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Abstract:

Transforming growth factor � (TGF-�) is a cytokine engaged in a wide range of diverse and often contradictory functions. Its effect

on the cardiovascular system is also ambiguous; on the one hand, there is a strong evidence for so-called ‘protective cytokine

hypothesis’considering TGF-� to be an anti-atherogenic and plaque-stabilizing factor, but on the other hand, TGF-� has been proven

to exert some proinflammatory effects. Moreover, besides the positive aspect of a profibrotic and reparative action of TGF-�, there

are also some disadvantages: TGF-� plays a significant role in postangioplasty restenosis, post-infarction myocardial remodeling

(resulting in the development of heart failure) and in numerous other circulatory disorders where fibrosis and vascular remodeling

takes part in pathology.

The aim of the paper was to review and discuss the unwanted effects of TGF-� in the circulatory system, and to outline the possible

pharmacological strategies to interfere with TGF-�-dependent pathways and prevent these disturbances.
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Introduction

Almost two decades following the pioneering investi-

gations of Ross [36], who proved the inflammatory

nature of atherogenesis, the role of pro- and anti-

inflammatory cytokines in the process has been quite

largely elucidated. Of more than twenty widely stud-

ied interleukins and numerous other cytokines

(growth factors, tumor necrosis factor � – TNF-�,

chemotactic factors, etc.), the most of them occurred

to be highly inducible, and their action was mostly

proinflammatory and proatherogenic. A majority of

them also exert negative effects in other inflammatory

reactions as well as neoplasmatic processes. Some

can already be efficiently inhibited through pharma-

cotherapy (e.g. interleukin-1� or TNF-� antagonists

used in rheumatic disease) and inhibitors of some oth-

ers have been experimentally tested (MCP-1 inhibi-

tors in circulatory disease). However, the nature and

biological function of several cytokines are more

complex, and their involvement in physiological, re-

parative and destructive processes does not allow un-

ambiguous classification of their role in fighting in-

flammation, including atherogenesis and complica-

tions thereof. Transforming growth factor � (TGF-�)

is one of such factors. TGF-� is a cytokine character-

ized by diverse and often contradictory functions. It

plays an important role in physiological (embryonic

development, differentiation, and cell growth), and

�����������	��� 
������ ����� ��� ������� 799

�����������	��� 
�����

����� ��� �������

	

� ��������

��������� � ����

�� 	�������� ��  �!�"!#�$���

 �$��� %#!&�"� �� 
#���#��



pathological processes (inflammation, fibrosis, angio-

genesis, and oncogenesis) [18].

Although initial reports suggested adverse effects

of TGF-� in the cardiovascular system (CVS), more

recent studies emphasize its anti-inflammatory and

anti-atherogenic role. TGF-� influences macrophage

and T-cell activation, as well as proliferation of

smooth muscle cells in the vessel wall [6, 7]. A de-

creased production or activity of this cytokine is be-

lieved to destabilize the plaque. These, as well as nu-

merous experimental data constitute the basis of

David Grainger’s TGF-� protective cytokine hypothe-

sis [14].

Recent experimental and clinical results seem to

support the concept of a protective role of TGF-� in

the circulatory system [8], even though some articles

indicate its proinflammatory features. However, there

has also been another facet to the question: TGF-�

plays a significant role in 1) postangioplasty resteno-

sis, 2) some inherited and acquired fibrosis-related

cardiovascular disorders and 3) post-infarct myocar-

dium remodeling resulting in the development of

heart failure.

Results concerning the atherosclerosis-inhibiting

effect of TGF-� have been perfectly summarized by

the author of protective cytokine hypothesis as well as

in excellent reviews by Bobik [4] and other authors.

The aim of our article was to review and discuss the

unwanted profibrotic effects of TGF-� in the circula-

tory system, particularly in restenosis and post-infarct

myocardium remodeling and to outline the possible

pharmacological options to inhibit TGF-�-dependent

pathways in these disturbances.

TGF-� superfamily – regulation and signaling

When discussing the role of TGF-� in the CVS, what

is often meant is, in fact, only one of its forms:

TGF-�1. However, TGF superfamily consists of nu-

merous proteins including TGF-�2 (expressed mainly

in the nervous system with no expression in CVS),

TGF-�3 (low CVS expression) as well as activine,

and several bone morphogenetic proteins (BMP), in

particular BMP-2, 4, 6 and 7. The key role of TGF-�1

isoform in CVS was confirmed in murine experiments

(mice deprived of the gene were born with severe

CVS anomalies [34]), but also in humans TGF-�1

seems to be the crucial one.

