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A B S T R A C T

Transforming growth factor-β1 (TGF-β1) is considered as a crucial mediator in tissue fibrosis and causes tissue
scarring largely by activating its downstream small mother against decapentaplegic (Smad) signaling. Different
TGF-β signalings play different roles in fibrogenesis. TGF-β1 directly activates Smad signaling which triggers
pro-fibrotic gene overexpression. Excessive studies have demonstrated that dysregulation of TGF-β1/Smad
pathway was an important pathogenic mechanism in tissue fibrosis. Smad2 and Smad3 are the two major
downstream regulator that promote TGF-β1-mediated tissue fibrosis, while Smad7 serves as a negative feedback
regulator of TGF-β1/Smad pathway thereby protects against TGF-β1-mediated fibrosis. This review presents an
overview of the molecular mechanisms of TGF-β/Smad signaling pathway in renal, hepatic, pulmonary and
cardiac fibrosis, followed by an in-depth discussion of their molecular mechanisms of intervention effects both in
vitro and in vivo. The role of TGF-β/Smad signaling pathway in tumor or cancer is also discussed. Additionally,
the current advances also highlight targeting TGF-β/Smad signaling pathway for the prevention of tissue fi-
brosis. The review reveals comprehensive pathophysiological mechanisms of tissue fibrosis. Particular chal-
lenges are presented and placed within the context of future applications against tissue fibrosis.

1. Introduction

Fibrosis is a wound-healing response to either acute or chronic
cellular injury that is characterized by the accumulation of extracellular
matrix (ECM). Excessive evidence demonstrated that fibrogenesis is
associated with renin-angiotensin system, inflammation and oxidative
stress, transforming growth factor β (TGF-β)/Smad signaling, Wnt/β-
catenin signaling and lipid metabolism [1–10]. Among them, TGF-β/
Smad signaling plays an important role in fibrosis [1,11–14]. Bona fide
TGF-β is sequestered into the matrix in a latent state and must be ac-
tivated before it can bind to its receptors. In recent years, more atten-
tion has been paid to TGF-β/Smad signaling pathway as an effective
target of anti-fibrotic therapy [12,15,16].

TGF-β is a multi-functional mediator that regulates proliferation,
differentiation, apoptosis, adhesion and migration in various cells such
as macrophages, activated T and B cells, immature hematopoietic cells,
neutrophils and dendritic cells [16,17]. There are three isoforms of
TGF-β including transforming growth factor β1 (TGF-β1), transforming
growth factor β2 (TGF-β2) and transforming growth factor β3 (TGF-
β3). TGF-β1 is expressed in endothelial, hematopoietic, and connective

tissue cells, and TGF-β2 is expressed in epithelial and neuronal cells,
while TGF-β3 is expressed primarily in mesenchymal cells [1,17,18]. It
is well-known that TGF-β1 exerts its biological effects by activating
downstream mediators including Smad2 and Smad3, while is nega-
tively regulated by Smad7 expression [12,15]. Under pathological
conditions, both Smad2 and Smad3 expression are upregulated, while
Smad7 is downregulated. TGF-β/Smad cascade is composed of a
ternary signaling complex which been activated when TGF-β1 interacts
with transforming growth factor β receptor II (TGFβRII), then TGF-βRII
phosphorylates transforming growth factor β receptor I (TGFβRI),
which in turn phosphorylates cytoplasmic mediators, Smad2 and/or
Smad3, and a heterotrimeric complex is formed with Smad4 that
translocates into the nucleus, binds a consensus sequence, and regulates
gene transcription [12].

It is now well accepted that TGF-β/Smad signaling is a major
pathway for fibrogenesis such as renal fibrosis, hepatic fibrosis and
pulmonary fibrosis [12,16,19]. TGF-β1 is a key mediator in the devel-
opment of fibrosis and inflammation. The blockade of TGF-β by neu-
tralizing TGF-β antibodies, decorin, and antisense oligonucleotides
prevents or ameliorates fibrosis. TGF-β/Smad signaling is also linked to
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human carcinogenesis and other diseases [19].
This review focuses on the action mechanism of TGF-β/Smad sig-

naling pathway and its therapeutic intervention. In addition, we also
discuss the effects of other intracellular factors including tumor necrosis
factor receptor-associated factor 6, TGF-β-activated kinase 1, mitogen-
activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K),
p53 and integrin on TGF-β/Smad signaling pathway [13,20–22].

