
Abstract. Transforming growth factor (TGF-β) is a mul-
tifunctional peptide growth factor that has an important 
role in the regulation of cell growth, differentiation, and 
repair in a variety of tissues. In mammals, the cytokine 
has three isoforms, TGF-β1, TGF-β2, and TGF-β3. TGF-
β1 is up-regulated by Ang II and induction of TGF-β1 
causes cardiac fibrosis. The stimulus that triggers the ex-
pression of TGF-β1 may be repeated causing continual 
injury, which is associated with an increase in the activity 
of Ang II in heart tissue. The interplay between Ang II 

and TGF-β1 causes continued activation that may result 
in chronic hypertension and progressive myocardial fi-
brosis, leading to heart failure. The regulation of TGF-
β1 secretion and action involves complex transcriptional 
events. Overproduction of TGF-β1 underlies tissue fibro-
sis. Understanding the actions and signaling transduction 
of TGF-β could lead to the development of therapeutic 
options that may be effective in inhibiting myocardial fi-
brosis triggered by TGF-β1 in heart failure.
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Introduction

Heart failure is a leading cause of disability and death, 
and an important contributor to the cost of health care [1–
4]. Advances in cytokine biology have opened an avenue 
to the understanding of the molecular events underlying 
chronic heart failure. It has become clear that cardiac re-
modeling is attended by cardiac hypertrophy and intersti-
tial fibrosis, leading to the loss of normal cardiac function 
and heart failure [5–7]. This dynamic structural remod-
eling is a milestone in the progression to heart failure 
[8–10]. A pivotal mediator in cardiac remodeling is the 
activation of cytokines in response to myocardial overload 
and injury. Several lines of evidence point to transforming 
growth factor-beta (TGF-β) as a powerful cytokine that 
initiates and terminates tissue repair and sustained pro-

duction underlies the development of myocardial fibrosis 
[11]. Moreover, increased TGF-β1 expression has been 
identified in the myocardium during cardiac hypertrophy 
and heart failure [12–14]. Thus, TGF-β1 expression may 
directly participate in the progressive remodeling process 
in heart failure. This review discusses the biological ac-
tions of TGF-β, focusing its role in the progression of 
heart failure. Understanding the actions of TGF-β1 and 
its signaling transduction could lead to the potential de-
velopment of antifibrotic drug as a therapy in addition to 
conventional treatments in heart failure.

TGF-β isoforms: structure, function and synthesis

Based on structural and biological similarities, the TGF-
β superfamily can be subdivided into four major fami-
lies: the Mullerian inhibitory substance (MIS) family, the 
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inhibin/activin family, the bone morphogenetic protein 
(BMP) family, and the TGF-β family [15]. MIS can in-
duce regression of the Mullerian duct in male embryos 
[16]. The inhibins and activins were originally identified 
by their ability to regulate hormone secretion in pituitary 
cells [17]. BMPs were purified as factors that induce 
ectopic bone formation and they regulate various early 
developmental processes in invertebrates and vertebrates 
[18].
Five distinct members of TGF-β family have been iden-
tified in vertebrates; three structurally and function-
ally similar TGF-β isoforms are expressed in mammals 
(TGF-β1, 2, and 3) [15, 19]. The TGF-β1, TGF-β2, and 
TGF-β3 genes have been mapped by distinct genes on 
chromosomes 19q13.1-q13.3 19, 1q41 [20], and 14q23-
24 [21], respectively. TGF-β is a prototypical, multifunc-
tional peptide growth that was isolated from platelets and 
its characteristic was known just over two decades ago 
[11]. Distinguished initially for their ability to inhibit the 
growth of most epithelial and hematopoietic cells, and to 
regulate the production of extracellular matrix (ECM) by 
mesenchymal cells, these peptides are now known to con-
trol a great diversity of fundamental biological processes 
such as cell growth, differentiation, development, tissue 
repair, and apoptosis [22–24]. Virtually every cell in the 
body, including epithelial, endothelial, hematopoietic, 
neuronal, and connective tissue cells, produces TGF-β 
and has receptors for it. TGF-β1 mRNA is expressed in 
endothelial, hematopoietic, and connective tissue cells. 
Thus, it is the isoform most implicated in tissue fibrosis, 
including the fibrotic disease of the heart, kidney, liver 
and lung [11]. TGF-β2 mRNA is mostly expressed in epi-
thelial and neuronal cell, and TGF-β3 mRNA primarily in 
mesenchymal cells [25].
Loss of function studies with TGF-β family ligands in 
mice has also demonstrated their multifunctional proper-
ties and revealed their important role during embryogene-
sis and in maintaining homeostasis during adult life [26]. 
TGF-β1 knockout animals have over 50% embryonic 
lethality associated with defects in early hematopoiesis 
and vasculature in the yolk sac [27]. Shull et al. [28] have 
shown that animals homozygous for the mutated TGF-
β1 allele have no gross developmental abnormalities, 
but about 20 days after birth they succumb to a wasting 
syndrome accompanied by a multifocal, mixed inflam-
matory cell response and tissue necrosis, leading to or-
gan failure and death. Moreover, Kulkarni et al. [29] have 
demonstrated that TGF-β1 null mice reveal an excessive 
inflammatory response with massive infiltration of lym-
phocytes and macrophages in many organs, but primarily 
in heart and lungs [29]. Mice deficient in the TGF-β2 
gene die around birth and show developmental defects 
in areas including the heart, lung, limbs, spinal column, 
eye, inner ear, and urogenital system [30, 31]. The TGF-
β3 knockout phenotype is characterized by cleft palate 

