reasproliferation and collagen synthesis in adult rat @Br{o et
al., 2003). Thus, CF undergo reduced proliferation, myoFbrdiif@tion and ECM synthesis in
response to natriuretic peptides; a pattern of resporsss appears favorable to reducing

pathological myocardial remodeling.

4.3.5. Adenosine
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The nucleoside adenosine is produced by all cardiovascelatypes including smooth muscle
cells, endothelial cells, cardiomyocytes and CF (M#al et al., 2003). Adenosine is synthesized
both intracellularly and extracellularly, with thatter being regulated by ecto-nucleotidases that
convert CAMP to AMP and then adenosine (Villarreal ef 2003) The extracellular cAMP-
adenosine pathway has been studied in adult rat CF and shdyenctupled to inhibition of CF
proliferation (Dubey et al., 2000)

There is good evidence, both clinical and experimgttal adenosine can reduce adverse
myocardial remodeling, likely due to direct effects on CF thonc (Villarreal et al., 2003)
Extracellular adenosine elicits cellular effects by stating cell membrane adenosine receptors, of
which there are four known subtypes; A1R, A2aR, A2bR and A3RIyais of MRNA expression
has concluded that adult rat CF express all four adenostaptor subtypes, although thereais
lack of agreement on their relative expression levelse(Cet al., 2004d; Grden et al., 2006;
Epperson et al., 2009). The functional effects of adenasin@F include reduced cell proliferation,
reduced collagen synthesis and reduced d NEcretion most (if not all) of which are coupled
specifically to A2bR activation (Dubey et al., 1997; Dubey let #098; Dubey et al., 2001b;
Villarreal et al., 2003; Chen et al., 2004&)I of these studies utilized adult rat CF cultures, but
similar anti-proliferative effects have been notedanine and murine CF (Villarreal et al., 2003)
The signaling pathway mediating the functional effects @bR stimulation in CF involves
stimulatory G-protein (Gs) and adenylyl cyclase-induced geperati cAMP (Villarreal et al.,
2003; Epperson et al., 2009). The anti-proliferative, anti-fibrahd anti-inflammatory effects of
A2bR stimulation on CF likely contribute to the in vivo ohsgion that A2bR (but not A1R, A2aR

or A3R) stimulation can reduce adverse post-MI myochrdmodeling (Wakeno et al., 2006).

4.4. Cytokines

Both pro-infammatory (TNE&, IL-1, IL-6) and pro-fibrotic (TGH3) cytokines are expressed at

high levels inMI and HF patients (Nian et al., 2004 dividually, these cytokines are capable of
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eliciting diverse effects on CF function, some of which comparable and some of which oppose
each otkr. Delineating the in vivo response of CF to cytokines iseex@ly difficult given the
complex array of cytokines prevalent in the remodelmgocardium, many of which exert
synergistic effects with one another.

TNFo. modulates cellular function through binding to two didtioell surface receptors,
TNF-RI and TNF-RII, both of which are expressed by humadi@amyoFb (Porter et al., 2004a)
We have demonstrated that Téllexerts wide-ranging effects on human atrial myoFhbuding
increased migration/invasion, proliferation and expressiinMMPs and po-inflammatory
cytokines (Porter et al., 2004a; Turner et al.,, 2007a; Turnal,e2007b). TNE also stimulates
proliferation (Jacobs et al., 1999; Hellkvist et al., 2002) amgtation (Mitchell et al., 2007) of rat
CF. Moreover, TNE stimulated MMP expression and decreased collagen sysitiresoth
neonatal and adult rat CF (Siwik et al., 2000; Peng et al.,)2008o may also influence the
myocardial RAS by inducing AT1R expression in neonatal Fawia increased NikB-dependent
transcription (Gurantz et al., 1999; Cowling et al., 2002; Perg).,eR002; Gurantz et al., 2005;
Cowling et al., 2005).

IL-1B acting at the IL-1 receptor (IL-1R) stimulates CF mignat{Brown et al., 2007;
Mitchell et al., 2007; Mughal et al., 2009) but inhibits CF peoétion (Palmer et al.,, 1995;
Koudssi et al., 1998; Piacentini et al., 2000; Xiao et al., 20R8)Lp stimulates net ECM
degradation through reduced collagen | and 11l synthesis K®itnal., 2000) and increased secretion
of MMPs, including MMP-2, -3, -9 and -13 (Siwik et al., 200008n et al., 2007; Xie et al., 2004;
Xiao et al., 2008; Mughal et al., 2009). IB-tan also induce AT1R expression in neonatal rat CF
via increased gene transcription and translation of ASfpite variants (Cowling et al., 2002;
Gurantz et al., 2005; Cowling et al., 2005).

IL-6 modulates cellular function by signaling through heteneric gp130/IL-6R cell
surface receptors, which are expressed by CF in cultuteuda et al., 2002b; Fredj et al., 2005)

IL-6 can induce proliferation of adult rodent CF and shiftsbddance of ECM turnover in favour
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of net degradation through decreased collagen synthesisieedhsed MMP expression (Siwik et
al., 2000). IL-6 does not act as a chemotactic stimulusdonatal rat CF (Mitchell et al., 2007)

The pro-fibrotic cytokine TGB1 exerts its effects through type I, 1l and IlI cell fage
serine/threonine kinase receptors, all of which are exguidsg CF (Sigel et al., 1996; Chen et al.,
2004c). The most well established effects of TgBn CF function include increased fibrillar
collagen, fibronectin and proteoglycan synthesis (Eghbalkalet1991a; Heimer et al., 1995;
Villarreal et al., 1996) and phenotypic conversion to Riy(Hao et al., 2008; Tomasek et al., 2002;
Leask, 2007) - see Sectior33In addition, TGH3 is reported to have anti-proliferative effects on
adult CF and myoFb cultured from human, rabbit and rge(®t al., 1996; Agocha et al., 1997b;
Drobic et al., 2007). However, TGFappears to be pro-proliferative for adult mouse CF (Li.et a
2008b; Squires et al., 2005). T@Fis not chemotactic for CF (Stawowy et al.,, 2004), but is
reported to modulate migration in response to other chetotstimuli (Stawowy et al., 2004;
Brown et al., 2007). The effects of T@Fen MMP expression by CF are not well described, and

opposing effects have been reported (Chua et al., 19940®jeet al., 2004; Brown et al., 2007).

5. CARDIAC FIBROBLASTSARE A KEY SOURCE OF BIOACTIVE MOLECULES

CF can synthesize an array of bioactive molecules andetsethem into the surrounding
interstitium, thereby delivering highly localized changesthe cellular environment. These
bioactive molecules can exert autocrine/paracrine effactsot only acting on other cell types of
the heart (cardiomyocytes, vascular cells, inflamnyatoells), but also on the fibroblasts
themselves. The particular molecules secretedCbydepends largely on the initiating stimuli,
which may be as diverse as proinflammatory cytokines, mézdlastretch and altered oxygen
levels (discussed in Section 4). The action of sedréactorson specific cells is determined by
regulated expression of specific receptors on the sudhtarget cells. In this section, we will focus

on particular bioactive molecules that are relevantctiorent therapeutic strategies aimed at
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reducing myocardial remodelindhe complex nature of the intact heart largely precluties
identification of the cell types responsible for séore of particular biomolecules in vivo, and

therefore much of the data discussed below has beenebissing in vitro CF cultures.