2. TGF-β family

TGF-β is the prototype of a family of secreted polypeptide growth
factors. It has been found that more than 40 members of this super-
family were identified since the ability to induce the (“transforming”)
growth of cultured fibroblasts in 1981 [23], and these members have a
common dimeric structure and exhibit the presence of a cysteine knot
structural motif [18]. To date up, 33 TGF-β-related genes have already
been identified in mammalian genomes as the result of genome se-
quencing projects; these include bone morphogenic proteins (BMPs),
activin/inhibin, growth and differentiation factors, nodal, and anti-
Müllerian hormone. In mammals, these cytokines play very important
roles, via regulating a wide array of cellular processes, such as cell
growth, differentiation, migration, apoptosis, ECM production, im-
munity, and even embryonic development [14,17]. TGF-β family pro-
teins control cell proliferation and differentiation. In addition, TGF-β1,
TGF-β2, and TGF-β3 are induced and activated in a variety of fibrotic
diseases [12,16,19,24].

2.1. TGF-β1

TGF-β1 is a multi-functional cytokine which plays a fundamental
role in regulating cellular processes and ECM components including
collagen, fibronectin and elastin. TGF-β1 and its two receptors TGFβRI
and TGFβRII play a key role in epithelial-mesenchymal transition
(EMT) and fibrogenesis [12]. The downstream molecules including

smad2, smad3, smad4 and smad7 are involved in TGF-β1-induced EMT,
while Smad7 blocks the smad3 expression [12].

The upregulation of TGF-β1 has been observed in lung, liver and
kidney fibrosis [12,16,19]. TGF-β1 has been also identified as a key
regulator of cardiac fibrosis [25], which may affect cell growth, apop-
tosis and differentiation, increase ECM production, maintain fibroblast
viability, inhibit metalloproteinase production, and facilitate collagen
degradation [26]. TGF-β1 activates Smad-dependent and -independent
pathways to exhibit its biological activities [27]. Phosphorylation of
Smad2 and Smad3 that forms a complex with Smad4 moves into nu-
cleus to regulate downstream proteins. TGF-β1 can induce renal fibrosis
in both canonical (Smad-based) and non-canonical (non-Smad-based)
signaling pathways, which result in activation of myofibroblasts, ex-
cessive production of ECM and inhibition of ECM degradation [1]. In
recent years, studies have found that TGF-β1/Smad signal transduction
is a key pathway for orientation, differentiation, development and
proliferation of osteoblasts. However, TGF-β1 has powerful im-
munosuppressive effects. Some studies demonstrated that TGF-β1 ex-
hibited pro-inflammatory effect by upregulating the expression of
chemotactic factors and pro-inflammatory factors in mesangial and
inflammatory cells [28,29].

2.2. Bone morphogenic proteins

Bone morphogenic proteins (BMP) arm of the TGF-β pathway is a
key regulator and BMP-7 had a protective effect in podocyte differ-
entiation via Smad signaling [30]. Smad2 and Smad3 induce TGF-β1
activity whereas Smad1, Smad5 and Smad8 activate BMP pathway.
Activation of Smad1/5/8 upregulates BMP and inhibits TGF-β1 medi-
ated fibrotic gene expression [31]. Activation of Smad2/3 regulates
TGF-β to promote fibrosis, whereas increasing BMP/Smad1/5/8 ac-
tivity inhibits fibrosis (Fig. 2).

Fig. 1. Schematic diagram depicting possible mechanisms involved in the fibrogenesis of TGF-β/Smad pathway.
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3. The mechanism of TGF-β/Smad signaling pathway

As shown in Fig. 1, TGF-β expresses signaling responses via both
canonical (Smad-based) and non-canonical (non-Smad-based) signaling
pathways [32]. TGF-β activates downstream mediators that further
activates several intracellular signaling pathways to regulate various
cellular functions [33]. TGF-β receptors activate Smad-based and non-
Smad-based signaling pathways that substantially contribute to the
TGF-β response.