and delayed pulmonary development [32]. The distinct 
phenotypes of TGF-β1, 2, and 3 knockout mice provide 
evidence that these TGF-β isoforms play distinctive roles 
in embryonic growth and development [24].
In fibrotic diseases of all three isoforms, regions of in-
creased matrix show increased of TGF-β, especially 
the isoform of TGF-β1 [11, 33]. The TGF-β1 encodes a 
390-amino acid precursor molecule that contains a sig-
nal peptide, the active TGF-β1 molecule, and a latency- 
associated peptide (LAP) [34]. After removal of the sig-
nal peptide, the TGF-β1 gene product is proteolytically 
cleaved to form mature TGF-β1 and the latency associ-
ated peptide [35]. Before secretion, TGF-β1 non-cova-
lently associates with LAP to produce an inactive latent 
TGF-β1 complex [36, 37]. TGF-β1 can be released from 
the latent complex, and thereby activated by changes in 
pH, by proteases such as plasmin and cathepsin D, and 
by thrombospondin [38, 39]. Once activated, TGF-β1 is 
capable of binding a cell surface receptor, thereby initiat-
ing an intracellular signaling cascade (Fig. 1).

Molecular mechanism of TGF-β1 signal transduction

The pathway of TGF-β signaling is summarized in Fig-
ure 1. The three isoform of TGF-βs are synthesized as 
precursor protein from TGF-β messenger RNA, which 
are biologically inactive or latent form [15, 40, 41] con-
taining an LAP. Latent TGF-β undergoes activation with 
release of the LAP. TGF-β in turn binds to three high-af-
finity cell surface receptors known as types I, II, and III. 
Type III receptors are the most abundant type. They bind 
to TGF-β and then transfer it to its signaling receptors, the 
type I and II receptors. The expression of the TGF-β re-
ceptors represents another mechanism for regulating the 
activity of  TGF-β activity [15]. Endoglin, another TGF-β 
receptor that is abundant on endothelial cells, contains 
a transmembrane region and a cytoplasmic tail homolo-
gous to the type III receptor.
Intracellular signaling of TGF-β occurs via two recep-
tor serine/threonine kinases, type I and type II recep-
tors. The active form of TGF-β binds to type II recep-
tor, which is followed by the recruitment of the type I 
receptors to form tetrameric complexes with the type II 
receptors [42]. After receptor activation, the signal is 
propagated downstream through the recently identified 
Smad protein family [42, 43]. In the mammalian heart, 
Smads can be divided into three major groups: the recep-
tor-regulated Smads (R-Smads: Smad 1, Smad 2, Smad 
3, Smad 5, and Smad 8), common-mediator Smad (Co-
Smad: Smad 4), and inhibitory Smads (I-Smad: Smad 6 
and Smad 7) [42]. Smads 1, 5, and 8 serve principally 
as substrates for the BMP and anti-Mullerian receptors, 
and Smads 2 and 3 for the TGF-β, activin, and nodal 
receptors [44].
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Activation of the type I receptor results in phosphoryla-
tion of the pathway-restricted R Smads, which then form 
a heteromeric complex with Co-Smad [45]. Co-Smad 
is a common partner for all of the receptor-activated R-
Smads [46]. The R-Smad-Co-Smad complex translocates 
to the nucleus where, either alone or in association with 
a DNA-binding subunit, it activates target genes by bind-
ing to specific promoter elements. TGF-β family mem-
bers induce concentration-dependent responses that may 
be due to activation of promoters with different affini-
ties for Smad-containing transcription factor complexes 
along a concentration gradient of TGF-β [47]. Smad 6 
and Smad 7 function as inhibitors of TGF-β signaling 
by binding to type 1 receptors and interfering with the 
phosphorylation of R-Smads [46, 47], or recruit the ubiq-
uitin ligases Smurf1 (Smad ubiquitination-related factor 
1) and Smurf2 (Smad ubiquitination-related factor 2) to 
induce proteasomal degradation of the receptor com-
plexes [48, 49]. They may have a negative feedback role 
in signal transduction. However, it is in the nucleus that 
the Smad complex binds to target genes as the endpoint 
of the TGF-β signal, and thus the net-R Smad signal to 
the nucleus is an important determinant of the TGF-β 
function [50, 51].

