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Abstract

Transforming growth factor-β (TGF-β) participates in the pathogenesis of multiple cardiovascular diseases, including hypertension,
restenosis, atherosclerosis, cardiac hypertrophy and heart failure. TGF-β exerts pleiotropic effects on cardiovascular cells, regulating cell
growth, fibrosis and inflammation. TGF-β has long been believed to be the most important extracellular matrix regulator. We review the
complex mechanisms involved in TGF-β-mediated vascular fibrosis that includes the Smad signaling pathway, activation of protein kinases
and crosstalk between these pathways. TGF-β blockade diminishes fibrosis in experimental models, however better antifibrotic targets are
needed for an effective therapy in human fibrotic diseases. A good candidate is connective tissue growth factor (CTGF), a downstream
mediator of TGF-β-induced fibrosis. Among the different factors involved in vascular fibrosis, Angiotensin II (AngII) has special interest.
AngII can activate the Smad pathway independent of TGF-β and shares with TGF-β many intracellular signals implicated in fibrosis.
Blockers of AngII have demonstrated beneficial effects on many cardiovascular diseases and are now one of the best options to block TGF-β
fibrotic responses. A better knowledge of the intracellular signals of TGF-β can provide novel therapeutic approaches for fibrotic diseases.
© 2007 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
le/7
4/2/196/2
Keywords: Angiotensin; Fibrosis; Smooth muscle; MAPK kinases; Signal transduction
83962 by guest on 16 August 2022
1. Introduction

Transforming growth factor-β (TGF-β) superfamily
consists of more than 40 members including TGF-β,
activins, inhibins, growth differentiation factors and bone
morphogenetic proteins (BMPs). All members of this family
share common sequence elements and structural motifs.
They are multifunctional regulators of cell division,
differentiation, migration, adhesion, organization and
death, promoting extracellular matrix (ECM) production,
tissue homeostasis and embryogenesis [1–3].

Among these proteins, TGF-β has a crucial role in tissue
homeostasis and the disruption of the TGF-β pathway has
been implicated in many human diseases, including cancer,
autoimmune, fibrotic, and cardiovascular diseases (Fig. 1).
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Three different TGF-β isoforms have been described,
TGF-β1, TGF-β2 and TGF-β3. TGF-β1 is the most
important isoform for the cardiovascular system, and is
present in endothelial cells, vascular smooth muscle cells
(VSMC), myofibroblasts, macrophages and other hemato-
poietic cells [4]. TGF-β synthesis is a complex process (Fig.
2), extensively reviewed elsewhere [4]. TGF-β is synthe-
sized as an inactive protein, named latent TGF-β, that
consists of a main region and a latency associated peptide
(LAP). This protein interacts with the latent TGF-β binding
proteins (LTBP) and is anchored in the ECM. TGF-β is
activated by proteolytic cleavage, thrombospondin-1 (Tsp-
1), plasmin, acidic microenvironments, matrix metallopro-
teinases (MMP-2 and -9), and β6 integrin [4–6]. Several
factors involved in cardiovascular damage regulate TGF-β
synthesis and activation (Fig. 2). In VSMC, angiotensin II
(AngII) stimulates TGF-β mRNA expression and promotes
its conversion to the biologically active form [7]. AngII
enhances TGF-β expression by transcriptional and posttran-
scriptional dependent mechanisms. In vitro studies have
ed by Elsevier B.V. All rights reserved.
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Fig. 1. TGF-β participates in many human diseases, including cancer, autoimmune diseases and fibrotic disorders as well as cardiovascular diseases. TGF-β
regulates cellular responses in a positive or negative way. For example, the anti-inflammatory properties of TGF-β are beneficial in atherosclerosis, while the
profibrotic effects contribute to fibrosis in hypertension and cardiac damage. For more details see text.
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shown that AngII, through PKC and p38 MAPK-dependent
pathways, activates the binding of nuclear proteins to the
binding site of the activator protein-1 (AP-1) of the TGF-β1
promoter and stimulates transcriptional activity [8]. In
VSMC MMP-2 enhances active TGF-β1. Active TGF-β,
its receptors and receptor-mediated signaling are increased
within the aortic wall with aging [9]. In mesangial cells
oxidized low-density lipoprotein increases TGF-β and
induces Smad-mediated activation of plasminogen activator
inhibitor-1 (PAI-1) transcription [10]. Some of these agents
can also enhance the concentration of the TGF-β1 protein by
additional mechanisms. AngII and endothelin-1 stimulate
Tsp-1 that, in turn, leads to an increased release of active
TGF-β1 from the inactive latent complex [5].

The intensive research in the TGF-β field in the last years
has provided important information about the complexity of
TGF-β signaling pathways that lead to the many different
responses, as reviewed by Massague et al. [1]. In the present
paper, we discuss the importance of TGF-β in cardiovascular
pathology, describing the signaling systems and the interac-
tions involved in cellular responses.

2. TGF-β in cardiovascular pathology

TGF-β participates in the pathogenesis of many cardio-
vascular diseases, including hypertension, restenosis, ath-
erosclerosis, cardiac hypertrophy, and heart failure (Fig. 1).
TGF-β exerts pleiotropic effects on cardiovascular cells.
This growth factor can regulate in a positive or negative way
systems involved in cell proliferation, apoptosis, differenti-
ation and migration. In cultured VSMC, TGF-β has a dual
effect on cell growth. At low concentrations (b0.1 ng/ml)
TGF-β is growth promoting, while at higher concentrations
it is growth inhibiting, probably due to modulation of PDGF-
A and PDGF-B receptor levels [11]. The complexity of TGF-
β growth effects is enlarged when combinations of growth
factors are examined (e.g., AngII). Gibbons and colleagues
[6] observed that when TGF-β was blocked AngII
stimulated DNA synthesis and cell division of VSMC from
normotensive rats, suggesting that AngII stimulates hyper-
plasia when PDGF-A is the dominantly expressed growth
factor, whereas AngII stimulates cell hypertrophy when
TGF-β is dominantly expressed.

The regulation of differentiation and cell growth in
VSMC is critical to prevent proliferation associated with
vascular damage. Under normal conditions VSMC in the
arterial wall exhibit a contractile phenotype. However,
VSMC retain the ability to de-differentiate into a prolifer-
ative phenotype, which is involved in vascular diseases, such
as atherosclerosis and restenosis. Increased TGF-β in the
arterial wall has been associated with neointima formation in
chronically rejecting renal allografts [12]. In experimental



Fig. 2. TGF-β synthesis and signalling system. Several factors involved in cardiovascular damage (Angiotensin II, mechanical stress and high glucose) increase
TGF-β mRNA expression and protein production. TGF-β is produced as a latent protein that is activated by TSP-1 and plasmin, among others. Active TGF-β
binds to its receptors and activates the Smad pathway, which regulates the transcription of several genes involved in fibrosis, including CTGF. Besides direct
activation of Smad by TGF-β, other factors can activate Smad pathway independently of TGF-β. TGF-β also elicits other intracellular signals. For more details
see text.
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models targeting TGF-β prevents neointima formation and
the constrictive remodeling associated with angioplasty [13].