TGF-� is secreted in the form of inactive dimmers

associated with LAP (latency associated protein) and

LTBP1 (latent TGF-� binding protein). Its activation

requires extracellular enzymes such as plasmin, tryp-

sin, urokinase or matrix metalloproteinases. It can

also be activated by thrombospondin. Inhibitors of the

above-mentioned enzymes (such as plasminogen acti-

vator inhibitor, lipoprotein(a) or �-macroglobulin)

cause a decrease in TGF-� activity [5, 15].

TGF-� exerts its effects through membrane ser-

ine/threonine kinase receptors: R1 and R2. TGF-� R3,

a betaglycan engaged in ligand uptake by membrane

receptors, also participates, although indirectly, in sig-

nal transmission [29]. R2 is produced constitutively

and is mostly expressed in healthy tissues. R1 is in-

duced by a variety of pathologies [5, 34] and is actu-

ally a group of receptor types, of which ALK-5 and

ALK-1 seem to play the major role in TGF-�1 signal-

ing [13]. Active TGF-� dimers bind first to constitu-

tively expressed R2, then type 1 receptor is recruited,

forming a complex resulting in R1 phosphorylation.

Since type 1 receptor can be represented either by

ALK-5 or ALK-1, further signaling and its intracellu-

lar results depend on the activated pathway. In endo-

thelial cells (EC), for instance, ALK-5 pathway inhib-

its EC proliferation, while ALK-1 induces responses

opposite to ALK-5. Thus, type 1 receptors are the de-

terminants of downstream signal propagation [32].

Once the receptor complex is activated, it leads to

intracellular Smad activation. Smads are the group of

proteins comprising three subgroups: receptor regu-

lated Smads (Smad2 and 3), inhibitory Smad (Smad7)

and Co-Smads (Smad4). Activation of type I receptor

provokes phosphorylation of receptor-regulated

Smads, which, together with Co-Smad, are trans-

ported into the nucleus to regulate the gene transcrip-

tion. Such effects as collagen production, TIMP (in-

hibitors of metalloproteinases) expression, CTGF

gene expression and more are activated by the Smad-

dependent pathway [42, 43]. There are also Smad-

independent pathways (involving such intracellular

kinases as ERK, MAPK, JNK and others) which par-

ticipate in alternative downstream signal transduction.

Final result of TGF-� action involves stimulation

of expression of genes responsible for fibrosis, angio-

genesis, cell proliferation, differentiation and migra-

tion and apoptosis [34]. The consequence of TGF-�

activation is, however, tissue specific, and ultimately

depends on numerous factors, such as proportion of

R1/R2 receptors, R1 receptor type and intracellular

pathway.
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As can be seen, there are at least four levels of

TGF-� activity regulation: 1) regulation of TGF-� gene

transcription, 2) complex regulation of TGF-� protein

activity, 3) the regulation of TGF-� effect on receptors

and 4) intracellular signaling pathway regulation.

TGF-� in the cardiovascular system: its source

and target cells

In the CVS, TGF-� superfamily members are ex-

pressed mainly in the vessel wall, however, some cir-

culating immune cells are also capable of producing

TGF-�. The most important cell populations able to

produce and respond to TGF-� in CVS are: vascular

smooth muscle cells, endothelial cells, macrophages

and T-cells.

Vascular Smooth Muscle Cells [VSMC] respond to

TGF-� in both Smad-dependent and Smad-indepen-

dent manner. TGF-� inhibits proliferation and activa-

tion of VSMC [21] and attenuates cell differentiation

via promoting transcription of genes encoding SMC

contractile proteins. Moreover, TGF-� enhances col-

lagen synthesis, thereby promoting profibrotic

changes in vasculature [42].

Endothelial Cells [EC]. The effect of TGF-� on

ECs is hugely dependent on the type of receptor 1. As

already mentioned, ALK-1 activation increases prolif-

eration of endothelium, while ALK-5 exerts the oppo-

site effect. TGF-� also down-regulates expression of

such proinflammatory genes as interleukin-6 and

monocyte chemoattractant protein 1.