The structure of Smad family consists of two globular 
domains coupled by a linker region (Fig. 2) [24, 44]. 
The N-terminal domain or ‘Mad homology 1’ (MH1) is 
highly conserved in all R Smads and Co-Smad, but not 
in I-Smads. The MH1 domain has DNA-binding activ-
ity. The linker region contains a transcriptional activation 
motif and phosphorylation sites for Smurf, phosphoryla-
tion sites for several classes of protein kinases, and, in 
Smad 4, a nuclear export signal (NES) [44, 52]. C-termi-
nal, or MH2, domain is conserved in all Smad proteins, 
which drives translocation into the nucleus and regulates 
transcription of target genes [24, 53]. TGF-β1 receptor-
mediated phosphorylation of the C-terminal sequence 
SSXS appears to relieve these two domains from a mutu-
ally inhibitory interaction, leading to R-Smad activation. 
Co-Smads lack the SSXS sequence and are therefore not 
phosphorylated by the type 1 receptor. Their interaction 
with R-Smad is primarily mediated by the MH2 domain 
[24, 54].
Once within the nucleus, the R-Smad-Co-Smad complex 
may form specific interactions with nuclear transcription 
factors such as activating protein-1 (AP-1) [24, 52]. Both 
AP-1 and Smads mediate enhanced expression of TGF-β 
responsive genes, such as collagen [55], c-Jun [56], or 
endothelin-1 [57]. These genes have important functions 
in ventricular remodeling or in vascular angiogenesis. 
AP-1/Smads signaling is also involved in the induction 
of apoptosis in TGF-β-stimulated cells. Furthermore, the 
simultaneous activation of AP-1 and Smads after myo-
cardial infarction (MI) may be the trigger for fibrosis and 
apoptosis in the heart [24], suggesting that AP-1/Smads 
signaling plays a central role in deteriorating remodeling 
process in post-infarction heart failure.

Alternative signaling pathways

Recent studies have shown that there is extensive cross-
talk between the TGF-β-Smad pathway and other sig-
naling pathways [24] (Fig. 3). In addition to this Smad 

Figure 1. The activation and signal transduction of TGF-β. Each 
isoform of TGF-β from TGF-β messenger RNA is initially syn-
thesized as a precursor molecule. The latency-associated peptide 
(LAP) is cleaved from TGF-β by proteolytic processing. The dis-
sociation/release of this peptide renders TGF-β biologically active. 
TGF-β binds to the type III receptor, transferring it to its signaling 
receptors, type II receptors. This leads to recruitment of the type I 
receptor. Activation of type II and type I receptors result in phos-
phorylation of Smad 2 and Smad 3. Smad 2 and Smad 3 then form 
a complex with Smad 4. The complex translocates to the nucleus, 
and activates target genes. Smad 6 and 7 block the phosphorylation 
of Smad 2 and Smad 3 (RIII, type III receptor; RII, type II receptor; 
RI, type I receptor).

Figure 2. The structure of the Smad family. The Smad family con-
tain conserved N-terminal and C-terminal domains known as the 
MH1 and MH2 domains, respectively. The globular MH1 and MH2 
are coupled by a linker region (MH1, Mad-homology1; MH1, Mad-
homology 2).
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pathway, the TGF-β1-activated kinase (TAK1) pathway 
is required for TGF-β signal transduction. Upon TGF-β 
stimulation, the TAB1 protein is activated, resulting in its 
binding to the serine/threonine kinase domain of TAK1 
[58]. TAK1 then activates MKK3, MKK6 and MKK4 of 
the MAPKK family. TAK1 activates p38, one member 
of mitogen-activated protein kinase (MAPK) family via 
MKK6/MKK3 [59] and possibly through MKK4. p38 di-
rectly phosphorylates ATF-2, resulting in enhancement of 
the trans-activity capacity of ATF-2 [60]. Thus, the Smad 
and TAK1 pathways synergistically stimulate TGF-β-in-
duced transcription.
In the heart, MAPKs such as extracellular receptor-linked 
kinase (ERK), c-Jun N terminal kinase (JNK), and p38 

are expressed [61–63]. In heart failure of ischemic or 
nonischemic origin, both the sympathetic nervous sys-
tem and the renin-angiotensin system are activated [60, 
64, 65]. Recently, Schulz et al. [61] reported that p38 and 
JNK MAPK phosphorylation are increased, as are p38 
MAPK-α and-β activities, but the ERK MAPK phos-
phorylation remains unaltered in the model of pacing-
induced heart failure in rabbits. Using the same animal 
model, Qin et al. [66] showed that MAPK activation oc-
curred at the early stage of heart failure. Furthermore, 
Haq et al. [67] reported that all three MAPKs (ERK, 
JNK and p38) were activated in patients with advanced 
heart failure, irrespective of ischemic or idiopathic car-
diomyopathy. More recently, Matsumoto-Ida et al. [68] 
have shown that TGF-β–TAK1–MKK3/6-p38 MAPK 
pathways in the cardiomyocytes of non-infarcted spared 
myocardium are activated after acute MI, and may play a 
role in ventricular hypertrophy and post-MI remodeling 
in rats. Using a post-MI rat model, See et al. [69] dem-
onstrated that p38 MAPK inhibitor had beneficial effects 
on left ventricular (LV) remodeling and dysfunction after 
MI. These findings demonstrate that p38 MAPK plays a 
role in mediating TGF-β1 induced myofibroblast activa-
tion, and may contribute directly to cardiac remodeling 
and fibrosis in post-MI.