Other important characteristics of TGF-β are its anti-
inflammatory and profibrotic properties. In atherosclerosis
TGF-β has been considered as a “protective cytokine” [14]
as it plays an important role in maintaining normal vessel
wall structure and controls the balance between inflamma-
tion and ECM deposition. The loss of this protective effect,
attributed to changes in TGF-β receptor profiles and
modulated by local levels of TGF-β, contributes to the
development of atherosclerosis. Studies done by Graiger et al
support this hypothesis [14]. In the normal vessel, type II
receptor is the most abundant. TGF-β through this receptor
increases contractile protein expression, but not ECM
production. In the diseased vessel, type I receptor is
upregulated, and then TGF-β stimulates ECM production
and could promote early fatty streak lesion formation [14]. In
experimental models the lack of TGF-β1 signaling promotes
the development of atherosclerotic lesions and unstable
plaques. TGF-β has protective anti-inflammatory properties
due to its immunomodulating effects on cells important in
atherosclerotic lesion formation, including endothelial cells,
VSMC, macrophages, and T cells. Finally, TGF-β can
stimulate VSMC to produce collagen, therefore contributing
to plaque stabilization. The role of TGF-β in atherosclerosis
is extensively reviewed in this issue [15].

In contrast, cardiac fibrosis is thought to be partially
mediated by TGF-β1, a potent stimulator of collagen-
producing cardiac fibroblasts [16,17]. TGF-β participates in
a multitude of heart diseases, including dilated and
hypertrophic cardiomyopathies, post-infarction myocardial
remodeling, valvular diseases and arrhythmias [16,17].

Hypertension causes structural changes in the arteries,
including hypertrophy of VSMC, collagen and fibronectin
accumulation, and destruction of elastic fibers. ECM
overproduction has been attributed to hemodynamic changes
associated with mechanical stress as well as to growth
factors, such as TGF-β. Recent evidence shows that Emilin1
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(an inhibitor of active TGF-β formation) knockout mice
have increased blood pressure, peripheral vasculature
resistance, and reduced vessel size indicating a potential
role for TGF-β in hypertension [18].

The relationship between TGF-β and aortic aneurysm has
special interest, but it is still controversial. TGF-β1
overexpression by endovascular gene therapy stabilizes
abdominal aortic aneurysms already affected by inflamma-
tion and proteolysis [19]. Mutations in the genes encoding
TGF-β receptors predispose to aggressive and widespread
vascular disease, as noted in patients with Loeys-Dietz
syndrome, an autosomal dominant aortic-aneurysm syn-
drome [20]. As it is well known, aortic aneurysm and
dissection are manifestations of Marfan syndrome, a disorder
caused by mutations in fibrillin-1 gene. In a mouse model of
Marfan syndrome, aortic aneurysm was associated with
increased TGF-β signaling and can be prevented by TGF-β
antagonists, such as TGF-β-neutralizing antibody or the
angiotensin II type 1 receptor (AT1) blocker, losartan [21].

3. TGF-β and vascular fibrosis

TGF-β has long been believed to be the most important
ECM regulator [5]. In VSMC, endothelial cells, and
fibroblasts, TGF-β1 increases the synthesis of ECM
proteins, such as fibronectin, collagens and PAI-1, even at
low concentrations [5,22]. TGF-β induces expression of the
ED-A form of fibronectin which is required for enhancement
of α-smooth muscle actin (α-SMA) and collagen type I
expression [5]. PAI-1 is a serpin class protease inhibitor,
important in tissue remodeling by modulating thrombosis,
inflammation, migration, and ECM. TGF-β reduces colla-
genase production and stimulates the expression of tissue
inhibitor of metalloproteinases (TIMP), resulting in an
overall inhibition of ECM degradation and leading to
excessive matrix accumulation [5,22]. The mechanisms
involved in TGF-β-mediated vascular fibrosis are complex,
including activation of Smad proteins, protein kinases,
production of mediators and crosstalk between pathways,
as we discuss here in detail. On the other hand, TGF-β also
acts as a mediator of vascular fibrosis induced by several
agents involved in cardiovascular diseases, including
mechanical stress, AngII, high glucose, and advanced
glycation products (AGEs) [23–25]. At the moment, there
is no effective therapy for fibrotic diseases. The knowledge
of molecular mechanisms involved in ECM accumulation
may contribute to a better understanding of this pathological
process and improve therapeutic strategies.

4. TGF-β receptors

There are two main TGF-β receptors: TGF-β receptor
type I (TRI) and TGF-β receptor type II (TRII). Both are
transmembrane receptors with serin–threonin kinase activ-
ity. TGF-β binds to TRII, inducing a change in this receptor
which allows dimerization with TRI and its phosphorylation.
Then, this active complex transmits TGF-β signaling into the
cell [1–3,26].

TRI is also known as activin like kinase (ALK). Seven
ALKs have been described in mammals [26]. ALKs have
been implicated in several disorders, including tumorigen-
esis, hemorrhagic telangiectasia (HHT), immune and renal
diseases, and skeletal malfunctions, suggesting that these
receptors can be used as drug targets [27]. The main ALKs in
the vascular system are ALK1 and ALK5, differing in the
used signalling pathway. ALK1 activates Smad1/5, while
ALK5 activates Smad2/3. This has recently been associated
with a model in which, depending on the ALK used,
endothelial cells respond oppositely to TGF-β, playing a
balancing role for controlling the proliferation and migration
of endothelial cells during angiogenesis. ALK1, via Smad1/
5, stimulates endothelial cells proliferation and migration,
whereas ALK5 via Smad2/3 inhibits these processes [28].
Studies using ALK1 and ALK5-null mice reveal distinct
roles in vascular development. ALK1-null embryos present
severe dilation of the vascular lumens, while ALK5-null
embryos exhibit a defect in the formation of VSMC layers
[29]. In blood vessels, ALK1 is expressed in the arterial
endothelium and ALK5 is localized in the medial and
adventitial layers of blood vessels, but is undetectable in the
intimal layer. In vascular cells, including endothelial cells
and VSMC, the more abundant receptor is ALK5, with
ALK5/Smad2/3 signalling pathway being the most frequent-
ly used.

Another type of accessory TGF-β receptors, “the type III
receptor”, which includes endoglin and betaglycan, is a very
controversial group because of its heterogeneity, They do not
have signal transduction capacity although can be regulated
by the other TGF-β receptors. The function of endoglin in
vascular responses is not clear, however it is known to
capture soluble TGF-β thereby helping TRII in its
recruitment [30,31]. Betaglycan can act as an inhibitor or
an enhancer of TGF-β responses [32].