5.1. Cytokines

5.1.1. TNF

CF are the major cellular source of TéNih the myocardium (Yokoyama et al., 1999; Shames et
al., 2002) CF isolated from rats one week after experimental Mileiximcreased levels of TNF
MRNA (Yue et al., 1998Neonatal rat CF and adult human CF, but not myoFb, haame feported

to spontaneously secrete T&fn culture (LaFramboise et al., 2007; Rossini et al., 2008Fo.
expression is increased under hypoxic conditions in adulCFa(Shivakumar et al., 2008), an
observation that likely contributes to the increasmyocardial TN observed in non-myocytes of
ischaemic rat hearts (Shames et al., 2002).dl B¥pression by CF can also be induced by Ang Il
(Yokoyama et al., 1999; Sato et al., 2Q08AR stimulation (Jaffre et al., 2004), serotonin (Jaffre
et al., 2004), cytokines (Rossini et al., 2008) and mechasicetich (Yokoyama et al., 1999)
Binding of the ATF-2/c-jun transcription factor complex twetcyclic AMP response element
within the human TNE& gene promoter mediates Ang ll-induced TNExpression in neonatal rat
CF (Sato et al., 2003). In contrast to the above molechidgsrtduce TNE expression, adenosine
reduces TNE secretion in adult rat CF (Villarreal et al., 2003kely explaining some of the

beneficial effects of adenosine on myocardial remngel

5.1.2. IL-1B

CF are the principal source of ILB1lin the post-MI myocardium (Long, 2001; Yue et al., 1998).
Increased mMRNA levels of ILBLwere observed in CF isolated from rats as early asday after
experimental MI, and levels remained elevated for at leas week thereafter (Yue et al., 1998)

Constitutive IL-B secretion has been observed in unstimulated rat andentEscultures
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(Nagamatsu et al., 2006; Jaffre et al., 2004), whereas cultunearhCF or myoFb do not appear to

secrete IL-B under basal conditions (Ancey et al., 2002; Turner et al., 20074 expression
can be induced bfg-AR stimulation (Jaffre et al., 2004), hypoxia (Long, 2004 ¥erotonin (Jaffre
et al., 2004). Overexpression of constitutively activel® also induced ILf1 expression via a
ROS/NF«B pathway in neonatal rat CF (Nagamatsu et al., 200@)ddition,IL-1p expressiorcan
be induced by other cytokines. For example, have demonstrated that TiFtimulatedIL-1B
MRNA expression in human atrial myoFb via a mechanism inwplactivation of the p38 MAPK
PI3K/Akt and NF«B pathways, but not the ERK pathway (Turner et al., 2007b). BMG
cytokine released by necrotic cells and activated macrophalgesenhanced ILgLsecretion from

human CF in culture (Rossini et al., 2008).

5.1.3.1L-6

Myocardial IL-6 is synthesized by both CF and cardioayes (Ancey et al., 2002CF isolated
from rats one week after experimental Ml exhibited incrédeeels of IL-6 mMRNA (Yue et al.,
1998) Human and raCHmyoFb spontaneously secrete IL-6 in culture (Ancey.e2802; Turner
et al., 2007b; LaFramboise et al., 200Mpreover,IL-6 production caie further induced bg-AR
stimulation (Burger et al., 2001; Briest et al., 2003; Leathdl., 2003; Jaffre et al., 2004; Yin et al.,
2003a; Yin et al., 2006; Du et al., 2007), Ang Il (Sano et al., 200FuT(Turner et al., 2007b)
serotonin (Jaffre et al., 2004) and adiponectin (Liao eR@08) in CF from a variety of sources.
The signal transduction pathways that mediate changkks@rgene expression include ERK, p38
MAPK, NF-xB and PI3K/Akt (Vanden Berghe et al., 2000; Du et al., 2005; Yin e2@D6; Sano

et al., 2001; Nagamatsu et al., 2006; Turner et al., 2007b).

5.1.4. TGFB

The primary source of TGB-in the myocardium is th€F (Bujak and Frangogiannis, 2007)

Increased mMRNA levels of TGFt were observed in CF isolated from rats one week after
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experimental Ml (Yue et al., 1998). Human CF secrete PG culture (Zhao and Eghbali-Webb,

2001), as do neonatal rat CF (LaFramboise et al., 2007). Asg Iparticularly potent stimulus for
expression of TGB- by CF andmyoFb (Campbell and Katwa, 1997; Rosenkranz, 2004). Other
stimuli reported to induce CF TGF-expression includ®&NA (Fisher and Absher, 1995¢yclic
stretch (Ruwhof et al., 2000; van Wamel et al., 2001; Lindahl.e2002), superoxide (Li et al.,

1999) and altered oxygen tension (Roy et al., 2003a)

5.2. Vasoactive peptides and growth factors

5.2.1. Angiotensinl

Ang Il is the effector molecule of the RAS that play&ey role in regulating blood pressure and
volume In the systemic RAS, renin (produced in the kidneysgwde angiotensinogen (produced in
the liver) into Ang | which is further cleaved into theag#ptide Ang Il by angiotensin-converting
enzyme, ACE-1. In addition to the systemic RAS, a I6tAS exists in the myocardium and plays
an important role in the regulation of cardiac funct{@ostal and Baker, 1999). CF, in common
with cardiomyocytes, express all the components oRA& including angiotensinogen, renin and
ACE-1, allowing CF to synthesize extracellular Ang Il (Ka et al., 1997; Sano et al., 1998;
Sanghi et al., 2005Moreover, CF cultured from adult spontaneously hypertensitgeehad higher
angiotensinogen mMRNA levels th&t from control Wistar-Kyoto rats (Klett et al., 1995; Sasto
al., 1998) Adult human atrial myoFb have also been shown to egphesACE-1 homologue ACE-
2 (Guy et al., 2008), although ACE-2 activity appears to be urtdbtedn neonatal rat CF (Grobe
et al., 2007; Gallagher et al., 2008). ACE-2 cleaves Ang Il tohd#aapeptide Angi-7), a
molecule that can also modulate CF function by oppodgiegeffects of Ang Il on collagen and
growth factor synthesis (lwata et al., 200Recent studies have described a novel intracellular
RAS in rat neonatal ventricul&F (Singh et al., 2008), which may have important implications

the role of the RAS in myocardial remodeling.
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Studies using neonatal rat CF have shownfihaR stimulation (Dostal et al., 2000; Singh
et al., 2008) or ANPacting via a protein kinase A-dependent mechanism (Sanghj €005), can
increase angiotensinogen MRNA and protein secretion. ofengginogen gene expression in
neonatal rat CF was also increased by static stretolugh a p38 MAPK-dependent pathway (Lal

et al., 2008)

5.2.2. Endothelin-1

Myocardial levels of ET-1 are elevated in clinical angheximental HF through increased ET-1
synthesis by cardiomyocytes, vascular endothelial celtd @F (Motte et al., 2006)MyoFb
cultured from adult rat infarcts express pre@b-1l mRNA and ET-converting enzyme-1, allowing
them to synthesize and secrete mature ET-1 (Katwa, 2003ur&ulhuman atrial myoFb also
express prepr&T-1 mMRNA and secrete mature ET-1 protein in culture (Tuebed., 2004), as do
neonatal rat CF (Suzuki et al., 1997). ET-1 expressioedmatal rat CF can be induced by ET-1
itself (Fujisaki et al., 1995; Cheng et al., 2003a; Chend;,e2@3b) and by Ang Il (Fujisaki et al.,
1995; Gray et al., 1998; Chao et al., 2005). The mechanism of Bduted ET-1 gene expression
in neonatal rat CF involves a ROS/ERK/AP-1-dependent pat@agng et al., 2003a; Cheng et

al., 2003b).

5.2.3. Natriuretic peptides

ANP and BNP are synthesized predominantly in the myoaardiod act in an endocrine manner to
regulate blood pressure, as well as having important autocrinefiparaeffects on the heart
(D'Souza et al., 2004). Production of ANP and BNP is increased padleological conditions
including MI, cardiac hypertrophy and HF. Although classicaflgught to be synthesized and
secreted by cardiomyocytes, there is evidence thatretid peptides can also be produced by CF.
In a sheep MI model, elevated ANP (not BNP) mMRNA expressionokasrved in the infarct

region, and this was localized to the invading cardiaokhyCameron et al., 2000). Moreover,
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myoFb cultured from MI scar of adult rats expressed AN® BNP mRNA and protein, and
protein levels (but not mMRNA) were increased in responsg@oor Ang Il (Calderone et al., 2006)
IL-1B increased mRNA and protein expression of both ANP and BNPitured neonatal rat non-
myocytes, i.e. predominantly CF (Harada et al., 1999). Fumtrer, BNP mRNA and secreted
protein were observed in adult canine ventricular myoFbesponse to TNk (Tsuruda et al.,
2002a) and in neonatal rat CF in response to hypoxia/reoxygeiaaiting Il (Makino et al., 2006;
Wang et al., 2007)The third member othe natriuretic peptide family, P, is also expressed by
adult rat CF in culture (Horio et al.,, 2003)hus there is significant evidence that natriuretic

peptides can be synthesized by CF, in addition to cagaioytes.