TGF-β1 as pathological mediator of heart failure

TGF-β1 has numerous actions on the ECM [13]. It acts 
on cells to induce the deposition of ECM by simultane-
ously stimulating cells to increase several fold the syn-
thesis of most matrix proteins, decreasing the production 
of matrix degrading proteolytic enzyme, increasing the 
production of inhibitors of these proteases, and modulat-
ing the expression of integrins in a manner that increases 
cellular adhesions to the matrix [11, 17]. As a result, this 
powerful fibrogenic cytokine is increasingly recognized 
as an important growth factor in mediating myocardial 
fibrosis (Fig. 4).
In the heart, TGF-β is induced by injury [70], pressure 
overload [71], angiotensin II (Ang II) infusion [72], nor-
epinephrine infusion [73], and inhibition of nitric ox-
ide (NO) [74], during which concomitant expression of 
collagen and fibronectin is observed [71, 72]. TGF-β1 
is present in both cardiomyocytes and myocardial fibro-
blasts [75, 76], and has been implicated in cardiomyo-
cyte growth [77], fibrosis [74, 78–82] and re-expression 
of the fetal isoforms of myofibrillar protein genes [82, 
83], all characteristic of cardiac remodeling. In a recent 
study, Shultz et al. [84] have shown that TGF-β1 has a 
direct action on cardiac remodeling response of the heart 
to Ang II.
Cardiac hypertrophy induced by pressure overload is 
accompanied by increases in the deposition of ECM 

Figure 3. Schematic representation of cross-talk between TGF-β-
Smad signaling pathway and the MAPK signaling cascades. Upon 
binding of TGF-β to the type II receptor, the TGF-β-bound type 
II receptor forms a heteromeric complex with the type I receptor, 
resulting in the activation of the latter’s serine/threonine kinase ac-
tivity. The activated type I receptor then phosphorylates the bound 
Smad 3 or Smad 2 protein, which results in its release from the type 
I receptor. The released Smad 2 or 3 forms a hetero-oligomer and 
moves to the nucleus. This hetero-oligomer directly binds to ATF-2, 
resulting in enhanced ATF-2 activity. In addition to this Smad path-
way, the TAK1 pathway is required for TGF-β signal transduction. 
Upon TGF-β stimulation, the TAB1 protein is activated, resulting 
in its binding to the serine/threonine kinase domain of TAK1. The 
TAK1 activates MKK3, MKK6 and MKK4 of the MAPKK fam-
ily. TAK1 activates p38, one member of MAPK family via MKK6/
MKK3 and possibly through MKK4. p38 directly phosphorylates 
ATF-2, resulting in enhancement of the trans-activity capacity of 
ATF-2 (ATF, activating transcription factor; TAK, TGF-β activated 
kinase; TAB, TAK1-binding protein; MAPK, mitogen-activated 
protein kinase; MAPKK, mitogen-activated protein kinase kinase; 
RII, type II receptor; RI, type 1 receptor).
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proteins [84]. Villarrel et al. [77] showed that elevated 
TGF-β1 levels increased contractile protein synthesis in 
cultured adult rat cardiomyocytes and ECM production 
in cultured myocardial fibroblasts. Animal studies sug-
gest that hypertrophic stimuli (pressure overload or nor-
epinephrine) increase TGF-β1 gene expression in hyper-
trophic myocardium [85, 86]. Using the transgenic mice, 
Rosenkranz et al. [87] demonstrated that TGF-β1 induced 
cardiac hypertrophy and enhanced β-adrenergic signaling 
in vivo. Thus, these data support the view that TGF-beta 
1, released by myocytes and acting in an autocrine and/or 
paracrine manner, is involved in myocardial remodeling 
by hypertrophic stimuli.
TGF-β1 may be important in dilated cardiomyopathy in 
which there is an overall increase in intramyocardial fi-
brillar collagen. Pauschinger et al. [88] presented results 
of 30 patients with dilated cardiomyopathy suggesting 
that the gene expression of collagen type I and collagen 
type III correlated with the gene expression of TGF-β1 
in myocardial biopsy specimens. Sanderson et al. [89] 
demonstrated that in patients with idiopathic dilated car-
diomyopathy increased macrophage gene expression for 
TGF-β1 associated with increased circulating concentra-
tions of TGF-β1. Moreover, Li et al. [90] have shown that 
gene expression of TGF-β1 is enhanced in patients with 
idiopathic hypertrophic cardiomyopathy, and may be as-
sociated with its development.
MI is a common etiology for the development of heart 
failure [91, 92]. After MI, the myocardium undergoes a 
repair process involving scar formation at the site of in-
jury that includes fibroblast and myofibroblast and con-
comitant deposition of ECM proteins [14, 93]. Cardiac 
fibrosis also occurs in non-infarcted segments of myo-
cardium. Further expansion of the ECM impairs diastolic 
stiffness and compromises systolic mechanics, contribut-
ing to subsequent cardiac hypertrophy and heart failure 
[5, 6] (Fig. 3). In this regard, the expression of TGF-β1 
and up-regulated TGF-β1 receptor expression [94] in the 
myocardium are the powerful synthesis of collagen.