5. TGF-β signaling systems: the Smad pathway

TGF-β predominantly transmits the signals through
cytoplasmic proteins called Smads, which translocate into
the cell nucleus acting as transcription factors [1,2]. Eight
different members of the Smad family have been identified
in mammals. Based on their function, the Smads are
classified as receptor-activated (R-) Smads (Smad1, -2,-3,
-5 and -8), common-partner (Co-) Smads (Smad4) or
inhibitory (I-) Smads (Smad6 and -7). Smad2 and Smad3
are specific mediators of TGF-β/activin pathways, whereas
Smad1, Smad5 and Smad8 are involved in BMP signaling
[1,2]. Smad4 forms hetero-oligomers with R-Smads and is a
shared mediator of TGF-β and BMP signaling. Smad4
continuously shuttles between cytoplasm and nucleus. Its
cytoplasmic localization in unstimulated cells is due to active
nuclear export. Inactive R-Smads reside predominantly in
the cytoplasm whereas the I-Smads localize to the cell
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nucleus. Smad6 and Smad7 act as major negative regulators
forming autoinhibitory feedback loops and mediate the
cross-talking with other signaling pathways. Inhibitory
Smads block TGF-β superfamily signalling by binding to
the type I receptors (Smad7) or by competing with activated
R-Smad1 for binding to Co-Smad4 (Smad6). At physiolog-
ical concentrations, Smad6 may selectively inhibit BMP
receptor signaling, whereas Smad7 inhibits both BMP and
TGF-β/activin receptor signaling [1,2,33].

Upon activation TGF-β transduces its signal across the
plasma membrane by binding to its specific receptors, as
described earlier [1–3]. After receptor complex formation,
they are internalized via clathrin coated pits into early
endosomes that contain an accessory protein named SARA
(Smad anchor for receptor activation). SARA is a FYVE
domain containing scaffolding protein that interacts with the
MH2 domain of inactive R-Smads, Smad2 and Smad3,
targeting them to early endosomes and aiding in the
recruitment of Smads, thus promoting Smad phosphoryla-
tion, at C-terminal serines [1–3]. The R-Smads then
dissociate from the receptor complex to form oligomers at
different stochiometries; heterotrimers with two R-Smads
and one Smad4 (Smad3) or heterodimers consisting of an R-
Smad (Smad2) and a Co-Smad. These complexes translocate
to the nucleus and function as transcriptional regulators of
target genes in a cell type specific manner through
interactions with other transcription factors, corepressors
and coactivators. Diverse ligand responses in different cell
types are a result of different Smad-interacting transcription
factors and of cooperation with other signaling pathways.
The inhibitory Smad7 binds to activated type I receptor,
thereby preventing phosphorylation of Smad2/3, or recruits
the ubiquitine ligases Smurf1 and Smurf2 to induce
proteasomal degradation of the receptor complexes [1–3].

Smad proteins are expressed in VSMC and mediate TGF-
β signaling [34]. In VSMC, TGF-β1 increases phosphory-
lation of Smad2 and Smad3, that form heterotrimers with
Smad4. This complex translocates into the nucleus, binds to
Smad-related DNA sequences and increases the transcription
of genes involved in vascular fibrosis such as fibronectin,
type I collagen and connective tissue growth factor (CTGF)
(Fig. 2) [34–36]. In these cells, overexpression of Smad7
inhibites TGF-β1-induced ECM and CTGF expression
[35,36].

The expression levels of Smad proteins can profoundly
affect signaling. The level of Smad proteins can be
controlled by interactions with various components of the
26S proteasome system [37]. The E3 ligases, Smurf1 and -2,
as well as SCF/Roc1, antagonize TGF-β family signaling
through interaction with R-Smads, thereby targeting them
for degradation and terminating Smad-mediated signaling
[1–3]. Phosphorylation of Smads induces their activation
and modulates their activity. Smads can be activated by
phosphorylation via MAPK/ERK and Ca2+/calmodulin-
dependent protein kinase II pathways [1–3]. Induction of
Smad6 and Smad7 expression by BMP and TGF-β
respectively, represents an auto-inhibitory feedback mecha-
nism for ligand-induced signaling.

Several agents involved in vascular damage also regulate
Smad protein expression levels. Activation of the epidermal
growth factor (EGF) receptor, interferon-γ signalling
through STAT (signal transducer and activator of transcrip-
tion) proteins, and activation of NF-κB by tumour-necrosis
factor-α, induce Smad7 expression [9,14]. In VSMC AngII
increases protein levels of Smad2 and Smad4 in vivo and in
vitro [34]. Smad6 overexpression correlates with increased
TGF-β and PAI-1 levels found in diseased vessels [38].
Elevated Smad expression has been described in different
pathological conditions, including hypertension, atheroscle-
rosis, and cardiac damage [5,17,35,36].

Besides regulation of Smad levels, TGF-β pathway can
be blocked by ligands,-extracellular ligand trapping mole-
cules or antagonists-, such as gremlin, noggin, chordin (all
members of DAN/Cerberus protein family), and follistatin,
which bind to the receptors. Another antagonist is the
naturally occurring pseudoreceptor BAMBI (BMP and
Activin membrane bound inhibitor) which extracellularly
resembles a type I receptor but lacks the cytosolic kinase
domain. BAMBI can form stable associations with various
TGF-β family type I receptors thus blocking BMP, Activin
and TGF-β signalling [39].

The dysregulation of TGF-β/Smad signaling has been
implicated in the pathogenesis of human diseases. Expres-
sion of I-Smads is mainly regulated at transcriptional level
and by post-translational protein degradation and their
intracellular levels are tightly controlled to maintain the
homeostatic balances. However, abnormal levels of I-Smads
in pathological conditions elicit the altered TGF-β signaling
in cells, eventually causing TGF-β-related human diseases
[1–3].

6. Smad and vascular fibrosis

TGF-β, via Smad activation, upregulates the transcription
of several genes important for ECM formation, such as
procollagens, fibronectin, CTGF and PAI-1 [35,40–42].
Overexpression of some Smad proteins activates transcrip-
tion of some of these genes, like PAI-1, even in the absence
of TGF-β [1–3]. In VSMC, overexpression of Smad7
inhibits TGF-β-induced fibronectin, collagen and CTGF
expression [35], and ectopic expression of Smad3 stimulates
TGF-β-induced fibronectin synthesis [43], demonstrating
the important role of Smad signaling in vascular fibrosis.

Adventitial cells contribute to constrictive remodeling
after vascular injury by migrating to the neointima and
synthesizing EMC. Smad7 overexpression in adventitial
cells attenuates collagen deposition, remodeling and contri-
bution of adventitial fibroblasts to neointima formation after
balloon angioplasty, showing a novel target for gene therapy
to reduce the incidence of restenosis after angioplasty [44].
Several works have demonstrated that Smad7 gene transfer
blocks fibrosis in other cell systems and diseases [5].
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There are fundamental differences in the processes
mediated by Smad2 and Smad3 in vivo. Mice homozygous
for a deletion in Smad2 die during embryogenesis [45],
suggesting a role in normal development, whereas mice
homozygous for a deletion of Smad3 are viable and fertile
[46]. In adult fibroblasts Smad3 is required for TGF-β-
induced gene expression [47], indicating that Smad3 plays
an important role in fibrosis. Studies of the vascular response
to injury in Smad3-null mice showed that these animals
presented enhancement of neointimal hyperplasia, and more
proliferating VSMC with a less amount of collagen
compared with wild-type intima [48], suggesting a vasculo-
protective role of endogenous Smad3 in response to injury.