5.2.4. VEGF

VEGEF is a dimeric glycoprotein synthesized and secreteddny ell types and is associated with
the ECM through interactions with heparan sulphate pgbteans, thus regulating its
bioavailability. VEGF acts primarily on vascular endothetlls and is important for stimulating
angiogenesis and coronary collateral formation fatomng the blood supply to the infarcted
myocardium. Both cardiomyocytes a@F are able to secrete VEGF in response to hypoxic or
inflammatory stimuli (Ladoux and Frelin, 1993; Maruyama et #099; Chintalgattu et al., 2003)
VEGF mRNA expression and secretion of mature protein éas beported in CF of human (Zhao
and Eghbali-Webb, 2001; Weiss et al., 2004; Rossini et al., 2008atfichdoux and Frelin, 1993;
Chintalgattu et al., 2003; Kelly et al., 2003) origin. Indeed, iamdilyte profiling of conditioned
medium from neonatal r&@F recently identified VEGF as one of the most prevalenivtirdactors
produced by these cells in culture (LaFramboise et al., 280W)larly, VEGF was present in high
levels in conditioned media from adult human CF and FbygRossini et al., 2008)Ang I
(Chintalgattu et al., 2003) and hypoxia (Kelly et al., 2003) haws lshown to increase VEGF

expression in raCF.
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6. THERAPEUTIC MODULATION OF CARDIAC FIBROBLAST FUNCTION

A number of therapeutic agents prescribed for specifti@aascular disorders have been shown to
exert beneficial effects on CF, which may underlie softheir potential benefits on myocardial
remodeling andHF progression. Thesenexpected “off-target™ properties are often referred to as
“pleiotropic” effects. Classes of drugs that exhibit pleiotropic effects on CF include anti-
hypertensive agents (ACE inhibitors, angiotensin receptmkérs, beta-blockers), lipid-lowering
drugs (statins, fibrates) and pharmacological agents fdredcfor lowering insulin resistance in
diabetic patients (TZDs). In the following section we &plore in detail the reported pleiotropic
effects of these classes of drugs on CF function. maprity of data is drawn from in vitro CF
cultures, as the complexity of the in vivo scenario makeificult to delineate direct effects of
agents on CF from indirect effects caused by changes ém fabtors involved in the myocardial

remodeling process.

6.1. ACE inhibitors and angiotensin receptor blockers

The primary use of ACE inhibitors and angiotensin recepkackers (ARBS) is for treatment of
hypertensionHowever, there are numerous studies describing beneficiate i these agents on
adverse myocardial remodeling in animal models (Rosenki2024; Anavekar and Solomon,
2005), and they are now prescribed to HF patients for this peirfhdunt et al., 2005). Ang Il acts
as a mitogen for a range of cardiovascular cell typed myocardial angiotensin receptor activation
can induce cardiac remodeling independently of changes id bl@ssure (Ainscough et al., 2009)
ACE inhibitors and ARBs both act to antagonize the effe€tdng Il, albeit via quite different
mechanisms. ACE inhibitors prevent Ang Il synthesis by itihigpiACE-mediated cleavage of Ang
I. ARBs inhibit the AT1R and offer a potentially moregeied therapeutic tool than blanket ACE
inhibition. The ability of ACE inhibitors and ARBs to reducaradiovascular remodeling is well

documented and has been reviewed at length elsewhere KRosen2004; Anavekar and
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Solomon, 2005)In this review we will concentrate on the modulatory effedétdng Il specifically

on CF function and the potential benefits that ACE iinbilb and ARBs have at the level of the CF.

6.1.1. Angiotensin receptor and ACE expression in cardieahlasts

Ang Il elicits its cellular effects by binding to and acting the specific cell surface receptors
AT1R and AT2R. The majority of the known effects of Ahgile mediated via AT1R activation.
Both AT1R and AT2R subtypes are expressed in the hunaat b&d a relative increase in AT2R
occurs in the failing human heart (Anavekar and Solomon, 2005)

Cultured CF and myoFb from several species have ltmemsto express the AT1R, but not
the AT2R (Crabos et al., 1994; Ohkubo et al., 1997; Hafizi.etl898; Regitz-Zagrosek et al.,
1998; Staufenberger et al., 2001). However, both human (Tsutdudi, 1998) and hamster
(Ohkubo et al., 1997) studies provided evidence that the incheaS€2R expression in failing
hearts was localized specifically to CF. Inter-speciéfsrénces are apparent in AT1R levels, with
cultured rat CF expressing significantly higher levels trabbit or human CF (Gallagher et al.,
1998). AT1R expression in CF can be up-regulated by variowglyfactors and cytokines that are
present in th remodeling heart, including TNFand IL-1 (Gurantz et al., 1999; Cowling et al.,
2002; Peng et al., 2002; Gurantz et al., 2005; Cowling et al., 2005).

CF express all the key components of the RAS includingotamgginogen, renin and ACE,
allowing CF to synthesize extracellular Ang Il (Katwaakt 1997; Sano et al., 1998; Sanghi et al.,
2005) Recent studies have also characterized an intrace®d& in CF, which represents a novel
form of angiotensin signaling (Singh et al., 2008). T&iRduced differentiation of adult rat CF to
myoFb is accompanied by increased ACE expression (Lijneh,2084), consistent with ACE

activity being localized to myoFb following Ml (Sun and WeHE96)

6.1.2. Cell proliferation
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Ang 1l can stimulate CF proliferation (discussed int#®ec4.3.2) and therefore one method by
which ACE inhibitors or ARBs could target CF function wouéltb antagonize Ang Ill-induced CF
proliferation. Interestingly, the ARB telmisartan wasurid to exhibit direct anti-proliferative
effects on neonatal rat CF, independently of angiateeseptor stimulation (Benson et al., 2008)
This property of telmisartan was not apparent with other §Ricluding candesartan, eprosartan
and irbesartan. These data are therefore indicatigardioprotective effects of telmisartan beyond

simple AT1R inhibition.

6.1.3. Myofibroblast differentiation

Ang Il (acting via AT1R) can induce differentiation of @fo myoFb (see Section 423for more
detail). ACE inhibition or AT1R blockade could therefore® beneficial effects by reducing the

number of cardiac myoFb in the remodeling heart, abéas observed in vivo (Yu et al., 2001).

6.1.4. ECM turnover

Ang Il elicits pro-fibrotic effects on the heart througlmstlating CF to increase ECM protein
synthesis, decrease MMP activity and increase TIMP #act{discussed in Section 4.3.2). In
addition to direct effects of ACE inhibitors and ARBs dwede Ang Il-mediated effects, ACE
inhibitors may also modulate collagen synthesis indepélydeh angiotensin. For example, the
ACE inhibitor lisinopril reduced basal and T@Fnduced collagen synthesis in adult rat CF in the
absence of Ang Il, conditions in which ARBs were withdfifeat (Lijnen et al., 2004). Conversely,
another ACE inhibitor (imidaprilat) was recently shown tduee IL-1-induced MMP-2 expression

in human CF (Guo et al., 2008).

6.1.5. Cytokines and growth factors

Ang Il induces expression of cytokines (e.g. TGFFNFo, IL-6), peptides (e.g. ET-1, ANP, BNP)

and growth factors (e.g. VEGF) from CF (discussed in SeaiB.2). ACE inhibitors and ARBs
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therefore have the potential to reduce local conceotisitof these bioactive molecules in the

myocardium, with resultant modulatory effects on myoieduremodeling

6.1.6. Summary

Ang Il, acting predominantly via the AT1R, can stimulate t6Fadopt a myoFb phenotype and
undergo increased proliferation, ECM turnover and secreatioproinflammatory cytokines and
growth factors, all of which contribute to myocardial rel@ing. The ability of ACE inhibitors and
ARBs to prevent these detrimental effects of Ang Il, togetvith emerging evidence of direct Ang
II-independent effects, likely underlies the ability of thesegs to reduce adverse myocardial

remodeling at the level of the CF.