Stimuli for TGF-β1 expression in heart failure

Ang II and TGF-β1 play an important role in progres-
sive cardiac fibrosis during cardiac hypertrophy and heart 
failure [13, 14]. In this respect, Ang II stimulates cardio-
myocyte hypertrophy by paracrine release of TGF-β1 via 
AT1 receptor binding in neonatal cell culture model [95, 
96] and in vivo (Ang II infusion) study [97]. Ang II in-
creased TGF-β1 expression in cardiac fibroblasts, which 
may act as an autocrine/paracrine stimulus for collagen 
formation. Type I and III collagens are the major fibrillar 
collagens produced by fibroblasts in the adult heart [30], 
and appear to account for most of the myocardial fibrosis 
following injury [97]. Fibrillar collagen of the heart pro-

vides the structural scaffolding for cardiomyocytes and 
coronary vessels and imparts cardiac tissue with physical 
properties that include stiffness and resistance to defor-
mation [98].
Recently, a major advance in understanding TGF-β1 
post-receptor signaling is the identification of Smad pro-
teins as effector proteins. Hao et al. [99] found that acti-
vation of TGF-β1 and the increased expression of novel 
downstream Smad 2 and Smad 4 signaling proteins in 
infarct scar and remnant myocardium occurred during 
the chronic phase of MI, and angiotensin was shown to 

Figure 4. Potential mechanisms that are involved in the develop-
ment of heart failure. The TGF-β1 gene and endoglin are up-regu-
lated in response to myocardial overload and injury. Cytokine TGF-
β1 may induce the synthesis and deposition of ECM and contribute 
to structural cardiac remodeling involving cardiomyocyte hypertro-
phy and myocardial fibrosis. This in turn contributes to negatively 
contractility that ultimately leads to heart failure.
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elevate Smad 2 expression. This study suggests the cross-
talk between angiotensin and Smad signaling is associ-
ated with fibrotic events in post-MI heart failure.
TGF-β1 modulates tissue fibrosis by direct effects on fi-
broblast function [98]. This powerful fibrogenic cytokine 
has been demonstrated to mediate myocardial fibrotic re-
sponse in various models of progressive cardiac remod-
eling [100]. Cardiac remodeling denotes alterations in 
the structural components of the myocardium, involving 
both myocyte and non-myocyte components, a process 
which underlies progressive heart failure [101]. In a re-
cent study, Chen et al. [102] showed that endoglin, a type 
III TGF-β1 receptor, was expressed in cardiac fibroblasts, 
and that it was up-regulated by Ang II via AT1 receptor. 
Endoglin was demonstrated as a potent mediator of pro-
fibrotic effects of Ang II on cardiac fibroblast in addition 
to TGF-β1 [102]. Another member of TGF-β superfam-
ily, acitivin A, may also be up-regulated by Ang II dur-
ing clinical and experimental heart failure, and induces 
myocardial remodeling after MI, suggesting a pathogenic 
role of this cytokine in the development of heart failure 
[103].
Given that fibrosis can be considered as resulting from a 
failure to suppress the normal wound healing response, 
clues as to how fibrosis develops might emerge from the 
identification of ways that mammals have of suppress-
ing the normal wound healing process. After MI in a rat 
model, expression of tumor necrosis factor-alpha (TNF-
α), interleukin-1 beta (IL-1β), IL-6, TGF-β1, and TGF-β3 
are increased maximally by approximately 2-fold at about 
1 week after MI [102]. TNF-α can independently induce 
AT1 receptor up-regulation, enhancing Ang II-mediated 
effects in favor of fibrosis [104]. In rodent models of MI, 
within the first hours to 1 day, there are robust up-regula-
tions of intramyocardial cytokines including TNF-α, IL-1 
β, and IL-6 mRNA expression in the infarct area (up to 
50-fold), as well as in the non-infarct area (up to 15-fold) 
[105–107]. This robust up-regulation may turn to base-
line level if the infarct is small. However, if the infarction 
is large, or if the host’s inflammatory response is exuber-
ant, there can be either sustained cytokine up-regulation 
or a second wave of cytokine up-regulation, mediating 
important chronic remodeling phase. The elevation in 
cytokine expression precedes the consequent increase in 
local matrix metalloprotein (MMP) activity (e.g. MMP-2 
and -9) in the infarct area and collagen expression in the 
non-infarcted myocardium [105, 107].
TGF-β induces the surviving cells to produce ECM and 
additional TGF-β. Furthermore, expression of all three 
isoforms are detected in many different cell types during 
repair, with each isoform having a characteristic distribu-
tion in the wound tissue [108]. In most studies, a rapid 
induction of TGF-β1 and TGF-β2 was observed, whereas 
an increase in TGF-β3 expression was seen at the later 
stages of repair [107, 108]. In addition to the TGF-β li-

gands, the type I and type II TGF-β receptors are pres-
ent in various cell types within the endothelium at the 
wound edge [109]. Collectively, these findings strongly 
suggest that TGF-β plays a critical role during the healing 
process after MI and repeated tissue injury. A defect in 
TGF-β regulation, or both lead to the continuous produc-
tion of TGF-β and ECM, resulting in myocardial fibrosis 
through vicious cycle [11, 110] (Fig. 4).