Activation of Smad pathway has been described in
several diseases associated with fibrosis [9,14]. In a model of
hypertension-induced vascular damage, aortic Smad2 phos-
phorylation correlated with an upregulation of ECM proteins
and profibrotic factors were found [35]. In human atheroma
plaques, VSMC within fibrofatty lesions did not express the
Smad proteins, while Smad2, Smad3, and Smad4 are
expressed in VSMC of fibrous plaques and macrophages
in fatty streaks/fibrofatty lesions [49]. The Smad pathway
Fig. 3. Molecular mechanisms implicated in vascular fibrosis caused by AngII and
TGF-β, including activation of the Smad pathway, protein kinases (MAPK and Rho
expression of profibrotic mediators (CTGF) and ECM turnover (by increasing th
important profibrotic mediator that acts as a downstream mediator of TGF-β and A
and both factors synergize to promote persistent fibrosis.
can be activated in infiltrating cells, inducing anti-inflam-
matory responses, and in VSMC thereby increasing ECM
production. The lack of key TGF-β signaling components in
VSMC of fibrofatty lesions indicates impaired ability of
these cells to initiate TGF-β-mediated Smad-dependent
transcriptional responses. These data support the hypothesis
of the beneficial effect of TGF-β in atherosclerosis.

The role of Smad proteins in cardiac functions has been
recently reviewed [17,18], showing that BMP participates in
heart development, and activation of Smads play an
important role in cardiac remodeling and heart failure,
through the regulation of fibrotic, apoptotic, and anti-
hypertrophic processes.

7. Other TGF-β signaling systems involved in vascular
fibrosis

Growing biochemical and developmental evidence sup-
ports the notion that alternative, non-Smad pathways also
participate in TGF-β signalling and serve as nodes for
crosstalk with other major signaling pathways [reviewed in
[3]].
TGF-β. AngII activates several intracellular signalling systems common to
-kinase) and production of reactive oxygen species (ROS), which regulate the
e synthesis of ECM proteins and inhibiting their degradation). CTGF is an
ngII-induced ECM production. Moreover, CTGF increases TGF-β responses
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7.1. The mitogen-activated protein kinase (MAPK) pathway

Members of the mitogen-activated protein kinase
(MAPK) family are frequently involved in TGF-β/Smad
signaling. In VSMC, TGF-β activates the three MAPK:
extracellular signal-regulated kinases (ERK), p38 MAPK,
and c-Jun N-terminal kinases (JNK) (Fig. 3). There is a
cross-talk between ERK and Smad [50]. Nuclear accumu-
lation of activated Smads can be modulated by Ras activated
ERK kinases. Epidermal growth factor (EGF), hepatocyte
growth factor, oncogenic Ras and AngII stimulate ERK
kinases, which in turn phosphorylate Smad proteins [1–3].
ERK phosphorylates serine residues in the linker regions of
Smad1, Smad2 and Smad3. ERK inhibition reduces TGF-β-
stimulated Smad phosphorylation as well as collagen
production and promoter activities, suggesting that ERK
activity is necessary for an optimal response to TGF-β [50].
Overexpression of constitutively active members of the ras/
MEK/ERK cascade promotes Smad3-dependent processes
in kidney mesangial cells but blocks nuclear accumulation of
Smads in epithelial cells [5], showing clear differences
between cell types. Other MAPK-mediated TGF-β
responses are independent of Smads. TGF-β leads to potent
growth inhibition through G0/G1 arrest, that is specifically
attenuated by pharmacological blockade of p38 MAPK, but
not of p42/44 or JNK pathway, without alteration of Smad
function [51]. In VSMC, TGF-β upregulates PAI-1 via src-
kinase, MEK signaling and EGF-receptor transactivation
[52]. However, the interactions between TGF-β and MAPK
signaling remain to be elucidated in vivo in the vasculature.

7.2. The small G proteins

The Rho family of GTP-binding proteins includes Rho,
Rac, and Cdc42 proteins and play an important role in cell
adhesion, actin dynamics and regulation of gene transcrip-
tion [53]. RhoA is a modulator of Smad activation.
Transfection with a dominant negative RhoA blocked
phosphorylation and nuclear translocation of Smad2 and
Smad3 caused by TGF-β1 [55]. RhoA and p38 MAPK
participate in TGF-β1 induced VSMC differentiation,
through the activation of serum-response factor (SRF),
GATA, and MEF2-dependent enhancer-reporters [54].
DeltaEF1 transcription factor is upregulated during VSMC
differentiation and selectively transactivates the promoters of
VSMC differentiation marker genes, such as α-SMA and
SM myosin heavy chain. DeltaEF1 physically interacts with
SRF and Smad3, resulting in a synergistic activation of the
α-SMA promoter [56].

Several findings suggest a potential role for the Rho/Rho-
kinase signalling pathway in the development of fibrotic
lesions. Many works have demonstrated that Rho-kinase
inhibitors diminish fibrosis in experimental models of
vascular and renal damage. In some of these models Rho-
kinase inhibition diminished gene overexpression of α-
SMA, TGF-β and ECM proteins [57–59], suggesting that
Rho-kinase inhibitors could be novel targets for fibrotic
therapy.

7.3. Redox mechanisms

Reactive oxygen species (ROS) act as second messengers
of TGF-β1 regulating a number of important cellular events,
including fibrosis and atherogenesis [60–62]. TGF-β can
induce ROS production in different cell types. Most of the
O2
− generated in VSMC appears to be produced by the

intracellular NAD(P)H oxidase, which includes a novel p91
homolog termed Nox1. In human pulmonary artery smooth
muscle cells, TGF-β1 regulates cell growth by a redox-
dependent mechanism mediated through Nox4 induction
[63]. Under pathological conditions elevated ROS concen-
tration contribute to vascular dysfunction and remodeling
through oxidative damage. Inhibition of NAD(P)H oxidase
activity is now being considered, at least experimentally, as a
possible therapeutic target in the treatment of hypertension.
In fact it has been suggested that some of the beneficial
actions of classical antihypertensive drugs may be mediated,
in part, by decreasing vascular oxidative stress.

8. Relation between TGF-β and CTGF

Connective tissue growth factor (CTGF) has recently
been described as a novel profibrotic factor that mediates
some TGF-β responses, including apoptosis and fibrosis
[64]. In vivo, blockade of CTGF synthesis or activity reduces
TGF-β-induced collagen synthesis. Data suggests that
CTGF and TGF-β synergize to promote chronic fibrosis.
In mice, subcutaneous co-injection of CTGF and TGF-β
results in sustained and persistent fibrosis. CTGF is
upregulated in a variety of fibrotic disorders, in the skin,
kidney, lung and cardiovascular system [64]. CTGF over-
expression associated with ECM accumulation has been
described in human atherosclerotic lesions, after myocardial
infarction and in vascular and cardiac tissues in experimental
hypertension [65–68]. Depending on the cell type, CTGF
has diverse bioactivities, including regulation of prolifera-
tion/apoptosis, induction of chemotaxis, cellular adhesion,
ECM production and angiogenesis [64]. In VSMC CTGF
regulates cell proliferation/apoptosis, migration and ECM
synthesis [69,70]. In these cells, different factors involved in
vascular damage, including cyclic mechanical stretching,
elevated glucose concentrations, AngII, ET-1, and TGF-β
upregulate not only CTGF but also ECM proteins which can
be reversed by blocking endogenous CTGF production
[68,70], showing that CTGF is a downstream fibrotic
mediator.