TGF-β family signaling is activated by mature polypeptide then
converts into a disulfide-linked dimer that acts as ligand to the cell
surface receptors [34], then signaling initiates at the plasma membrane
when TGF-β bind the TGF-β receptors, receptor ectodomain glycosy-
lation and shedding. TGF-β binding induces a constitutively active type
II receptor to phosphorylation of serine and/or threonine residues in
the juxtamembrane GS domain of the type I receptor, which then
confers conformational activation of the type I receptor kinase [35].
Furthermore, TGF-β binding to the cell surface receptor complex acti-
vates both Smad-mediated and non-Smad signaling pathways. TGF-β or
activin binding to their respective receptor complexes activates Smad2
and Smad3, whereas BMP induces activation of Smad1 and Smad5
[35,36]. Upon activation by TGF-β1, Smad2 and Smad3 are phos-
phorylated and form a complex via Smad signaling, which is mediated
by receptors that internalizes in clathrin-coated pits and is regulated by
receptor, and further activates the transcription of TGF-β/Smad target
genes.

Target genes of TGF-β/Smad could regulate and restore Smad
complex. Among them, AGAC or GTCT are the most commonly se-
quence which efficiently activates TGF-β-induced transcription [18,27].
TGF-β activation also results in excessive ECM deposition including
fibrillin, fibronectin and thrombospondin, which either directly or in-
directly control TGF-β activation [37].

4. TGF-β/smad in normal physiological and disease processes

TGF-β acts as potent growth inhibitor for many different cells and
plays a key role in the control of parenchymal apoptosis. Latent TGF-β1
plays a protective role in renal fibrosis and inflammation. Based on the
current advances in understanding the pleiotropic reactions, various
inhibitors of TGF-β have been developed [12,29]. TGF-β is also a potent
anti-tumor agent because it strongly inhibits epithelial cell growth.
However, TGF-β could also promote tumor growth because it could
induce changes in transcriptional activities that reprograms epithelial
cells into mesenchymal cells, thereby facilitating tumor metastasis and
invasion [19].

4.1. TGF-β/smad in fibrosis

Numerous studies have clarified TGF-β pathway was closely asso-
ciated with ECM gene expression and fibrogenesis [15]. Fibrosis is
primarily driven by inflammatory cytokines including members of the
TGF-β superfamily [1,38], various interleukins, oxidative stress and
inflammation. Among them, TGF-β serves as an important and crucial
mediator in fibrogenesis. TGF-β/Smad is a major signaling pathway
leading to kidney disease, and mediates renal fibrosis [1].

4.1.1. TGF-β/smad signaling pathway in renal fibrosis
Renal fibrosis is main pathological features of chronic kidney dis-

ease (CKD) with high morbidity and mortality. Renal fibrosis plays a
central role in the pathogenesis and progression of CKD to end stage
renal disease. TGF-β1 is the central mediator of renal fibrosis and nu-
merous studies have focused on inhibition of TGF-β1 and its down-
stream target genes for treatment of CKD [12]. Smad-dependent sig-
naling pathway played a critical role in pathogenesis of CKD [1].

TGF-β/Smad signaling mediated inflammation and renal fibrosis.

Fig. 2. The balance between TGF-β/Smad and BMP/Smad on fibrogenesis.
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TGF-β1 mediated progressive renal fibrosis by stimulating production
and suppressing degradation of ECM [12]. It has been demonstrated
that angiotensin II stimulated expression of TGF-β1 and its receptors
[39]. Myofibroblasts were a predominant source for ECM production
and myofibroblasts activation was the key step in renal fibrosis. Taken
together, TGF-β1 by driving the differentiation of quiescent fibroblasts
into matrix secreting myofibroblasts promoted renal fibrosis [40]. The
major downstream mediators of TGF-β1 were Smad2 and Smad3. It has
been demonstrated that Smad3 mainly mediated renal fibrosis, and
deletion of Smad3 reduced fibrogenesis [12]. Downregulation of
Smad2/3 phosphorylation and upregulation of Smad7 restored podo-
cyte injury, and prevented renal fibrosis in kidneys by inhibiting TGF-
β1 expression [41]. Smad4 was a key modulator of the TGF-β1-medi-
ated fibrosis and inflammation by interplaying with Smad3 and Smad7
to affect their transcriptional activity in renal inflammation and fibrosis
[12]. TGF-β1 was not the sole mediator of the Smad signaling which
activated CKD [1,42], while many other mediators could also activated
Smad2 and Smad3 in the TGF-β1-independent manner. Additionally,
TGF-β/Smad pathway was regulated by ubiquitination. The compo-
nents of ubiquitin-proteasome system could tightly control TGF-β/
Smad signaling and renal fibrosis caused by distorting specific ubiquitin
modifying enzymes [43]. Post-translational regulation of TGF-β1/Smad
signaling by ubiquitination was involved in renal fibrosis and provided
a novel target for treatment of CKD and renal fibrosis.