Mechanisms of TGF-β1 and Ang II interaction

The causal link between Ang II and TGF-β1 in cardiac 
hypertrophy and fibrosis has been recently proven [84]. 
The lack of the TGF-β1 gene fully prevented the develop-
ment of cardiac hypertrophy and dysfunction, induced by 
suppressor doses of Ang II, that were observed in wild-
type mice [111]. Wenzel et al. [112] have shown that the 
intracellular signaling events that are required for the 
Ang II-dependent up-regulation of TGF-β1 mRNA in 
adult cardiomyocytes is mediated by NAD(P)H oxidase, 
and subsequent activation of protein kinase C (PKC), p 
38-MAP kinase, and nuclear AP-1 (Fig. 5). Ang II-stimu-
lated up-regulation of TGF-β1 mRNA was also shown in 
fibroblasts, in which it depends on transactivation of the 
epidermal growth factor receptor and ERK activation by 
Ang II. Recent studies have shown that the downstream 
mediators of cardiac Ang II and TGF-β1 interaction may 
include Smad protein, TAK1, and induction of hypertro-
phic responsiveness to β-adrenergic stimulation in car-
diac myocytes [111].

Interactions of TGF-β1 with other growth factors

Connective tissue growth factor. Connective tissue 
growth factor (CTGF) is a novel and potent profibrotic 
factor, a cysteine-rich protein induced by TGF‑β1 in con-
nective tissue cell [113], but not in epithelial cells [114, 
115]. CTGF is implicated in fibroblast proliferation, cel-
lular adhesion, angiogenesis, and ECM synthesis [114, 
116]. The regulation of CTGF appears to be controlled 
primarily at the level of transcription, and a brief expo-
sure of fibroblasts to TGF-β is sufficient to induce a pro-
longed high level of CTGF expression. TGF-β directly 
induces CTGF promoter activity in fibroblasts [116, 
117], strongly suggesting that CTGF gene expression 
may function as a downstream mediator of TGF-β ac-
tion on fibroblast [118]. Both TGF-β and CTGF mRNA 
are overexpressed in numerous fibrotic disorders in rat 
model with post-infarction heart failure and in patients 
with cardiac ischemia, and occur in the active phase of 
matrix synthesis during wound repair [119]. This cor-
related with concomitant increases in fibronectin, and 
type I and type III collagen mRNA levels [120]. Thus, it 
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is conceivable that pharmacological inhibition of TGF-
β stimulation of CTGF expression may be an effective 
therapeutic approach to a variety of undesirable fibrotic 
reactions [120]. Furthermore, using a wound model of 
fibrosis in rats, Duncan et al. [118] showed that block-
ade of CTGF action with neutralizing antibodies, or in-
hibition of CTGF synthesis by gene repression, signifi-
cantly reduced fibroblast collagen synthesis induced by 
TGF-β. Whether inhibition of CTGF synthesis induced 
by TGF-β is essential in all fibroblasts, such as cardiac 
fibroblast, by CTGF-dependent pathways remains to be 
investigated.

Hepatocyte growth factor. Hepatocyte growth factor 
(HGF), originally identified and cloned as a potent mito-
gen for hepatocytes, regulates cell growth, cell motility, 
and morphogenesis of various types of cells [121, 122]. 
It is a unique growth factor for preventing fibrosis [123], 
because previous studies showed that administration of 
human recombinant HGF (rHGF) prevented and/or re-
gressed fibrosis in liver and pulmonary injury models 
[124–127]. Furthermore, Taniyama et al. [123] demon-
strated that there was a marked reduction of local HGF 
mRNA and concentration in the myocardium of cardio-
myopathic hamsters, and blockade of Ang II significantly 
stimulated local HGF expression and production, accom-
panied by inhibition of myocardial fibrosis, because HGF 
stimulated the degradation pathway of ECM and inhib-
ited the collagen synthetic pathway.
Transduction with the HGF gene also suppresses the in-
crease of TGF-β1. Recently, Nakamura et al. [126] have 
shown that HGF is down-regulated in late-stage of dis-

ease in cardiomyopathic hamsters, which is related to 
severe cardiac dysfunction and fibrosis, accompanied by 
increases in myocardial expression of TGF-β1. Using the 
hypertrophied heart model of spontaneously hypertensive 
rats, Nakano et al. [127] showed that there were nega-
tive regulation of HGF by Ang II and TGF-β. Thus, the 
down-regulation of TGF-β1 by exogenous HGF may lead 
to therapeutic benefits in case of dilated cardiomyopathic 
hamster [126] and experimental models of post-infarc-
tion heart failure [128, 129].