6.2. Beta blockers

Although originally prescribed for treating hypertension and aardrrhythmia, beta-blockers are
now recommended therapeutic agents for patients with mild ereséiYHA class II-IV) HF
(Swedberg et al., 2005; Hunt et al., 2005). These recommendat®based on substantial clinical
and experimental evidence demonstrating that beta-blockersrezuce adverse myocardial
remodeling and improvelF mortality (Bristow, 2000; Lechat et al., 1998). Beta-blockast by
inhibiting B-AR and thereby reducing the detrimental effects of elevateticolamine levels in the
heart. The efficacy of beta-blockers is often ascribalely to their action on cardiomyocytes, with
no acknowledgment of their prospective effects on CFe Max identify the potential benefits that
beta-blockade has at the level of the CF that may atidly contribute to reduced adverse

myocardial remodeling

6.2.1.5-AR expression in cardiac fibroblasts

Data from several independent studies support the concept thatedultF express the32-AR

subtype, but not th@1-AR. Reverse transcription PCR analysis revealed fBaAR mRNA is
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highly expressed in adult rat CF and adult human myoFDb, iglhdr nof1-AR mRNA detectable

(Gustafsson and Brunton, 2000; Turner et al., 2003), data codfiosneadioligand binding studies
in neonatal rat CF (Yin et al., 2003b). In both adult rata@& adult human myoFb, adrenaline (a
non-selectivel-AR agonist) was a more potent inducer of cyclic AMP than (dAnorep1-AR-
selective agonist), indicating 32-AR-mediated response (Meszaros et al., 2000; Turner et al.,
2003). Moreover, cyclic AMP accumulation in response torthe-selective-agonist ISO was
inhibited by ap2-selective antagonist, but not3a-selective antagonist, in adult rat CF and adult
human myoFb (Gustafsson and Brunton, 2000; Turner et al., 208RBg¢n together these data
clearly establish that CF from different species exppesdominantly th@2-AR subtype.

This is in marked contrast to cardiomyocytes, which exhilgih lexpression levels of the
B1-AR subtype (Brodde and Michel, 1999hus, the recent trend towards the us@ bkelective
beta-blockers (e.g. metoprolol) for treatment HfF patients ignores the potential benefits of
inhibiting the B2-AR on CF, which may be a previously overlooked explanafiw the greater
benefit observed with carvedilol (non-selectivé3-antagonist) compared with thgl-selective
antagonist metoprolol in the COMET (Carvedilol Or Metoprdturopean Trial) clinical trial

(Kveiborg et al., 2007).

6.2.2. Cell proliferation

There is strong evidence th@2-AR stimulation (by NA or ISO) is coupled to proliferatiohCF
derived from several species (human, rat, rabbit) aréifit developmental stages (adult, neonatal)
(discussed in Section 4.3.1). Beemitogenic effects of NA and ISO were inhibited by non-
selective B-antagonists op2-selective antagonists, but not Pg§-selective antagonists or-AR
antagonists (Calderone et al., 1998; Leicht et al., 2000;eTwhal., 2003; Yin et al., 2003b)
Moreover, the effects of ISO could be mimicked by fReselective agonist clenbuterol (Colombo

et al., 2003).
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All the above studies described inhibitory effects of {mtdakers onBAR-mediated

proliferation (i.e. in response to catecholamines). Howetere is evidence that the non-selective
beta-blocker carvedilol can inhibit CF proliferation hetabsence di-AR stimulation (Grimm et
al., 2001; Lotze et al.,, 2002). In adult rat CF, carvedimit (hot metoprolol) inhibited serum-
induced DNA synthesis and proliferating cell nuclear antiggrression (Grimm et al., 20Q1)
Carvedilol (but not metoprolol or propranalol) also infeditPDGF-induced DNA synthesis in
human ventricular CF by a mechanism involving reduced PD&€8Eptor auto-phosphorylation
(Lotze et al., 2002). Both these reports describe effectamkdilol that are likely to bg-AR-
independent, and may reflect thd antagonist or antioxidant properties of this particulaa-bet
blocker.

Taken together, these data strongly suggest that a maj&fitoof beta-blockade (non-
selective orp2-selective) would be to inhibit catecholamine-induced CF pratifen and

subsequent adverse remodeling

6.2.3. Myofibroblast differentiation

The ability of B-AR stimulation, and thereby beta-blockers, to modulatierdifitiation of CF to
myoFb (discussed in Section 4.3.1) has not been highhandssl and the results are far from
conclusive (Eghbali et al., 1991b; Liu et al., 2006). It tlereefemains to be determined whether

beta-blockers can directly modulate the phenotypicsfoamation of CF to myoFb.

6.2.4. ECM turnover

The ability of beta-blockers to reduce fibrosis in HF modAkai et al., 1999; Kobayashi et al.,
2004) implies that stimulation of tHfAR on CF would increase ECM protein synthesis. However,
in vitro evidence (discussed in Section 4.3.1) does not appsapport this. Thus, the ability @f

AR stimulation, and hence beta-blockers, to influence ECM pragpression by CF remains

somewhat unclear. Interestingly, carvedilol reduced gefla(type | and Ill) and fibronectin
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expression in adult rat CF in the absence of exogefoARR stimulation, but metoprolol had no
effect (Grimm et al., 2001). Thus, carvedilol may exett-fbrotic effects on CF independently of

B-AR blockade.

6.2.5. Cytokines and growth factors

Some of the beneficial in vivo actions of beta-blocker£Cénmay be due to modulation pfAR-
stimulated cytokine, growth factor and vasoactive peptaesion, all of which impact on the
myocardial remodeling process. However, with the marked emcept IL-6, there is a lack of
consistency in reports regarding the abilityfeAR stimulation to modulate expression of other
cytokines and vasoactive peptides (reviewe8ection 4.3.1). Therefore the ability of beta-blockers
to inhibit NA-induced IL-6 secretion remains the only firmlyaddished mechanism by which these
agents could affect CF-induced cytokine and growth factoresgmmn. Indeed, NA and ISO-
induced IL-6 expression in adult rat and neonatal mouse G@Hbeadlocked by non-selectiie
antagonists anfi2-selective antagonists, but rgit-selective antagonists (Burger et al., 2001; Yin

et al., 2006)

6.2.6. Summary

It is now well established that CF exprgs5AR (but notf1-AR), and tha32-AR stimulation is
coupled to CF proliferation and IL-6 secretion. The effeft82-AR activation on ECM turnover,
myoFb differentiation and secretion of other cytokinesl growth factors are less clear. The
beneficial effects of beta-blockers on adverse myodareiimodeling are therefore likely to be due
to a combination of effects on cardiomyocyte and CFtfancthe latter being due specifically to
B2-AR blockade. Thus, the use p1-AR-selective antagonists (e.g. metoprolol) féF patients

appears to overlook the potential beneficial effects tgdieed by inhibiting th@2-AR on CF.

6.3. Statins
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Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzym@#MG-CoA) reductase, the rate-

limiting enzyme in the cholesterol synthesis pathway, are well established agents for the
treatment of hypercholesterolaemia. There have beemer of landmark clinical trials such as
4S (Scandinavian Simvastatin Survival Study Group, 1994), CARIEKESet al., 1996), LIPID
(The Long-Term Intervention with Pravastatin in isemic Disease (LIPID) Study Group, 1998)
WOSCOPS (West of Scotland Coronary Prevention Study Group, H988)he Heart Protection
Study (Heart Protection Study Collaborative Group, 2002) that demenstrated unequivocally
the beneficial effects of statin therapy for primandasecondary prevention of cardiovascular
disease. Most of the large statin trials have also detrated a positive effect of statins in HF
patients, the most important of which have been receamtdl extensively reviewed (Tsouli et al.,
2008).

Importantly, emerging evidence strongly suggests thatinst possess beneficial anti-
remodeling effects in the chronic HF setting and thesehmay be additional to those observed with
standard therapy, such as ACE inhibitors and beta-blockbese are collectively referred to as
“pleiotropic” effects. In experimental studies, the effects of statins have largely focused on global
myocardial remodeling in vivo or cardiomyocytes in vitro (Dexhet al., 2001; Patel et al., 2001;
Senthil et al., 2005; Tsai et al., 2008). There are consigeleds data relating to statins and the

CF; our current knowledge and understanding will therefodidoeissed here.

6.3.1. HMG-CoA reductase

The activity of statins is generally accepted to be s aéffect of these drugs that can be explained
by the inhibition of HMG-CoA reductase. Moreover, stataan exert cholesterol-independent
pleiotropic effects. By inhibiting the conversion of HM&@A to mevalonate, statins also inhibit
the synthesis of important isoprenoids that are irediates in the cholesterol-synthetic pathway
including farnesyl pyrophosphate (FPP) and geranylgeranyl pyspphte (GGPP). FPP and

GGPP are important lipids necessary for post-transitiprenylation of small G-proteins such as
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Ras, Rho and Rac thus permitting correct cellular ipatidn and signaling of intracellular proteins
(Van Aelst and Souza-Schorey, 1997). Prenylated proteins tantrariety of cellular functions
and hence through this mechanism the diversity of dirdbilareeffects attributable to statins

independently of cholesterol-lowering might be explained.