CTGF has been described to bind directly to TGF-β. This
binding leads to an enhancement of TGF-β activity. The
mechanism is based on a chaperon function of CTGF, which
increases the affinity of TGF-β to its different receptors,
hence their response is more intense and more prolonged
[71]. This is not the only way by which CTGF enhances
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TGF-β responses. Endogenous production of CTGF by
TGF-β leads to Smad7 transcriptional suppression, via
induction of the transcription factor TIEG-1. By this
mechanisms CTGF blocks the negative feedback loop
provided by Smad7, perpetuating the activation of TGF-β
signaling [72]. This could be relevant in pathological
conditions where CTGF is highly upregulated.

Much evidence shows that TGF-β participates in the
fibrotic process in vivo. The blockade of TGF-β activity with
neutralizing antibodies and decorin, a scavenger of its active
form, has demonstrated reduction of fibrosis in experimental
models of acute injury; however, the TGF-β knockout mice
is lethal, displaying severely impaired late-stage wound
repair, including collagen deposition, and presents a
hyperinflammatory phenotype [73], suggesting that more
specific targets for antifibrotic therapy are necessary. Mice
heterozygous for CTGF gene deletion present defects in
matrix organization and synthesis during osteogenesis,
resulting in a major defect in the development of the skeletal
component of the rib cage and consequently die immediately
after birth [74]. Since there is no data regarding positive
effects of CTGF in the modulation of inflammatory and
immune reactions, and this growth factor is a downstream
mediator of fibrosis caused by TGF-β and other factors
involved in tissue injury, CTGF maybe a useful target for
novel antifibrotic therapies.

9. Relation between AngII and TGF-β

Besides TGF-β, ECM accumulation has been attributed
to different factors involved in vascular damage, such as
AngII, high glucose concentrations as well as to hemody-
namic changes associated with mechanical stress [23].

The interrelation between AngII and TGF-β is already
established. In different pathological settings and cell types,
AngII regulates TGF-β expression and activation, and the
endogenous production of TGF-β mediates some AngII
responses [23,75]. Angiotensin antagonism attenuated TGF-
β secretion and fibrosis. AngII-induced ECM synthesis was
inhibited by a TGF-β neutralizing antibody or truncated
TGF-β type II receptor, suggesting a linear pathway where
AngII stimulates TGF-β secretion, which in turn triggers
ECM synthesis [23,75]. AngII and TGF-β share some
intracellular mechanisms involved in fibrosis, including
activation of protein kinases, production of growth factors,
and activation of the Smad pathway (Fig. 3).

9.1. Smad pathway and vascular fibrosis caused by AngII

We have recently shown that in VSMC, AngII caused a
rapid Smad2 phosphorylation, nuclear translocation of
phosphorylated-Smad2 and Smad4, and increased Smad
DNA-binding activity, with a maximal response after 20 min
of stimulation [35]. AngII-mediated Smad activation was
independent of endogenous TGF-β production or activation,
demonstrated by blocking TGF-β with a neutralizing
antibody against active TGF-β, and decorin [35]. The
studies performed by Wang et al. via overexpression of a
dominant negative TGF-β receptor II or conditional deletion
of this receptor have confirmed this observation [36]. Some
evidence suggests that AngII activates the Smad pathway in
other cells. In cultured primary cardiac rat fibroblasts, AngII
caused rapid phosphorylated-Smad2 nuclear translocation
[76]. In tubuloepithelial cells the early Smad activation
caused by AngII was TGF-β independent. However, AngII-
induced long-term Smad activation and the transdifferentia-
tion of renal tubuloepithelial cells to myofibroblasts were
mediated by TGF-β [77].

As commented above, the Smad mediated gene tran-
scription is subject to regulation by other signaling path-
ways, such as MAPK. Many AngII responses are mediated
by MAPK, including the regulation of profibrotic factors and
ECM proteins [23]. We have found that the p38 MAPK
inhibitor SB203580 diminished AngII-induced Smad2
phosphorylation [35]. In the mouse primary aorta an
ERK1/2 inhibitor and transfection with a dominant-negative
ERK1/2 inhibited AngII-induced Smad signaling [36].
These data show that AngII activates Smad pathway, via
MAPK activation, independently of TGF-β (Fig. 3).

Several in vivo data suggest that AngII activates the Smad
pathway. The blockade of AngII type I receptors diminishes
Smad pathway activation in myocardial infarction in rats, in
hypertension-induced vascular damage and in an experi-
mental model of renal damage [76,35,78]. Rats infused with
AngII for 3 days presented activated Smad signaling in the
aorta, observed by positive staining for phosphorylated-
Smad2 mainly found in the nuclei of VSMC, which was not
detected in control animals [35]. Smad overexpression was
correlated to CTGF induction, preceding the accumulation of
ECM proteins observed after 7 days, suggesting that Smad
participates in the progression of vascular fibrosis. In
cultured VSMC we have observed that Smad7 overexpres-
sion decreased CTGF, fibronectin and type1 procollagen
upregulation caused by AngII. All this data suggest that the
Smad pathway could contribute to the profibrogenic effects
of AngII in vascular diseases.

9.2. Other signaling systems and mediators common to
AngII and TGF-β

CTGF is a downstream mediator of AngII and TGF-β-
induced ECM production [64,68]. The mechanisms involved
in its regulation also present some similarities. CTGF
induction by TGF-β and AngII in mesangial cells and
fibroblasts requires the ras/MEK/ERK cascade [79]. In
VSMC CTGF regulation by both factors is mediated by the
Smad pathway, MAPK, and RhoA/Rho-kinase activation,
and redox mechanisms [35,79]. AngII, via NAD(P)H
oxidase/ROS production, regulates vascular responses,
including hypertrophy and fibrosis [80]. Angiotensin block-
ers have demonstrated beneficial effect in many cardiovas-
cular diseases [23,79]. These drugs interfere with TGF-β
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synthesis and block activation of the Smad pathway,
showing that they are good candidates for the blockade of
TGF-β activities.

10. TGF-β-independent Smad activation

Novel data has demonstrated that several factors involved
in cardiovascular damage can activate the Smad signaling
pathway, independently of endogenous synthesis of TGF-β
(Fig. 2). In cells transfected with theTGF-β receptor type II,
insulin-like growth factor binding protein-3 (IGFBP-3)
stimulated Smad2/3 phosphorylation, potentiated TGF-β1-
stimulated Smad phosphorylation, and cooperate with
exogenous TGF-β1 in cell growth inhibition [81]. In PC12
cells, nerve growth factor caused activation of the Smad
pathway independent of TGF-β [82]. Advanced glycation
end products (AGEs) caused rapid Smad2/3 activation in
renal and vascular cells that was independent of TGF-β [25].
After incubation with AGEs for 24 h TGF-β was produced
and activated Smads by the classic pathway. AGE-induced
long-term Smad activation and collagen synthesis was
inhibited by ERK/p38 MAPK inhibitors, but not by TGF-
β blockade, suggesting that the MAPK-Smad signaling
crosstalk pathway is a key mechanism in diabetic organ
injury. This data provides further evidence that the Smad
proteins are not exclusively activated by the classical TGF-β
triggered mechanism.