These findings, together with the above-mentioned

profibrotic effects on VSMC belong to arguments

supporting Grainger’s protective cytokine hypothesis.

Some other TGF-�-dependent processes, e.g. in im-

mune cells (see below) do not allow for an unambigu-

ous statement that this cytokine exerts solely protec-

tive and anti-inflammatory effects.

Monocytes/Macrophages are the good example of

a battlefield of ‘good’ and ‘bad’ actions of TGF-�. On

the one hand, it promotes interleukin 1 and 6 expres-

sion [2, 40], while on the other hand, it attenuates

macrophage activity and foam cell formation, inhibits

cholesterol accumulation [1], promotes NO synthase

degradation and inhibits metalloproteinases [28].

T-lymphocyte activity also appears to be under tight

control of TGF-�. The effects of this cytokine on

T-cells are exerted via TGF-�/ALK-5 pathway and in-

clude inhibition of T-cell activation [12], proliferation

and differentiation [30]. According to Hansson, Rob-

ertson et al. [16, 35] the lack of TGF-� signaling in

T-cells (ApoE k/o mice with T-cells deprived of

TGF-�R2) leads to a considerable augmentation of

atherogenesis (several-fold increase in atherosclerotic

lesion surface area and over 100-fold rise in interferon-�

gene expression). Some of the findings were similar to

those observed by Gojova and coworkers in LDLR –/–

murine model with T-cell deprived of TGF-�R2, who

found that the lack of proper response to TGF-� led to

the development of more vulnerable plaques [10].

What is of importance, the naive T-lyphocytes are

the most responsive to TGF-�. The activated cells ex-

press low amounts of TGF-�R2 and, therefore,

TGF-� has a minor stabilizing effect on them and

rather maintains the state of T-cell low activity than

diminishes the active process.

However, while these data support the hypothesis

of TGF-� anti-inflammatory and anti-atherogenic po-

tential, most recently quite opposite findings are be-

ing reported. In their recent paper published in Na-

ture, Mangan et al. prove that TGF-� promotes differ-

entiation of the novel, highly proinflammatory sub-

population of T-cells producing IL-17 (a lineage

called Th17) [26]. In a light of this theory, Veldhoen

suggests that, paradoxically, TGF-� inhibition in the

site of inflammation should abolish the process due to

limitation of Th17 action [41].

Another important source and target of TGF-� in

the cardiovascular system is myocardial tissue, par-

ticularly under certain conditions (e.g. ischemia). The

mechanism of TGF-� action in ischemic and infarcted

myocardium is described in another part of the article.

TGF-� – the ‘protective’ facet of the cytokine

As stated, the vasoprotective features of TGF-� had

been a subject of numerous excellent and detailed ar-

ticles. The protective role TGF-� in CVS results from

its action on four above-mentioned populations of

cells: ECs, VSMCs, T-cells and monocytes/macro-

phages. Although said to be anti-atherogenic, TGF-�

participates in the formation of fatty streaks by influ-

encing inflammatory cells migration into subintimal

space (see: TGF action on monocytes). In the further

stages of plaque development, however, it seems to

determine the extent and stability of the plaque. These

features are attributable to the described effect on

both vessel wall cells (ECs, VSMCs) and immune

cells (mainly T-cells). As an inhibitor of inflammatory

reaction in ECs and VSMCs, and a stimulant of fibro-
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sis, TGF-� acts as a vasoprotector, and through fi-

brous cap reinforcement is responsible for stabiliza-

tion of atherosclerotic plaques [24, 25]. VSMC re-

sponsiveness to TGF-� plays a crucial role in plaque

stability. It was found that VSMCs from unstable

plaques predominantly express type 1 receptor, while

those from normal vessels express type 2 receptor

[27]. Moreover, fibrofatty plaques present much

weaker TGF-�-induced Smad activation, than more

stable fibrous plaques [20]. Apart from vessel wall

cells, more and more proofs are gathered for impor-

tance of T-lymphocytes in TGF-�-dependent

atherosclerosis-inhibiting action. The inhibition of in-

terferon-�, a highly proinflammatory and plaque de-

stabilizing cytokine, is one of important mechanisms

of TGF-� action on T-cells. As stated above, there are

more data to prove the role of TGF-� signaling in

T-lymphocytes. On the other hand, one should re-

member possible proinflammatory actions of TGF-�

via lymphocytes Th17 lineage activation.