6.3.2 Cell proliferation and migration

Statins have consistently been shown to inhibit CF/myofelifgnation irrespective of species,
growth stimulus or the method utilized to quantify protitésn. Using fH]-thymidine uptake as a

marker of DNA synthesis, several studies have reportégpaniiferative effects of statins on

neonatal rat CF (Martin et al., 2005; Tian et al., 2003; Xal.et2006), adult rat CF (He et al.,
2008), adult mouse CF (Chen and Mehta, 2006) and canine atri@h@bshita-Takeshita et al.,
2007). In our own studies simvastatin dose-dependently inhibitedrhatnal myoFb proliferation

in response to a serum stimulus, as determined by dirécoceking and the inhibition of cyclin A

expression (Porter et al., 2004b). Subsequently we also deatedsthat simvastatin reduced
myoFb proliferation induced by the proinflammatory cytokiméfo. (Porter et al., 2004a).

In human atrial myoFb we demonstrated that simvastatimbited TNFe-induced
migration and invasion (Porter et al., 2004a; Turner et2807a) by two distinct mechanisms.
Statin treatment reduced MMP-9 secretion post-transangitip a mechanism distinct from those
previously reported in other cell types. Inhibition of migrat however, was attributable to
cytoskeletal disruption via inhibition of Rho kinase (Turaeal., 2007a). It is conceivable that the
actin-destabilizing properties of simvastatin might alsplan the reduced MMP-9 secretion,

although this was not investigated.

6.3.3 Myofibroblast differentiation

In canine atrial fibroblasts, TGF-increased expression of-SMA that was attenuated in the

presence of simvastatin, suggesting that simvastatin szvéhe myoFb phenotype (Shiroshita-
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Takeshita et al., 2007). Similarly, pravastatin was shownppress phenotypic transformation of

CF to myoFb (Moiseeva et al., 2007)

6.3.4 ECM turnover

In Ang ll-treated mouse CF, pro-collagen expression waslymitthibited by low dose (0.11M)
pravastatin, an effect that was markedly enhanced whabined with a TZD, pioglitazone (Chen
and Mehta, 2006). In rat neonatal CF, stimulation witly Anor TGF{f increased pro-collagen
mRNA and collagen deposition®]-proline incorporation), both of which were dose-dependently
inhibited by atorvastatin (Martin et al., 2005). Similfieets were observed in human CF in the
same study. Collagen synthesis in neonatal rat ®f-firoline) was decreased by atorvastatin in a
concentration-dependent manner (Tian et al., 2003).

In human cardiac myoFb, simvastatin inhibited ®NRduced MMP-9 secretion, leading to
reduced invasive capacity (Porter et al., 2004a). Ang |l wasrsto upregulat®&MP-3 and MMP-
9 expression in mouse CF and pravastatin inhibited MMRitgcbut only when combined with

pioglitazone (Chen and Mehta, 2006).

6.3.5 Cytokines and growth factors

HF patients undergoing statin therapy exhibit reduced plaswadslof proinflammatory cytokines
(Tousoulis et al., 2005; Sola et al., 2006), and in vivo and alisitidies suggest that statins can
reduce local expression of proinflammatory cytokines m mhyocardium (Zhang et al., 2005;
Wallace et al.,, 2005). As CF are an important source of angiad cytokines, we investigated
whether statins could affect proinflammatory cytokine exgoesin human cardiac myoFb (Turner
et al., 2007b). TNé& induced expression of ILel IL-1p and IL-6, but this was not modulated by
statin therapy, indicating that CF are not the celltdagets for the anti-inflammatory effects of
statins on the heart. In a recent study, the plei@mffects of pravastatin on CF proliferation were

claimed to be attributable to inhibition of TGFexpression (Moiseeva et al., 2007)
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6.3.6.Signaling and transcription

In adult rat CF, simvastatin was reported to inhibit acowvatf the Akt and ERK pathways (He et
al., 2008) and in mouse CF, a combination of pravastaiih paoglitazone inhibited Andl-
activated p38 MAPK and ERK signaling, together with a potembitory effect on the activation
of AP-1 and NF«B (Chen and Mehta, 2006). However, in our study on humaal atryoFh
athough TNFe activated the ERK, p38 MAPK, Akt and NdB signaling pathways, none of these
were influenced by simvastatin (Turner et al., 200#axhe same study we determined that the
modulatory effects of simvastatin on myoFb invasion vattebutable to two distinct mechanisms.
Firstly, that Rho kinase inhibition and subsequent cyletkiedisruption led to attenuated cell
migration and secondly, thtsdMP-9 secretion was inhibited via a post-transcriptional mechanis
(Turner et al., 2007a)ln a separate study, we established that the anti-proiMeraffect of
simvastatin on human cardiac myoFb was also mediatd®hbykinase inhibition and subsequent

cell cycle arrest (Porter et al., 2004b)

6.3.7. Alternative lipid-lowering drugs

Fibrates have been in clinical use for over 30 yearsatthdugh there have been fewer intervention
studies than with statins, the majority of evidence sugdmstisterm beneficial effects in high-risk
patiens (Goldenberg et al., 2008). The lipid-lowering effects of fiesatave been recognized since
the 1970s but it was some two decades later that the mechairtiseir effects was shown to be via
activation of peroxisome proliferator-activated recepéipha (PRRa) (Staels and Fruchart,
2005)]. Fibrates lower plasma triglycerides and VLDL particdesl increaséHDL-cholesterol,
effects that are associated with cardiovascular lief?ARs play key roles in the regulation of
energy homeostasis and inflammation, and agonists of BP&R currently used therapeutically
not only for lipid-lowering effects but for their repadtpleiotropic effects (Chinetti-Gbaguidi et al.,

2005), such as in the preventionldF (Perrone et al., 2005). In general, most current evidence
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suggests PPAR activation acts as an anti-atherogenic factor that agggilvarious targets that
should decrease atherosclerosis and its complicattiheugh there is considerable debate.

Expression of PPA& has been demonstrated in neonatal rat CF and its pctisas
increased when cells were treated with adiponectin (Fujith,e2008). The authors suggested that
in Ang ll-induced cardiac fibrosis the protective effects agfiponectin were mediated via a
PPARu-dependent mechanism. Another study in neonatal and atdu@tFrand myoFb revealed
expression of PPAR although PPAR was the most abundant isoform (Teunissen et al., 2007). On
the contrary, an earlier study reported that PRAfas the predominant isotype expressed in both
rat cardiomyocytes and CF (Wayman et al., 2002).

There are few reports on the effects of fibratesGi One study demonstrated that
treatment of neonatal r&F with ET-1 increased DNA synthesis, and that this wamnatted by
fenofibrate, paralleled by a decrease in expression-joh Ogata et al., 2004). However, a
different study noted that in dog atrial fibroblasts,ofdsrate at clinically relevant concentrations
had no observable effect on proliferation in responsederam stimulus (Shiroshita-Takeshita et

al., 2007).

6.3.8. Summary

It is now well accepted that statins, in addition to theimpriy function of lowering cholesterol,
undoubtedly possess a variety of beneficial effects pocardial remodeling and in patients with
HF. In clinical trials statins have conclusively beewnwh to confer protective effects in primary
and secondary prevention trials andHR patients. Although most experimental evidence has been
provided from studies in animal models or cultured cardiomgscyt is also likely that modulation

of CF function contributes to their wide-ranging pleiotrogifects. Evidence to date indicates that
statins can directly inhibit CF proliferation and migratiomyoFb differentiation and ECM

turnover, all of which would confer beneficial effectdliie myocardial remodeling process.
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The pleiotropic effects of statins and fibrates exhieiarkable similarity and suggest a
mechanistic link between the two classes of drugs, advéas reviewed recently (Paumelle and
Staels, 2008). The impact of fibrates on improving cardmyas outcomes remains contentious
(Zandbergen and Plutzky, 2007). Given the current paucitynfofmation with respect to the
effects of fibrates on CF function, it would seemt thdly elucidating their effects and associated
mechanisms in the laboratory remains a worthwhile aim. Fustbdies are needed to compare the

cellular benefits of stats) fibrates or the combination of both.