Potential mechanisms for slowing progression of 
heart failure via regulating TGF-β

Each of the steps of synthesis, activation, and signaling 
of TGF-β represents a potential mechanism for regulat-
ing the activity of TGF-β (Figs 1, 3). While these mecha-
nisms are primarily important for physiological regula-
tion of TGF-β activity, there is increasing attention in 
using them to block overexpression of TGF-β-mediated 
tissue response to fibrogenic stimuli [11, 47].
Attempts to block the effects of excessive TGF-β activity 
have involved the use of neutralizing antibodies and natu-
ral TGF-β inhibitors (e.g. decorin), both of which inhibit 
TGF-β binding to its receptors. TGF-β1 knockout mice 
showed no hypertrophic responses to suppressor doses of 
Ang II [77].
Changes in Smad expression have been associated with 
heart diseases; for instance, the levels of Smad 2 and 
Smad 4 are up-regulated in scar tissue after MI [14]. This 
effect is attenuated by AT1 receptor blocker, suggesting 

Figure 5. Intracellular signal pathways of Ang II-induced TGF-β1 expression and the mechanism of Ang II and TGF-β1 interaction. Ang 
II induces the expression of TGF-β1 in adult ventricular cardiomyocytes via intracellular signaling transduction. The increased Ang II-in-
duced TGF-β1 expression in cardiomyocytes and cardiac fibroblasts stimulates myocyte hypertrophy and cardiac fibrosis. The consequence 
of cardiac remodeling leads to heart failure (AT1R, angiotensin type 1 receptor; NAD(P)H, nicotinamide-adenine dinucleotide phosphate; 
PKC, protein kinase C; AP-1, nuclear activating protein-1, TβR, TGF-β receptor; βAR, β-adrenergic receptor).
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the presence of cross-talk between Ang II and Smad sig-
naling [130].
In a recent study, Yndestad et al. [103] have shown that 
level of activin A, a member of the TGF-β superfamily, 
is significantly elevated in patients with heart failure, 
suggesting the involvement of this cytokine in the patho-
genesis of heart failure. Moreover, Li et al. [90] have 
demonstrated that cardiac TGF-β1 mRNA and protein 
are increased in samples obtained from patients with hy-
pertrophic cardiomyopathy or aortic stenosis.

The TGF-β expression as a new target for therapy in 
progression of heart failure?

Several forms of antifibrotic therapy have recently 
emerged as possible new and promising treatment mo-
dalities in heart failure models in addition to conventional 
cardiovascular treatment regimens (Table 1).

Tranilast. Given the central role of TGF-β1 in myocar-
dial fibrosis, as one of the hallmarks of myocardial re-
modeling in progression of heart failure [131], therapeu-
tic modulation targeting this growth factor has received 
much attention. Ikeda et al. [132] demonstrated the in-
hibitory effect of tranilast on TGF-β-mediated collagen 
formation in an in vitro study. Recently, Pinto et al. [133] 
reported the effect of tranilast on reduction of TGF-β1 
mRNA, suggesting the attenuation of myocardial fibrosis 
and improvement in survival in a hypertensive rat model. 
However, reduction in the expression of TGF-β1 did not 
prevent impairment of left ventricular function.

Anti-TGF-β1 neutralizing antibody. Using anti-TGF-
β1 neutralizing antibody (NAbs), Koyanagi et al. [74] 
demonstrated the beneficial effects of this drug to prevent 
the infiltration of monocytes and myofibroblast forma-
tion in the heart and vessels of the rat model with chronic 
inhibition of NO synthesis. Tomita et al. [40] have shown 
that NAbs prevented an increase in the mRNA levels of 
ECM protein. Another study documented that anti-TGF-
β1 antibody prevented myocardial fibrosis and diastolic 
dysfunction in pressure-overloaded rat, which may pre-
vent further progression of heart failure and death [71].

Although there are only few published studies with tra-
nilast and NAbs, and these are limited to experimental 
conditions, their consistent therapeutic successes make 
clear the enormous clinical potential associated with de-
creasing the action of TGF-β1 in vivo.

Endoglin antibody. Endoglin, a TGF-β binding protein 
[134], modulates the function of TGF-β1 [135]. Recent 
reports have shown that endoglin is expressed in stromal 
tissues, and may modulate fibrosis in progressive renal 
disease, scleroderma, and post-therapy breast fibrosis 
[134–136]. Moreover, Chen et al. [102] have shown that 
endoglin is expressed in cultured cardiac fibroblasts and 
mediates cardiac fibrosis via AT1 receptor. Beneficial ef-
fects of endoglin antibody have been suggested through 
decreasing the expression of type I collagen protein and 
increasing collagen degrading enzyme MMP-1 in an in 
vitro study [104]. Thus, endoglin antibody may provide a 
potential therapy for Ang II-induced TGF-β1 by modulat-
ing cardiac fibroblast function. However, further data are 
needed to identify more precisely the role of endoglin in 
post-infarction heart failure.