The mechanisms induced by TGF lead to vascular

remodeling and fibrosis and under some circum-

stances can be called reparative but under different

conditions they are in fact the unwanted effects.

Dark side of TGF-�: neointima formation

and postangioplasty restenosis

TGF-� participation in postangioplasty restenosis has

been long recognized. This fact is not surprising, con-

sidering the profibrotic nature of the cytokine. First clini-

cal evidence of TGF-� expression in neointima formation

emerged on the turn of the 1990s [31]; results of animal

experiments had been published before that.

The process of neointima formation mostly depends

on extracellular matrix synthesis, and VSMCs prolif-

eration. TGF-� (released at large amounts by activated

platelets at the site of vascular injury) influences both

processes mainly through type 1 (ALK-5) receptor.

Potential therapeutic options

Since TGF-� was recognized to be a signaling path-

way important in restenosis, the activity of TGF-�-

dependent fibrosis has become a potential target of

therapies designed to prevent the process. The follow-

ing have been used: 1) drugs inhibiting fibrosis, 2)

drugs modifying TGF-� receptor or signaling path-

way activity, and very recently 3) local targeted gene

therapies.

Angiotensin converting enzyme inhibitors (ACE-I)

have been widely applied antifibrotic agents; they will

be presented later on, when discussing fibrosis inhibi-

tion in postinfarct myocardium. Another agent, re-

cently introduced to therapy, is eplenerone – a new

antagonist of aldosterone receptor. Wakabayashi et al.

found in animal experiments that pre-angioplasty ad-

ministration of eplenerone markedly diminished res-

tenosis rate, and reduced collagen and TGF-� gene

expression [44].

Tranilast is a new anti-inflammatory agent widely

tested in the last few years. Its activity against res-

tenosis consists in suppression of TGF-�- and

PDGF-dependent fibrosis [11]. More recent investiga-

tions seem to suggest that the drug might inhibit

a synchronic increase in TGF-�-receptor expression

in a post-intervention vessel [45]. This would prevent

the initiation of reparative processes leading to con-

centric thickening of the intima. Also, hirulog-like

peptides have been reported to inhibit TGF-� expres-

sion and signaling and thereby attenuate restenosis.

Finally, there are several novel pharmacological

strategies that are still being evaluated. One of such is

recently developed ALK-5 antagonist which acting

locally (absorbed onto stents) is expected to prevent res-

tenosis [33]. The other concept is to inhibit signaling at

the downstream part of the pathway: at the level of Smad

proteins. Such approach is also being developed [19].

A new therapeutic concept, presently tested in the

animal experiments, is transfer of TGF-�-inhibiting

genes to the angioplasty site. Kingston et al. demon-

strated the efficacy of TFG-� type II receptor (transgenic

receptor assumes the role of an antagonist) [23], and

TGF-� 3 [22] gene transfer in prevention of restenosis.

TGF-� and postinfarct myocardium remodeling

Considering the improving results of therapy of myo-

cardial infarction, not only acute phase treatment, but

also prevention of postinfarct myocardial dysfunction

have become increasingly important. The latter is as-

sociated with myocardial remodeling in the region af-

fected by acute ischemia, and compensatory changes

in adjacent areas. The process consists in fibrosis (and

subsequent revascularization), and results in ventricu-

lar geometry alterations and subsequently heart fail-

ure. The development of cardiac fibrosis involves

a number of different mechanisms; one of those is the

angiotensin system, whose blocking has been widely

used for prevention of heart failure.
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Alterations in TGF-� signaling have been of im-

portance. However, also in this process, TGF-� has

not been unequivocally shown as “beneficial” or

“harmful”. In postinfarct myocardium, TGF-� expres-

sion increases [39], and its type I receptor is overex-

pressed as well. This activation up-regulates connec-

tive tissue growth factor (CFGF) expression [7], in-

creases matrix protein production, and causes

dysfunction of metalloproteinase system activity

(MMP matrix metalloproteinase inhibition and TIMP

stimulation) [37]. Immediately after an infarct has oc-

curred, the above-mentioned cascade exerts an advan-

tageous effect as it leads to repair of fresh injury, and

should not be inhibited at this stage. Ikeuchi et al. [17]