6.4. Thiazolidinediones

TZDs are agonists of the nuclear hormone receptor perogigwoliferator activated receptor-
gamma (PPAR), a transcription factor expressed at high levelsdipose tissue and vascular cells
(Touyz and Schiffrin, 2006). TZDs are used therapeutically to rephscdin resistance and can
significantly improve cardiovascular risk factors in pattiewith Type 2 diabetes mellitus (Irons et
al., 2006). In addition to effects on diabetic patients, ethisr evidence that TZDs may exert
beneficial cardiovascular effects in non-diabettignts, independently of glycaemic control (Marx
et al., 2005; Panunti and Fonseca, 2006). Moreover, theralsareeports that TZDs can act via
PPARy-independent mechanisms (Gardner et al., 2005; Huang et al., 2005).

In addition to the well-established vascular benefit§4ids (Touyz and Schiffrin, 2006), it
is apparent that these drugs can exert direct actionsedretirt. Early animal studies suggested that
TZDs could reduce infarct size and cardiac hypertrophy (Asakaai, 002; Sakai et al., 2002;
Abdelrahman et al., 2005). However, more recently it haggadehat TZDs may be detrimental,
and cause cardiac hypertrophy via PRARIependent mechanisms (Duan et al., 2005). This is
now reinforced by clinical data (PROactive study) thatdatid an increased frequency of serious
HF in Type 2 diabetic patients receiving pioglitazone, desp significant reduction in coronary

events (Ryden et al., 2007; Erdmann et al., 2007). Furtmerradverse cardiovascular effects of
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rosiglitazone have been revealed following meta-analykislinical data (Nissen and Wolski,
2007).

Here we discuss the ability of TZDs and the endogenous RPagonist, 15-deoxyt?14
prostaglandin J2 (15d-PGJ2), to modulate CF function in amptite® explain some of the effects

of these drugs, both beneficial and detrimental, on myadaremodeling.

6.4.1. PPAR expression in cardiac fibroblasts

PPAR is highly expressed in adipose tissue (Dumasia et al., 2005) andgser extent in cells of
the cardiovascular system, including vascular smooth Imusiedothelium and the heart (Ricote et
al., 1998; Marx et al., 2004; Mendez and LaPointe, 2003). RR&RIso expressed at both the
MRNA and protein level in cultured CF and myoFb from défé species (Wayman et al., 2002;
Chintalgattu et al., 2007; Zhang et al., 2007; Teunissen &(dl7; Hao et al., 2008; Mughal et al.,
2009). TZDs and the endogenous PRABand 15d-PGJ2 have been reported to increase PPAR
activity and expression in cultured CF and myoFb (Chintalgs al., 2007; Hao et al., 2008).

In the normal in vivo rat heart, expression of PRARpears to be preferentially localized to
the cardiomyocytes, rather than the CF (Fliegnerl.e2808). However, PPARexpression was
increased in both myocytes and CF in the infarct 8reseeks after experimental Ml (Fliegner et
al., 2008). In a similar in vivo model, PPARXpression was colocalised withSMA expression in
myoFb in the infarct region 28 days after Ml (Chintalgattale 2007). Thus, PPARexpression
may be upregulated with differentiation of CF into myaifrlvivo, although this does not appear to

be the case for myoFb differentiation in vitro (Teuaisst al., 2007).

6.4.2. In vivo effects

In a rat model of LV hypertrophy (stroke-prone spontaneousbeitgnsive rates), pioglitazone

reduced the number ef-SMA-expressing CF (i.e. myoFb) and expression of colialgeBNP,
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connective tissue growth factor (CTGF) and MMP-2, but didedtuce the increase in collagen I,

TGF, MMP-9 or ROS production (Shinzato et al., 2007)

6.4.3. Cell proliferation and migration

There are contrasting reports on the effects of TZDsAng llI-induced CF proliferation. Fo
example, pioglitazone had no effect on Ang ll-inducediferation of mouse CF, as determined by
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium dmide) assay (Chen and Mehta,
2006). However, rosiglitazone and 15d-PGJ2 inhibited Ang Il-inducgldguation (MTT assay) of
neonatal rat CF via a PPARIependent mechanism (Hao et al., 2008). There are seifenadittes
between these two reports that may account for thgaidite results, including choice of TZD
(pioglitazonevs. rosiglitazone), species (mousg rat) and age/development (adwdt neonatal).
Pioglitazone reduced anoxia/reoxygenation-induced proliferaidhT( assay) of adult rat CF
(Chen et al., 2004b), but rosiglitazone did not affectQtmyoFb proliferation as assessed by
BrdU labeling (Teunissen et al., 2007). Rosiglitazone inhibitedifpration (MTT and cell cycle
analysis) of neonatal rat CF induced by advanced glycatidrproducts (Li et al., 2008&)ur own
study demonstrated that three different TZDs and 15d-PGJ2tethiproliferation (cell counts,
proliferating cell nuclear antigen expression) of humardiac myoFb in response to fetal calf
serum or TNk, effects that were not reversed by PRA&htagonists, suggesting a PRAR
independent mechanism (Mughal et al., 2009).

Only a single study has sought to determine the effectZbtTon CF migration. Using
cultured human atrial myokkve showed that TZDs did not modulate cell migration toward&-an

1 chemotactic stimulus, either in the presence cgratesof an ECM barrier (Mughal et al., 2009).

6.4.4. Myofibroblast differentiation

Several groups have investigated the effects of TZDs atylifferentiation. Rosiglitazone did

not induce CF to differentiate into myoFb, as determined lagk of effects o-SMA expression
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and stress fibre formation (Teunissen et al., 2007). MeredAng llI-induceda-SMA expression
was not modulated by TZDs in neonatal rat CF (Hao et al., 20@®)s did not affecta-SMA
expression or actin stress fibre organization in hueells with an already established myoFb
phenotype (Mughal et al., 2009). Thus, TZDs have no effecnyoFb differentiation, either in

terms of induction, modulation or reversal.

6.4.5. ECM turnover

TZDs generally have anti-fibrotic effects on CF. In radéR, TZDs or 15d-PGJ2 reduced collagen
| expression induced by hypoxia-reoxygenation (Chen et al., 200zno et al., 2006) or Angd |
(Chen et al., 2004a; Chen and Mehta, 2006; Hao et al., 2008golmtal rat CF, collagen Il
expression was reduced by rosiglitazone (Hao et al., 2008), bty mbglitazone or 15d-PGJ2
(Makino et al., 2006). Rosiglitazone and 15d-PGJ2 have alkso shown to inhibit Ang Il-induced
fibronectin expression (Hao et al., 2008). In contrast to rtiagority of reports, rosiglitazone
increased collagen synthesis (as determinedHjdroline incorporation) in both CF and myoFb
(Teunissen et al., 2007).

The effects of TZDs and PPARagonists on MMP expression appear to depend on the
initiating stimulus, which may suggest that they arengctvia inhibition of specific signal
transduction pathways. For example, hypoxia/reoxygenation-@adexpression of MMP-1, MMP-
2, MMP-9 and TIMP-1 was inhibited by TZDs (Chen et al., 2004b; Makino et al., 2006)was
phorbol esteinduced MMP-9 expression in human cardiac myoFb (Mughal .et2809). In
contrast, MMP-2, MMP-3 and MMP-9 expression induced by An@CHen and Mehta, 2006) or
IL-1 (Mughal et al., 2009) was not affected by TZDs or 15d-PGJ2iuh &t CF, Ang Il reduced

MMP-1 expression, and this was reversed by pioglitazone (Ethalin 2004a).

6.4.6. Cytokines and growth factors
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TZDs and 15d-PGJ2 can stimulate expression of VEGF anccéptas (VEGFR1 and VEGFR?2)

in adult rat cardiac myoFb (Chintalgattu et al., 200@) vivo studies have demonstrated that
increased VEGF production after MI can reduce infarct smkesabsequent remodeling (Yoon et
al., 2004). The ability of TZDs to stimulate VEGF secreticmirmyoFb may therefore help to
explain the beneficial effects of TZDs on reducing infasize in animal models of Mi
(Abdelrahman et al., 2005).

TZDs and PPARagonists have been shown to decrease expression of BXEFE, &1d to a
lesser extent TGB4 in neonatal rat CF (Makino et al., 2006; Li et al., 2068 et al., 2008), all
of which could confer potentially beneficial effects ontpld$ remodeling of the heart.