Soluble TGF-β type II receptor. Soluble TGF-β type II 
receptor (sTβRII) inhibits the action of TGF-β, most likely 
by adsorbing TGF-β or by acting as a dominant negative 
receptor [137]. Using a mouse model of coronary liga-
tion, Okada et al. [138] have recently shown that inhibi-
tion of circulating TGF-β1 through adenoviral-mediated 
overexpression of sTβRII attenuated post-MI fibrosis and 
infarct wall thinning, and decreased ventricular chamber 
dilation, improving post-infarct contractile function and 
mortality. Treatment with adenovirus expressing sTβRII 
at 3 days post-infarct resulted in a beneficial remodeling 
response, whereas treatment initiated at 4 weeks was in-
effective. Such observations indicate that TGF-β1 may be 
protective at the time of myocardial ischemia, although 
deleterious soon thereafter because of acute remodeling 
[139].

TGF-β antisense oligonucleotides. As the complexities 
of TGF-β regulation are unraveled, manipulation of its 
regulation may lead to decreased production of TGF-β 
[11]. Inhibition of gene expression by antisense oligo-
deoxynucleotides relies on their ability to bind comple-
mentary mRNA sequences and prevent translation [140, 
141]. Using the TGF-β-producing C3H/He-MBT-2 mu-
rine bladder tumor model, Tsai et al. [142] demonstrated 
that reducing the secretion of TGF-β1 on tumor cells 
by TGF-β1 antisense oligonucleotide could inhibit their 
in vitro growth and in vivo tumor formation, suggesting 
that this approach can be a potentially useful strategy to 
abolish the adverse immunosuppression effect of TGF-
β1-producing autologous tumor vaccine. Furthermore, 
Ihn et al. [143] showed that the blockade of TGF β sig-

Table 1. Antifibrotic treatment in progression of heart failure: 
potential treatment modalities.

Agent References

Tranilast [132, 133]
Anti-TGF-β1 neutralizing antibody 
  (NAbs)

[40, 71, 74 ]

Endoglin antibody [102]
Soluble TGF-β type II receptor [138]
Anti-sense oligonucleotides [140, 141]
Pirfenidone [145–147]
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naling with a TGF-β1 antisense oligonucleotide abol-
ished the increased mRNA expression in scleroderma 
fibroblasts.
Recent studies in humans and experimental models 
have shown increased myocardial TGF-β expression 
during cardiac hypertrophy and fibrosis [40, 77]. Anti-
sense technologies can be expected to be widely used 
for studies of genes with unknown function, for target 
validation in drug development and finally, of course, for 
therapeutic purpose [144]. Thus, using TGF-β antisense 
oligonucleotides is another possibility to prevent cardiac 
fibrosis.

Pirfenidone. Pirfenidone, an antifibrotic agent, is known 
to inhibit progression of fibrosis in animal models and 
idiopathic pulmonary fibrosis patients [145–147]. More-
over, Iyer and coworkers [148] demonstrated that treat-
ment with pirfenidone suppresses the bleomycin-induced 
increases in the TGF-β levels of the bleomycin hamster 
model of lung fibrosis. This effect finally led to a reduc-
tion in the synthesis and deposition of collagen in the 
lung of hamsters. However, whether the beneficial effects 
of pirfenidone would also apply to cardiac fibrosis needs 
further investigation.

Conclusions

Experimental and clinical studies have conclusively 
demonstrated that TGF-β plays a critical role in the pro-
gression of cardiac remodeling, a key determinant of 
the clinical course of heart failure. TGF-β1 is expressed 
in MI, pressure-overload, cardiomyopathies, and with 
Ang II and norepinephrine infusions. Ang II induces the 
expression of TGF-β1 in cardiomyocytes and fibroblasts. 
Increased expression of TGF-β1 results in increased pro-
duction and decreased degradation of extracellular col-
lagen matrix, and play a key role in mediating cardiac hy-
pertrophy and fibrosis. Antagonists of TGF-β1 may play 
an important role in preventing progression of cardiac 
remodeling in heart failure. However, TGF-β signaling 
involves extensive cross-talk with other signaling path-
ways. The complexity of these interactions is only begin-
ning to be defined. These interacting pathways may lead 
to more specific agents designed to inhibit myocardial 
fibrosis triggered by TGF-β1 in the progression of heart 
failure. A number of possible therapeutic approaches for 
decreasing the action of TGF-β1 have been suggested, 
such as tranilast, NAbs, endoglin antibody, soluble TGF-
β type II receptor, TGF-β antisense oligonucleotide, and 
pirfenidone. Whether any of these approaches will yield 
an affective antifibrotic drug is unknown. However, un-
derstanding that TGF-β1 is a key factor in myocardial fi-
brosis offers a target for new therapy in the progression 
of heart failure.
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