It has been reported the important role of Smad2 and Smad4 in
renal fibrosis. The important findings demonstrated that Smad2 and
Smad4 conditional knockout (KO) modulated renal fibrosis. The mice
with constitutive deletion of Smad2 were embryonic lethal [44]. Con-
ditional deletion of Smad2 could significantly attenuate renal fibrosis,
tubular EMT-like changes and the levels of myofibroblast markers in
diabetic nephropathy mice, as well as decreased Smad3 and TGF-β1
[45]. Besides, Smad2 deletion promoted fibrosis through enhanced
TGF-β/Smad3 signaling, and increased autoinduction of TGF-β1.
However, Smad4 in fibrosis remains unknown, and this may be at-
tributed to the unavailability of Smad4 KO mice due to the early em-
bryonic lethality [46]. Conditional deletion of Smad4 inhibited renal
fibrosis and TGF-β1-induced collagen I expression [47].

4.1.2. TGF-β/smad signaling pathway in hepatic fibrosis
TGF-β contributed to almost all of the stages of disease progression

which was regarded as a central regulator in the development and
pathogenesis of liver disease. Extensive studies have demonstrated that
TGF-β played a crucial role in the pathogenesis of various liver diseases,
such as hepatitis and cirrhosis even hepatocellular carcinoma [15].

TGF-β1 was the most fibrogenic cytokine in liver which was derived
from paracrine and autocrine sources [48]. TGF-β1 was the most
abundant isoform in liver which was secreted from immune, stellate
and epithelial cells. TGF-β1 triggers hepatic fibrosis mainly by med-
iating the activation of hematopoietic stem cells and produces excessive
ECM [15,49]. An imbalance between positive and negative Smad sig-
naling may play a vital role in the development of hepatic fibrosis.
Smad3 and Smad4 were pro-fibrotic, in contrast, Smad7 were anti-
fibrotic. It has been demonstrated that both Smad2 and Smad3 were
strongly activated in liver fibrosis [49]. Smad3 appeared to be a key
element responsible for fibrosis [19,49,50]. Smad4 interacted with
Smad2/3 and participated in the transcription of downstream pro-fi-
brotic target genes, while Smad7 negatively regulated TGF-β/Smad
signaling in two different ways. One was that Smad7 bound to TGFβRI
to prevent the phosphorylation of Smad2/3, another way was that
Smad7 recruited the E3 ubiquitin ligase Smad ubiquitination regulatory
factors to Smad2 and TGFβRI ubiquitinated and degraded these two
proteins.

4.1.3. TGF-β/smad signaling pathway in lung fibrosis
Pulmonary fibrosis included idiopathic pulmonary fibrosis (IPF) and

interstitial lung fibrosis which are particularly austere lung disease

[51–53]. TGF-β is the most potent profibrotic mediator to modulate
lung fibrosis through recruiting and activating monocytes and fibro-
blasts, and the induction of ECM production [54]. Cystic fibrosis as a
genetic disease was characterized by progressive lung disease. TGF-β as
a master regulator of pulmonary health and disease may offer insights
into new approach toward our understanding cystic fibrosis. TGF-β
signaling was reported to be increased in the macrophages, airway
epithelium, smooth muscle cells and fibroblasts in various pulmonary
diseases [54]. The mechanism demonstrated that TGF-β negatively af-
fected lung health in cystic fibrosis via directly downregulation of
chloride transport. Several studies showed that TGF-β1 stimulation in
human airway epithelial cells caused downregulated expression and
function of cystic fibrosis transmembrane conductance regulator pro-
tein and an alternative chloride transport pathway [55]. TGF-β1 also
promoted networks of gene expression that drive pathologic airway
remodeling. Goblet cell hyperplasia and increased mucin secretion was
a well feature of cystic fibrosis in lung. Inhibition of TGF-β1 signaling
suppressed goblet cell hyperplasia via Smad dependent pathways in
mouse models of allergen induced rhinitis and airway remodeling [56].
Recently study showed that TGF-β1 stimulation could drive airway
smooth muscle shortening and hyperresponsiveness by Smad signaling
[57]. Taken together, TGF-β was associated with pulmonary fibrosis in
multiple animal models and in IPF and drives myofibroblast differ-
entiation. Activation of TGF-β signaling were associated with fibrosis
area and myofibroblast differentiation, furthermore, that constrictive
bronchiolitis in lung biopsies was linked to myofibroblast differentia-
tion potentially induced through TGF-β [58].