11. Conclusion

TGF-β participates in the fibrotic process, activating cells
directly or acting as mediator of many important agents
involved in cardiovascular damage, including mechanical
stress, AngII and high glucose concentrations. Many studies
have demonstrated that TGF-β blockade diminishes exper-
imental fibrosis, however the search for better targets, such as
CTGF, is necessary for the therapeutic approach to chronic
fibrotic diseases. On the other hand, in atherosclerosis TGF-β
has been suggested to be a protective cytokine due to its
inhibitory action on T cells. However, the direct effects of
TGF-β on VSMC could also have an impact on the
development of human atherosclerotic lesions. Recent
advances in cancer research in the molecular mechanisms
implicated in the loss of the anti-tumor suppression properties
of TGF-β during tumor progression [83], could give us some
clues to understanding the complexity of TGF-β responses
that varies between cell types and disease conditions.

Acknowledgements

Work in the authors' laboratory is supported by grants
from Ministerio de Ciencia y Tecnología (SAF 2005-03378),
Universidad Autonoma and Comunidad deMadrid (11/BCB/
016) and the European Union (HA2004-0006). E. S-L and
J. R-V are fellows of FIS. We would like to thank Melany
van Oosram for the careful reading of the manuscript.
References

[1] Massague J, Seoane J, Wotton D. Smad transcription factors. Genes
Dev 2005;19:2783–810.

[2] Javelaud D, Mauviel A. Mammalian transforming growth factor-betas:
Smad signaling and physiopathological roles. Int J Biochem Cell Biol
2004;36:1161–5.

[3] Moustakas A, Pardali K, Gaal A, Heldin CH. Mechanisms of TGF-β
signaling in regulation of cell growth and differentiation. Immunol Lett
2002;82:85–91.

[4] Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFbeta
activation. J Cell Sci 2003;116:217–24.

[5] Leask A, Abraham DJ. TGF-β signaling and the fibrotic response.
FASEB J 2004;18:816–7.

[6] Gibbons GH, Pratt RE, Dzau VJ. Vascular smooth muscle cell
hypertrophy vs. Hyperplasia. Autocrine transforming growth factor-β1
expression determines growth responses to angiotensin. J Clin Invest
1992;90:456–61.

[7] Weigert C, Brodbeck K, Klopfer K, Häring HU, Schleicher ED.
Angiotensin II induces human TGF-β1 promoter activation: similarity
to hyperglycaemia. Diabetologia 2002;45:890–8.

[8] Naito T, Masaki T, Nikolic-Paterson DJ, Tanji C, Yorioka, Kohno N.
Angiotensin II induces thrombospondin-1 production in human
mesangial cells via p38 MAPK and JNK: a mechanism for activation
of latent TGF-β1. Am J Physiol Renal Physiol 2004;286:F278–87.

[9] Wang M, Zhao D, Spinetti G, Zhang J, Jiang LQ, Pintus G, et al.
Matrix metalloproteinase 2 activation of transforming growth
factor-β1 (TGF-β) and TGF-β1-type II receptor signaling within the
aged arterial wall. Arterioscler Thromb Vasc Biol 2006;26:1503–9.

[10] Song CY, Kim BC, Hong HK, Lee HS. Oxidized LDL activates PAI-1
transcription through autocrine activation of TGF-β signaling in
mesangial cells. Kidney Int 2005;67:1743–52.

[11] Berk BC. Vascular smooth muscle growth: autocrine growth mechan-
isms. Physiol Rev 2001;81(3):999–1030.

[12] Zegarska J, Paczek L, Pawlowska M, Wyczalkowska A, Michalska W,
Ziolkowski J, et al. Increased mRNA expression of transforming
growth factor beta in the arterial wall of chronically rejected renal
allografts in humans. Transplant Proc 2006;38:115–8.

[13] Ryan ST, Koteliansky VE, Gotwals PJ, Lindner V. Transforming
growth factor-beta-dependent events in vascular remodeling following
arterial injury. J Vasc Res 2003;40:37–46.

[14] Grainger DJ. Transforming growth factor-b and atherosclerosis: so far,
so good for the protective cytokine hypothesis. Arterioscler Thromb
Vasc Biol 2004;24:399–404.

[15] Grainger DJ. TGF-β and Atherosclerosis in Man. Cardiovasc Res in
press (Accepted Manuscript, Available online 23 February 2007).

[16] Euler-Taimor G, Heger J. The complex pattern of SMAD signaling in
the cardiovascular system. Cardiovasc Res 2006;69:15–25.

[17] Khan R, Sheppard R. Fibrosis in heart disease: understanding the role
of transforming growth factor-beta in cardiomyopathy, valvular disease
and arrhythmia. Immunology 2006;118:10–4.

[18] Zacchigna L, Vecchione C, Notte A, Cordenonsi M, Dupont S, Maretto
S, et al. Emilin 1 links TGF-β maturation to blood pressure
homeostasis. Cell 2006;124:929–32.

[19] Dai J, Losy F, Guinault AM, Pages C, Anegon I, Desgranges P, et al.
Overexpression of transforming growth factor-beta1 stabilizes already-
formed aortic aneurysms: a first approach to induction of functional
healing by endovascular gene therapy. Circulation 2005;112(7):1008–15.

[20] Loeys BL, Schwarze U, Holm T, Callewaert BL, Thomas GH, Pannu
H, et al. Aneurysm syndromes caused by mutations in the TGF-β
receptor. N Engl J Med 2006;355:788–98.

[21] Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK,
et al. Losartan, an AT1 antagonist, prevents aortic aneurysm in a mouse
model of Marfan syndrome. Science 2006;312(5770):117–21.

[22] Verrecchia F, Mauviel A. Transforming growth factor-beta signaling
through the Smad pathway: role in extracellular matrix gene expression
and regulation. J Invest Dermatol 2002;118:211–5.



205M. Ruiz-Ortega et al. / Cardiovascular Research 74 (2007) 196–206

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/74/2/196/283962 by guest on 16 August 2022
[23] Ruiz-Ortega M, Ruperez M, Esteban V, Egido J. Molecular
mechanisms of angiotensin II-induced vascular injury. Curr Hypertens
Rep 2003;5:73–9.

[24] Li JH, Huang XR, Zhu HJ, Johnson R, Lan HY. Role of TGF-β
signaling in extracellular matrix production under high glucose
conditions. Kidney Int 2003;63:2010–9.

[25] Li JH, Huang XR, Zhu HJ, Oldfield M, Cooper M, Truong LD, et al.
Advanced glycation end products activate Smad signaling via TGF-β-
dependent and independent mechanisms: implications for diabetic
renal and vascular disease. FASEB J 2004;18:176–8.

[26] Roberts AB. TGF-β signaling from receptors to the nucleus. Microbes
Infect 1999;1:1265–73.

[27] Graham H, Peng C. Activin receptor-like kinases: structure, function
and clinical implications. Endocr Metab Immune Disord Drug Targets
2006;6:45–58.

[28] Lebrin F, Deckers M, Bertolino P, Ten Dijke P. TGF-β receptor
function in the endothelium. Cardiovasc Res 2005;65:599–608.