On a cautionary note, our own work showed that TZDs isexed NFe-induced 1L-6, IL-
la and IL-13 expression in human myoFb (Turner et al., 2007b), suggesanhg ZDs may exert

pro-inflammatory effects on cardiac myoFb that could enkate adverse myocardial remodeling

6.4.7. Signaling and transcription

In cultured rat CF, TZDs reduced NiB- activation induced by hypoxia/reoxygenation (Chen et al.,
2004b; Makino et al., 2006) or Ang Il (Chen et al., 2004a), andPI&d2 reduced NkB activity

in rat cardiac myoFb (Chintalgattu et al., 2007). TZDs do notappemodulate AP-1 activity in
CF (Chen et al., 2004b; Chen et al., 2004a), despite theiyabildisrupt MAP kinase (ERK, p38

and JNK) signaling in this cell type (Chen and Mehta, 2006;dtdah, 2008)

6.4.8. Summary

The effects of TZDs on CF function are beginning to rgeand may help to explain some of the
effects of this class of drugs on myocardial remodelbagh beneficial and detrimental. TZDs
exhibit anti-proliferative effects on CF and reduce ECMairosynthesis, but do not affect myoFb
differentiation or CF migration. They also stimulate CF to secrete “beneficial” proteins, such as

VEGF, while also reducing expression of “harmful” proteins, such as BNP and TGE-However,
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the ability of TZDs to increase pro-inflammatory cytokineregon may underlie some of the
detrimental effects of these drugs that have come to ilghecent clinical studies (Ryden et al.,
2007; Erdmann et al., 2007; Nissen and Wolski, 200f¢ insulin-sensitizing properties of TZDs
are undoubtedly of immense benefit to Type 2 diabetic patidaever it remains to be

established whether TZDs should be prescribed more widetizdo pleiotropic effects.

7. SUMMARY AND FUTURE DIRECTIONS

CF perform key roles in cardiac development and caritilsignificantly to cardiac structure and
function. In this review we have described the origid distribution of CF and discussed their
pivotal and numerous roles that support and maintain mg@atamtegrity. CF are both sources and
targets of environmental stimuli and bioactive molecules;oordinating mechanical, chemical and
electrical signals between the cellular and non-llcompartments of the myocardium. As such,
an in depth understanding of the mechanisms underlying thdiiplmuunctions in health and
disease is fundamental.

A number of significant issues relating to the stud¥C6f must be highlighted. Firstly, the
choice of experimental model is extremely important foragdlating laboratory results to clinical
effects in the adult human. Many studies on CF usehooman animal cells, with the majority
using neonatal cells due to their ready availability aneé eaulture. However, the behaviour of
neonatal cells can be very different from adult celfs] inter-species differences are also evident
(Agocha et al.,, 1997b; Bouzegrhane and Thibault, 2002). Secandingle stimulus is often
employed in culture models in order to simplify characéin of downstream signaling and
functional end points. However, this is clearly not¢hse in vivo where individual CF are exposed
to a complex array of physical and chemical stimuli thay be widespread, but are often highly
localised, and the net effect on CF is determined by dhebmation of effects of all these stimuli

acting together.
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The unique features of CF compared with other myocardial @ed with fibroblasts from
other tissues, make the CF an attractive therapeutict tamge@educing detrimental remodeling
(Brown et al., 2005)There is good evidence that several widely-prescribed phalogézd agents
including ACE inhibitors, ARBs, beta-blockers, statins a@D3, can reduce adverse myocardial
remodeling at least in part via effects on CF (sumradrim Figure 2). By inhibiting CF
proliferation, migration, differentiation, ECM turnewand growth factor/cytokine secretion, these
agents elicit beneficial effects on pathological mydizd remodeling.

Cell therapy has received much attention as a mearegeheration or repair of damaged
myocardium. The most popular approach has been directiamjeof isolated cells into damaged
hearts and studies using animal models have revealed impravefmBaart function after the
transplantation of various cell types (reviewed in Raarod Hare, 2007; Zhang and Pasumarthi,
2008). Myoblasts or BM cells have been transplanted intiernga suffering from ischemic heart
disease and significant efficacies of these treatmeate been reported (Hagege et al.,, 2006;
Meyer et al., 2006)A considerable drawback to direct cell injection has kmemability to retain
cells in the required location due to loss of viability and/or “washout” (Suzuki et al., 2004; Zhang et
al., 2001). To date, cell therapies have primarily focussethyocyte regeneration but a recent
study used a different approach. Using co-cultures of defbmabfasts and endothelial progenitor
cells, cell “sheets” were preformed and then transplanted into infarcted ratamgaum (Kobayashi
et al., 2008). The study claimed that use of such a bicellgdaft provided a significant
improvement over previous reports that used fibroblast galafite (Kobayashi et al., 2008)

In addition to their derivation from resident CF, myolhn also originate from
differentiation of monocytes and endothelial cellss¢dssed in Section 2.6). Thus, targeting
monocye- or endothelial celto-CF transition may offer therapeutic potential. Serunylaid P
(SAP) has been shown to block differentiation of motes to CF in a murine fibrotic
cardiomyopathy model through inhibition of the Fc receptorcirculating monocytes (Haudek et

al., 2006; Haudek et al., 2008). Mice treated with SAP did not develaiiomyopathy following
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ischemia/reperfusion injury (Haudek et al., 2006; Haudek et al., 2808)larly, less fibrosis was

evident if myoFb transition from monocytes or enda#heatells was blocked following pressure
overload (Endo et al., 2007; Zeisberg et al., 2007). In théengedf MI however, increasing

monocyteto-myoFb transition appears to be benefigmpromoting infarct healing (Fujita et al.,

2007)

Knowledge of cardiac biology and function has improved dtieally over the last decade.
Understanding the function of both resident and progenitls as vital for successful
implementation of these cells in the treatment ofdiseased human heart. Nevertheless, cardiac
injury and repair is a multifactorial and complex phenpomeand there is still much to be learned
before cell therapy in cardiac reparan achievable goal.

Gene therapy aimed at the CF is also in its early stadgenetic approaches aimed at the
cardiomyocyte have been facilitated through systemicyarcardial introduction of viral particles
expressing genes under the control of cardiomyocyte-spemifimoters such as that for alpha-
myosin heavy chain (Heine et al., 2008pwever, specific targeting of the CF in this way has been
hampered by the lack of identification of a CF-specific mtan element that is absent in
fibroblasts from other tissues, and therefore altereastrategies are warranted. A novel
transplantation technique was recently employed to delivertigeengineered CF to the infarct area
of rats following experimental Ml (Ruvinov et al., 200Beonatal rat CF were virally infected with
a vector encoding recombinant human erythropoietin, aedetttells were injected into the
infarcted myocardium of adult rats seven days after Msappointingly, despite encouraging in
vitro results, there was no evidence of improved myocamdialodeling in rats injected with
erythropoietin-expressing CF, indeed there was evidenosoode remodeling (Ruvinov et al.,
2008) Thus, although CF represent an attractive gene caorig¢argeting the infarcted heart due to
their clinical accessibility and ease of expansionuhuce, the finer details of delivering on the
promise of CF-targeted gene therapy (including use of adl, timing of transplantation and

selection of appropriate genes to target) have yet tosbévesl.
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Interest in small non-coding microRNAs (miRNAS) has beefocus of recent attention
with respect to their dysregulation in various diseéates, including cardiac disease (Sayed et al.,
2007) MIRNAs are short regulatory RNAs that act as negative latgns of gene expression by
inhibiting MRNA translation or by promoting mMRNA degradatid he first report of an effect of
mMiRNA-21 (miR-21) in CF was a demonstration of its ability to regulate thePWApathway
thereby modulating cell proliferation in the remodeling hgdttum et al., 2008)Fibrosis is
traditionally viewed as a phenomenon secondary to myocyta dad/or hypertrophy in reponse to
injurious stimuli, but this study clearly demonstrated @diprimary role of miR-21 in CF that
regulated their survival and contributed to myocardial dysionc MiR-21 was shown to be
selectively increased in CF from failing hearts, thus augngengrowth factor release that
subsequently enhanced cardiomyocyte hypertrophy (Thum ef@)8). MIRNA expression
profiling also recently identifiedMiR-21 as being increased in the mouse myocardium following
experimental Ml (Roy et al., 2009). In that study, miR-21 neghitregulated PTEN expression in
CF leading to up-regulated AKT signaling and increaB®P-2 expression (Roy et al., 2009)
These novel findings reveal that miRNAs expressed byn@y represent future therapeutic targets
for treatment of adverse myocardial remodeling.