IPF as a devastating interstitial lung disease was characterized by
cell injury, tissue remodeling and final lung fibrosis. TGF-β was in-
creased in airway epithelium and fibroblasts from patients with IPF
[59]. TGF-β also caused myofibroblast differentiation from fibroblasts
and aberrant injury response that enhanced progressive fibrosis in IPF.
In mice, inhibition of TGF-β signaling retarded pulmonary fibrosis [60].
TGF-β signaling was also involved in the pathogenesis of chronic ob-
structive pulmonary disease and asthma, which were characterized by
airway obstruction, inflammation and remodeling [61]. TGF-β1 was
increased in airway and alveolar epithelium of patients with chronic
obstructive pulmonary disease and in bronchoalveolar lavage fluid
obtained from asthmatic patients [54]. These studies revealed the
complex and important role of TGF-β signaling in lung fibrosis. While
TGF-β has been considered as a potential therapeutic target in asthma,
no approved medications targeting TGF-β in asthma have advanced to
the clinic [62].

4.1.4. TGF-β/smad signaling pathway in cardiac fibrosis
Chronic heart failure (CHF) is characterized by the inability of the

heart to maintain a normal cardiac output without invoking maladap-
tive compensatory mechanisms [63]. Several studies have been ex-
plored both Smad-dependent and Smad-independent pathways con-
tributed to cardiac fibrosis in TGF-β-induced signaling pathway [25]. In
addition to being involved in canonical Smad signaling, TGF-β was also
implicated in Smad-independent pathways, which also involve some
members of the MAPK family. TGF-β stimulated all of the three known
MAPK pathways namely, the extracellular signal-regulated kinase, Jun
N-terminal kinase and p38 pathways [64]. Then, transcription factors
that were the main targets for activated MAPK stimulated, and this
caused the initiation of many downstream signalings. In fact, these
downstream signaling pathways play crucial roles in the development
of myocardial fibrosis [25]. Taken together, significant activation of
TGF-β1/Smad3 and p38MAPK pathways in cardiac fibrosis can lead to
myofibroblast proliferation and a marked upregulation of collagen I
expression [25].
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4.2. TGF-β/smad signaling pathway in tumor suppression and cancer
progression

TGF-β/Smad signaling pathway was key determinants of carcinoma
cell behavior and the autocrine and paracrine effects of TGF-β on tumor
cells [65]. The tumor micro-environment exerted both positive and
negative influences on cancer development. In brief, TGF-β/Smad sig-
naling exhibits antiprolifertative effects in cancer [16,65]. Additionally,
TGF-β1 contributes to the processes of carcinogenesis in many cancer
cells which included invasion, migration, mesenchymal transition and
extracellular matrix synthesis [65]. TGF-β/Smad pathway was also an
important tumor suppressor in several cancers, and there was a strong
correlation between malignant progression and loss of sensitivity to the
antiprolifertative effects of TGF-β, which was related to reducing ex-
pression or mutational inactivation of TGF-β receptors [19,65].

Overproduction of TGF-β1 was related to breast, prostate, lung,
liver, and colon cancers. TGF-β was also a key mediator of immune
tolerance, and conditional deletion of β8 integrin in dendritic cells
caused severe inflammatory bowel disease and autoimmunity [19,65].
In TGF-β/Smad pathway, it was demonstrated that TGF-β was widely
overexpressed in many cancers and this alteration in tumors was related
to poor prognosis, tumor vascularization and metastasis in contrast to
the tumor suppressive effects [19,66,67].