[29] Seki T, Hong KH, Oh SP. Nonoverlapping expression patterns of
ALK1 and ALK5 reveal distinct roles of each receptor in vascular
development. Lab Invest 2006;86:116–9.

[30] Koleva RI, Conley BA, Romero D, Riley KS, Marto JA, Lux A, et al.
Endoglin structure and function: determinants of endoglin phosphor-
ylation by TGFbeta receptors. J Biol Chem 2006;281:25110–9.

[31] Fonsatti E, Del Vecchio L, Altomonte M, Sigalotti L, Nicotra MR,
Coral S, et al. Endoglin: an accessory component of the TGF-β-
binding receptor-complex with diagnostic, prognostic, and bioimmu-
notherapeutic potential in human malignancies. J Cell Physiol 2001;
188:1–7.

[32] Bernard DJ, Chapman SC, Woodruff TK. Inhibin binding protein
(InhBP/p120), betaglycan, and the continuing search for the inhibin
receptor. Mol Endocrinol 2002;16:207–12.

[33] Nakao A, Okumura K, Ogawa H. Smad7: a new key player in TGF-β-
associated disease. Trends Mol Med 2002;8:361–3.

[34] Ikedo H, Tamaki K, Ueda S, Kato S, Fujii M, Ten Dijke P, et al. Smad
protein and TGF-β signaling in vascular smooth muscle cells. Int J Mol
Med 2003;11:645–50.

[35] Rodriguez-Vita J, Sanchez-Lopez E, Esteban V, Ruperez M, Egido J,
Ruiz-Ortega M. Angiotensin II activates the Smad pathway in vascular
smooth muscle cells by a transforming growth factor-beta-independent
mechanism. Circulation 2005;111:2509–17.

[36] Wang W, Huang XR, Canlas E, Oka K, Truong LD, Deng C, et al.
Essential role of Smad3 in angiotensin II-induced vascular fibrosis.
Circ Res 2006;98:1032–9.

[37] Wang T. The 26S proteasome system in the signaling pathways of
TGF-β superfamily. Front Biosci 2003;8:1109–17.

[38] Berg DT, Myers LJ, Richardson MA, Sandusky G, Grinnell BW.
Smad6s regulates plasminogen activator inhibitor-1 through a protein
kinaseC-beta-dependent up-regulation of transforming growth factor-
beta. J Biol Chem 2005;280:14943–7.

[39] Derynck R, Zhang YE. Smad-dependent and Smad-independent
pathways in TGF-β family signalling. Nature 2003;425:577–84.

[40] Isono M, Chen S, Hong SW, Iglesias-de la Cruz MC, Ziyadeh FN.
Smad pathway is activated in the diabetic mouse kidney and Smad3
mediates TGF-β-induced fibronectin in mesangial cells. Biochem
Biophys Res Commun 2002;296:1356–65.

[41] Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S, Gauthier JM. Direct
binding of Smad3 and Smad4 to critical TGF beta-inducible elements
in the promoter of human plasminogen activator inhibitor-type 1 gene.
EMBO J 1998;17:3091–100.

[42] Chen SJ, Yuan W, Lo S, Trojanowska M, Varga J. Interaction of smad3
with a proximal smad-binding element of the human alpha2(I)
procollagen gene promoter required for transcriptional activation by
TGF-β. J Cell Physiol 2000;183:381–2.

[43] Ryer EJ, Hom RP, Sakakibara K, Nakayama KI, Nakayama K, Faries
PL, et al. PKCdelta is necessary for Smad3 expression and transforming
growth factor beta-induced fibronectin synthesis in vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol 2006:26780–6.
[44] Mallawaarachchi CM, Weissberg PL, Siow RC. Smad7 gene transfer
attenuates adventitial cell migration and vascular remodeling after
balloon injury. Arterioscler Thromb Vasc Biol 2005;25:1383–7.

[45] Nomura M, Li E. Smad2 role in mesoderm formation, left-right
patterning and craniofacial development. Nature (London) 1998;393:
786–90.

[46] Zhu Y, Richardson JA, Parada LF, Graff JM. Smad3 mutant mice
develop metastatic colorectal cancer. Cell 1998;94:703–4.

[47] Yang YC, Piek E, Zavadil J, Liang D, Xie D, Heyer J, et al.
Hierarchical model of gene regulation by transforming growth factor
beta. Proc Natl Acad Sci U S A 2003;100:10269–74.

[48] Kobayashi K, Yokote K, Fujimoto M, Yamashita K, Sakamoto A,
Kitahara M, et al. Targeted disruption of TGF-β-Smad3 signaling leads
to enhanced neointimal hyperplasia with diminished matrix deposition
in response to vascular injury. Circ Res 2005;96:904–12.

[49] Kalinina N, Agrotis A, Antropova Y, Ilyinskaya O, Smirnov V, Tararak
E, et al. Smad expression in human atherosclerotic lesions: evidence
for impaired TGF–β/Smad signaling in smooth muscle cells of
fibrofatty lesions. 1. Arterioscler Thromb Vasc Biol 2004;24:1391–6.

[50] Hayashida T, deCasestecker M, Schnaper HW. Cross-talk between
ERK MAP kinase and Smad-signaling pathways enhances TGF-β
dependent responses in human mesangial cells. FASEB J 2003;17:
1576–8.

[51] Seay U, Sedding D, Krick S, Hecker M, Seeger W, Eickelberg O.
Transforming growth factor-beta-dependent growth inhibition in
primary vascular smooth muscle cells is p38-dependent. J Pharmacol
Exp Ther 2005;315:1005–12.

[52] Samarakoon R, Higgins CE, Higgins SP, Kutz SM, Higgins PJ.
Plasminogen activator inhibitor type-1 gene expression and induced
migration in TGF-β1-stimulated smooth muscle cells is pp60(c-src)/
MEK-dependent. J Cell Physiol 2005;204:236–46.

[53] Van Aelst L, D'Souza-Schorey C. Rho GTPases and signaling
networks. Genes Dev 1997;11:2295–322.

[54] Deaton RA, Su C, Valencia TG, Grant SR. Transforming growth
factor-beta1-induced expression of smooth muscle marker genes
involves activation of PKN and p38 MAPK. J Biol Chem 2005;280:
31172–81.

[55] Chen S, Crawford M, Day RM, Briones VR, Leader JE, Jose PA, et al.
RhoA modulates Smad signaling during transforming growth factor-
beta-induced smooth muscle differentiation. J Biol Chem 2006;281:
1765–70.

[56] Nishimura G, Manabe I, Tsushima K, Fujiu K, Oishi Y, Imai Y, et al.
DeltaEF1 mediates TGF-β signaling in vascular smooth muscle cell
differentiation. Dev Cell 2006;11:93–4.

[57] RuperezM, Sanchez-Lopez E, Blanco-Colio LM, Esteban V, Rodriguez-
Vita J, Plaza JJ, et al. The Rho-kinase pathway regulates angiotensin
II-induced renal damage. Kidney Int Suppl 2005;99:S39–45.