demonstrated that early TGF-� inhibition, using trans-

genic TGF R2, exacerbated the inflammatory re-

sponse (TGF acts as an anti-inflammatory cytokine),

and resulted in more extensive myocardium injury in-

creasing mortality rates in the group of experimental

animals. However, a prolonged TGF-� system stimu-

lation has negative effects. Its inhibition carries some

potential for prevention of the development of heart

failure. This finds support from the above-mentioned

investigations of Ikeuchi et al., but also from the stud-

ies on ACE inhibitors or angiotensin receptor block-

ers. Youn et al. showed that inhibition of prolonged

TGF-� signaling cascade could not only diminish

postinfarct left ventricle dilatation, but also the level

of TGF-� itself [47]. The effect of angiotensin con-

verting enzyme inhibitors on TGF-� signaling re-

mains under investigations. Chen et al. put forward

a hypothesis suggesting an inhibiting effect of ACE-I

on R3 gene expression; this might explain decreased

R1 stimulation by TGF-�, and, consequently, fibrosis

inhibition by ACE-I [6].

Besides, there are many pharmacological ap-

proaches to prevent profibrotic effect of TGF-� (Tab.

1), most of which have not yet been tested in clinical

conditions. Their action is evaluated in vascular and

other systems and tissues where TGF-� signaling is

disturbed leading to unwanted fibrosis.

Other cardiovascular pathologies involving

TGF-� disturbances

TGF-� gene polymorphism

It has been proven that frequency of some particular

variants of genes encoding cytokines and other factors

involved in atherogenesis correlate with incidence

and severity of the process. TGF-� polymorphism has

been mentioned in a few reports only, and mostly in

the context of acute coronary syndromes [46]. Most

variants of the gene have not been found to correlate

with the severity of coronary disease or other mani-

festation of atherosclerosis [38]. TGF-� polymor-

phism does affect the incidence of post-trans-

plantation coronary artery disease [9]; however, in-

vestigations into the influence of TGF-� polymor-

phism on the risk of heart transplant rejection did not

reveal significance of the genetic factor [3].

Inherited vascular disorders associated with TGF-�
signaling disturbances

Some types of mutations in endoglin or ALK-1 recep-

tor are responsible for a genetic disorder called he-

reditary hemorrhagic teleangiectasia. Another com-

mon genetic defect in TGF-� superfamily entails

a mutation in BMP receptor type II gene, which leads

to primary pulmonary hypertension. The problem of

TGF-� signaling disturbance in these patholologies

has been addressed to in the August issue of Arterio-

scler Thromb Vasc Biol by Bobik [4].

Acquired vascular disorders associated with TGF-�
signaling disturbances

Out of numerous fibrosis-related pathologies in CVS,

an impaired TGF-� signaling was proved in arterial

hypertension, posttransplant vasculopathy, renal fi-

brosis and more. Since TGF-�-related pathomechanism

gains more and more evidence in various fibrotic dis-
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Agent Mechanism of action

Tranilast [see text]

hirulog-like peptides inhibition of TGF-� expression

Ac-SDKP inhibits activation and nuclear
accumulation of Smads

B-type natriuretic peptide prevents R-Smads from migration
to the nucleus

prostacyclin inhibits intracellular kinases required for
CTGF induction

ALK-5 antagonists inhibit TGF-�R1 (ALK-5) phosphorylation

Smad inhibitors inhibit intracellular signaling Smad proteins



eases, one can presume that it will be the potent thera-

peutic target in wide spectrum of vascular disorders.

Summary

TGF-� plays different important roles in the physiol-

ogy of cardiovascular system and pathology thereof.

As an anti-inflammatory and anti-atherogenic cyto-

kine, TGF-� exerts some protective effect; on the

other hand, however, it is a key agent in harmful pro-

cesses, such as injury-induced neointima formation,

postinfarct myocardial remodeling and more. TGF-�

also acts beyond the cardiovascular system, and

again, its role is not unequivocally “beneficial” or

“harmful” (as in neoplastic process where TGF-�

functions as an antioncogenic factor, and promotes

the metastasizing process). Thus, despite the fact that

TGF-� signaling seems to be a perfect target of ther-

apy and numerous strategies are being developed, the

interference with TGF-dependent processes must be

tissue-specific and precisely controlled in time.
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