In summary, it is clear that CF can regulate glabgbcardial function at a number of
levels. Until recentlythis cell-typehas been somewhat overlooked, but through intensive résearc
our understanding of the role ofFGn pathological states has been progressively improved. As
such, these multifunctional cells represent attracbime challenging therapeutic targets for the

future.
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Figure 1. Modulation of cardiac fibroblast function associated with myocar dial remodeling.
The cardiac fibroblast responds to environmental stimuli in multiple ways, including

transformation to a myofibroblast phenotype, proliferation, migration, secretion of cytokine:
growth factors, and altering extracellular matrix turnover through changes in matrix protein
synthesis and matrix degradation (increase in MMP:TIMP ratio). While these changes in
fibroblast function are an important adaptive response to altered environment that can aid
myocardial recovery, they can become maladaptive leading to pathological remodeling, fik
and heart failure.
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Figure 2. Overview of the modulation of cardiac fibroblast function by different classes of
phar macological agents.

ACE inhibitors (ACE-I), angiotensin receptor blockers (ARBSs), beta blockers, statins and
thiazolidinediones (TZDs) can inhibit specific aspects of CF function which likely contribute
the beneficial effects of these drugs on adverse myocardial remodeling. See Section 6 of tf
main text for detail. Note$)B2-AR activation is most notably coupled to IL-6 production in C
and therefore beta blockers specifically reduce catecholamine-induced IL-6 prod&gtime

is evidence for and against TZDs reducing CF proliferatfrhe ability of TZDs to modulate
MMP expression appears to be largely dependent on the initiating stimulus.
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Table 1. Members of the MM P family expressed by cardiac (myo)fibroblasts.

Abbreviations of stimuli: Ang Il = angiotensin I, Anox-8e= anoxia + reoxygenation, BNP = B-

type natriuretic peptide, Hypox-Reox = hypoxia + reoxygenatio-1 = interleukin-1, PDGF =

platelet-derived growth factor, ROS = reactive oxygen spet®BE{} = transforming growth factor

beta, TNFe. = tumour necrosis factor alpha. Age: Ad = Adult, Neo =na¢al. *Asterisk indicates

cells characterized as cardiac fibroblasisSMA negative). **Double asterisk indicates cells

characterized as cardiac myofibroblastsSMA positive). No asterisk indicates phenotype of cells

not precisely determined/reported.

MMP Effect Stimulus Species  Age References
MMP-1 1 Expression IL-1 Human Ad** (Turner and Porter 2008, unpub)
(collagenase-1) BNP Canine Ad** (Tsuruda et al., 2002a)
PDGF Rat Neo (Yang et al., 2006)
Anox-Reox Rat Ad* (Chen et al., 2004b)
| Expression Ang Il Human Ad (Pan et al., 2008)
Ang Il Rat Ad* (Brilla et al., 1994)
Ang Il Rat Ad* (Chen et al., 2004a)
Ang Il Rat Ad* (Chen et al., 2004c)
Ang Il Rat Ad (Lijnen et al., 2008)
Ang Il Mouse Ad (Stacy et al., 2007)
MM P-2 1 Expression IL-1 Human Ad (Guo et al., 2008)
(gelatinase A) IL-1 Rat Ad (Brown et al., 2007)
TNFo Rat Neo (Peng et al., 2002)
TGF$ Rat Ad* (Stawowy et al., 2004)
TGF$ Rat Neo* (Mookerjee et al., 2005)
Ang Il Rat Neo* (Mookerjee et al., 2005)
BNP Canine Ad** (Tsuruda et al., 2002a)
ROS Rat Neo (Siwik et al., 2001)
Hypox-Reox Rat Neo (Makino et al., 2006)
Hypoxia Rat Neo (Bergman et al., 2003)
Stretch Rat Ad* (Husse et al., 2007)
1 Activity IL-1 Human Ad (Guo et al., 2008)
IL-1 Rat Ad + Neo (Siwik et al., 2000)
IL-1 Rat Neo (Xiao et al., 2008)
TNFo Rat Ad + Neo (Siwik et al., 2000)
TNFa Rat Neo (Peng et al., 2002)
TGF$ Rat Ad (Stawowy et al., 2004)
PDGF Rat Neo (Yang et al., 2006)
Collagen Human Ad** (Morley et al., 2007)
Collagen Rat Ad (Guo and Piacentini, 2003)
ROS Rat Neo (Siwik et al., 2001)
| Expression Ang Il Human Ad (Pan et al., 2008)
Ang Il Rat Neo (Stewart, Jr. et al., 2006)
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Angll Rat Neo (Peng et al., 2002)
Ang Il Mouse Ad (Stacy et al., 2007)
| Activity Ang Il Rat Neo (Peng et al., 2002)
Hypoxia Human Ad** (Morley et al., 2007)
MMP-3 1 Expression IL-1 Human Ad** (Turner and Porter 2008, unpub)
(stromelysin-1) IL-1 Rat Ad + Neo (Siwik et al., 2000)
IL-1 Rat Ad (Brown et al., 2007)
BNP Canine Ad** (Tsuruda et al., 2002a)
MMP-9 1 Expression IL-1 Human Ad** (Turner and Porter 2008, unpub)
(gelatinase B) IL-1 Rat Ad (Brown et al., 2007)
IL-1 Rat Ad + Neo (Siwik et al., 2000)
IL-1 Rat Neo (Xiao et al., 2008)
TNFo Human Ad** (Porter et al., 2004a)
Ang Il Human Ad (Pan et al., 2008)
ROS Rat Neo (Siwik et al., 2001)
1 Activity IL-1 Rat Ad + Neo (Siwik et al., 2000)
IL-1 Rat Ad (Xie et al., 2003)
PDGF Rat Neo (Yang et al., 2006)
ROS Rt Neo (Siwik et al., 2001)
| Activity Ang Il Mouse  Ad (Stacy et al., 2007)
MMP-13 1 Expression IL-1 Rat Ad + Neo (Siwik et al., 2000)
(collagenase-3) ROS Rat Neo (Siwik et al., 2001)
1 Activity IL-1 Rat Ad + Neo (Siwik et al., 2000)
ROS Rat Neo (Siwik et al., 2001)
MMP-14 1 Expression TGF$ Rat Ad (Stawowy et al., 2004)
(MT1-MMP) BNP Canine Ad** (Tsuruda et al., 2002a)
Collagen Human Ad** (Morley et al., 2007)
Collagen Rat Ad (Guo and Piacentini, 2003)
Stretch Human Ad* (Tyagi et al., 1998)
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Table 2. Effects of B-AR stimulation on cardiac fibroblast proliferation.

Age: Ad = Adult, Neo = neonatebtimulus: 1ISO = isoproterenol, NA = noradrenaline, CLEN =

clenbuterol $2-AR agonist) Method: Cell counts = haemocytometer or Coulter counter

Thymidine = PH]-thymidine incorporation (DNA synthesis), WST = water btdttetrazolium

assay. Inhibition2 = 2AR-selective antagonigsl = 1AR-selective antagonigtl/2 = non

selectiveBAR antagonist- = not investigated.

Species Age  Stimulus M ethod Inhibition Refer ences
Human Ad ISO Cell counts B2 (notpl) (Turner et al., 2003)
Ad ISO Cell counts - (Turner et al., 2004)
Rat Ad NA Cell counts B1/2,2 (notpl) (Leicht et al., 2000)
Ad NA Cell counts - (Leicht et al., 2003)
Ad NA, ISO Thymidine - (Dubey et al., 2001)
Ad ISO Thymidine - (Kim et al., 2002)
Neo NA Cell counts - (Fisher and Absher, 1995)
Neo NA Thymidine - (Zheng et al., 1998)
Neo NA Thymidine B1/2 (Calderone et al., 1998)
Neo ISO, CLEN Thymidine - (Colombo et al., 2003)
Neo ISO Thymidine B2 (notPpl) (Yin et al., 2003b)
Neo NA WST - (Akiyama-Uchida et al., 2002)
Rabbit Ad NA Thymidine - (Bhambi and Eghbali, 1991)