[58] Kataoka C, Egashira K, Inoue S, Takemoto M, Ni W, Koyanagi M,
et al. Important role of Rho-kinase in the pathogenesis of cardiovas-
cular inflammation and remodeling induced by long-term blockade of
nitric oxide synthesis in rats. Hypertension 2002;39:245–50.

[59] Nishikimi T, Akimoto K, Wang X, Mori Y, Tadokoro K, Ishikawa Y,
et al. Fasudil, a Rho-kinase inhibitor, attenuates glomerulosclerosis in
Dahl salt-sensitive rats. Hypertens 2004;22:1787–96.

[60] Hong YH, Peng HB, La Fata V, Liao JK. Hydrogen peroxide-mediated
transcriptional induction of macrophage colony-stimulation factor by
TGF-β1. J Immunol 1997;159:2418–23.

[61] Koo HY, Shin I, Lee ZW, Lee SH, Kim SH, Lee CH, et al. Roles of
RhoA and phospholipase A2 in the elevation of intracellular H2O2 by
transforming growth factor-b in Swiss 3T3 fibroblasts. Cell Signal
1999;11:677–83.

[62] Jiang Z, Seo JY, Ha H, Lee EA, Kim YS, Han DC, et al. Reactive
oxygen species mediate TGF-β1-induced plasminogen activator
inhibitor-1 upregulation in mesangial cells. Biochem Biophys Res
Commun 2003;309:961–6.

[63] Sturrock A, Cahill B, Norman K, Huecksteadt TP, Hill K, Sanders K,
et al. Transforming growth factor-beta1 induces Nox4 NAD(P)H



206 M. Ruiz-Ortega et al. / Cardiovascular Research 74 (2007) 196–206

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/artic
oxidase and reactive oxygen species-dependent proliferation in human
pulmonary artery smooth muscle cells. Am J Physiol Lung Cell Mol
Physiol 2006;290:L661–3.

[64] Perbal B. CCN proteins: multifunctional signalling regulators. Lancet
2004;363:62–4.

[65] Oemar BS, Werner A, Garnier JM, Do DD, Godoy N, Nauck M, et al.
Human connective tissue growth factor is expressed in advanced
atherosclerotic lesions. Circulation 1997;18:831–9.

[66] Chen MM, Lam A, Abraham JA, Schreiner GF, Joly AH. CTGF
expression is induced by TGF-β in cardiac fibroblasts and cardiac
myocytes: a potential role in heart fibrosis. J Mol Cell Cardiol 2000;32:
1805–9.

[67] Finckenberg P, Lassila M, Inkinen K, Pere AK, Krogerus L, Lindgren
L, et al. Cyclosporine induces myocardial connective tissue growth
factor in spontaneously hypertensive rats on high-sodium diet.
Transplantation 2001;71:951–8.

[68] Ruperez M, Lorenzo O, Blanco-Colio LM, Esteban V, Egido J, Ruiz-
Ortega M. Connective tissue growth factor is a mediator of angiotensin
II-induced fibrosis. Circulation 2003;108:1499–505.

[69] Fan WH, Pech M, Karnovsky MJ. Connective tissue growth factor
(CTGF) stimulates vascular smooth muscle cell growth and migration
in vitro. Eur J Cell Biol 2000;79:915–23.

[70] Rodriguez-Vita J, Ruiz-Ortega M, Ruperez M, Esteban V, Sanchez-
Lopez E, Plaza JJ, et al. Endothelin-1, via ETA receptor and
independently of transforming growth factor-beta, increases the
connective tissue growth factor in vascular smooth muscle cells. Circ
Res 2005;97:125–34.

[71] Abreu JG, Ketpura NI, Reversade B, De Robertis EM. Connective-
tissue growth factor (CTGF) modulates Cell Signalling by BMP and
TGF-β. Nat Cell Biol 2002;4:599–604.

[72] Wahab NA, Weston BS, Mason RM. Modulation of the TGF-β/Smad
signaling pathway in mesangial cells by CTGF/CCN2. Exp Cell Res
2005;307:305–14.

[73] Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC,
et al. Transforming growth factor-b1 null mutation in mice causes
excessive inflammatory response and early death. Proc Natl Acad Sci
U S A 1993;15:770–4.

[74] Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE, Stephenson
RC, et al. Connective tissue growth factor coordinates chondrogenesis
and angiogenesis during skeletal development. Development 2003;
130:2779–81.

[75] Tuñon J, Ruiz-Ortega M, Egido J. Regulation of matrix proteins and
impact on vascular structure. Curr Hypertens Rep 2000;2:106–13.

[76] Hao J, Wang B, Jones SC, Jassal DS, Dixon IM. Interaction between
angiotensin II and Smad proteins in fibroblasts in failing heart and in
vitro. Am J Physiol Heart Circ Physiol 2000;279:H3020–30.

[77] Carvajal G, Ruperez M, Sanchez-Lopez E, Rodriguez-Vita J,
Rodrigues-Diez R, Esteban V, et al. Angiotensin II causes epithelial
mesenchymal transdifferentiation via activation of Smad and MAPK
signaling pathways. Nephrol Dial 2006;21:289 [Abstract].

[78] Wamsley-Davis A, Padda R, Truong LD, Tsao CC, Zhang P, Sheikh-
Hamad D. AT1A-mediated activation of kidney JNK1 and SMAD2 in
obstructive uropathy: Preservation of kidney tissue mass using
Candesartan. Am J Physiol Renal Physiol 2004;287:F474–80.

[79] Ruiz-Ortega M, Ruperez M, Esteban V, Rodriguez-Vita J, Sanchez-
Lopez E, Carvajal G, et al. Angiotensin II: a key factor in the
inflammatory and fibrotic response in kidney diseases. Nephrol Dial
Transplant 2006;21:16–20.

[80] Paravicini TM, Touyz RM. Redox signaling in hypertension.
Cardiovasc Res 2006;71:247–58.

[81] Fanayan S, Firth SM, Butt AJ, Baxter RC. Growth inhibition by
insulin-like growth factor-binding protein-3 in T47D breast cancer
cells requires transforming growth factor-β (TGF-β) and the type II
TGF-β receptor. J Biol Chem 2000;275:39146–51.

[82] Lutz M, Krieglstein K, Schmitt S, ten Dijke P, Sebald W, Wizenmann
A, et al. Nerve growth factor mediates activation of the Smad pathway
in PC12 cells. Eur J Biochem 2004;271:920–1.

[83] Seoane J. Escaping from the TGF-β anti-proliferative control.
Carcinogenesis 2006;27:2148–56.
le/
74/2/196/283962 by guest on 16 August 2022


	TGF-β signaling in vascular fibrosis
	Introduction
	TGF-β in cardiovascular pathology
	TGF-β and vascular fibrosis
	TGF-β receptors
	TGF-β signaling systems: the Smad pathway
	Smad and vascular fibrosis
	Other TGF-β signaling systems involved in vascular fibrosis
	The mitogen-activated protein kinase (MAPK) pathway
	The small G proteins
	Redox mechanisms

	Relation between TGF-β and CTGF
	Relation between AngII and TGF-β
	Smad pathway and vascular fibrosis caused by AngII
	Other signaling systems and mediators common to AngII and TGF-β

	TGF-β-independent Smad activation
	Conclusion
	Acknowledgements
	References