Smad alterations played a significant role in human tumor.
Accumulating evidence showed that the expression of pivotal tumor
inhibitory gene was closely related to Smads. Smad4 mutation was the
most common protein instability in tumors and it played a crucial role
in tumor suppression [19,67]. Smad2 mapped close to Smad4, affected
Smad2 phosphorylation and increased Smad2 auto-inhibition influence
protein stability and suppress tumor [67,68]. Loss of Smad3 expression
in tumor has been identified that have lost some TGF-β responsiveness
[18,67]. Smad7 overexpression has been shown to increase the tu-
morigenicity in tumor cell line [69]. Taken together, Smads play a
significant role in tumor.

5. Targeting TGF-β mediated Smad signaling for the prevention of
tissue fibrosis

Natural products become more and more popular because it is re-
latively inexpensive and widely available, and has fewer adverse effects
[70–72]. Natural products have been clinically used for thousands of
years as an important alternative remedy for various diseases [73–75].
Compared with western medicine, natural products are a “system-to-
system” treatment mode, and focus on both pathological and physio-
logical changes. Natural products are considered to be multi-compo-
nents and multi-targeted agents that exert their therapeutic functions
holistically.

5.1. Targeting TGF-β1/smad signaling by isolated compounds

Natural products have been widely used as an alternative therapy
against renal fibrosis [76–79]. Recent studies demonstrated that small
molecular compounds from natural products could modulate TGF-β/
Smad signaling pathway to treat different disease. Poria cocos is a well-
known fungus that grows around the roots of pine trees in Asia and
North America [80]. It has been frequently prescribed as one of the
chief ingredients in composite prescriptions in traditional Chinese
medicine (TCM). Excessive studies showed that Poria cocos possessed
immune function, anti-tumor, anti-inflammatory, anti-fibrotic and
lipid-lowing and diuretic effects [81–91]. Poricoic acid ZA is a new
small compound isolated from the surface layer of Poria cocos, which
suppressed TGFβ1/Smad pathway through inhibiting Smad2/3 phos-
phorylation via blocking Smad2/3-TGFβRI protein interaction [92].
Poricoic acid ZC, poricoic acid ZD and poricoic acid ZE treatment sig-
nificant attenuated EMT production by inhibiting specific Smad3
phosphorylation by blocking the interaction of TGFβRI with Smad3

signaling in both TGF-β1- and AngII-treated HK-2 cells and unilateral
ureteralocclusion (UUO) mice [93]. Poricoic acid ZG and poricoic acid
ZH is used for treating podocyte injury and renal fibrosis [94]. Poricoic
acid ZG and poricoic acid ZH were also used for renal disease by in-
hibiting TGF-β/Smad pathway which selectively inhibiting the phos-
phorylation of Smad3 via blocking the interactions of SARA with
TGFβRI and Smad3 [94].

Salvia miltiorrhiza (SM) was used for treating cardiovascular and
renal diseases. The previous studies showed the SM exhibited sig-
nificant protective effects on CKD. Research demonstrated that its ex-
tract alleviated adenine-induced CKD via modulation of NADPH oxi-
dase/ROS/ERK and TGF-β/Smad signaling pathways [95]. Salvianolic
acid A could repress renal fibrosis and improve renal function by in-
hibiting TGF-β1/Smad signaling pathway [96]. Salvianolic acid B could
inhibit MAPK and Smad signaling in activated hepatic stellate cells
[97]. It inhibited the Smad and MAPK pathway in hepatic stellate cells
stimulated with TGF-β1 [98,99].

Baicalin and baicalein isolated from Scutellarise radix exhibit anti-
fibrotic effect in vitro by inhibiting the TGF-β1 pathway. Baicalein re-
markably improved renal dysfunction, ameliorated kidney fibrosis and
alleviated EMT and oxidative stress in hyperuricemia mice [100].
Wogonin and wogonoside effectively blocked the TGF-β1-triggered fi-
brotic response both in vitro and in vivo by exerting inhibitory effects on
TGF-β/Smad3 signaling, indicating wogonin may be utilized as a po-
tential anti-fibrotic effects [101]. Scutellaria barbata (SB) is a promising
medicinal natural product. It was previously reported that the ethanol
extract of SB was able to promote apoptosis, and inhibit cell pro-
liferation and angiogenesis in human colon cancer cells, and SB could
inhibit colorectal cancer cell metastasis via suppressing TGF-β/Smad
signaling pathway [102]. It has been indicated that paeoniflorin
treatment suppressed renal fibrosis and the production of inflammatory
cytokines by altering NF-κB and TGF-β1/Smad pathway in the kidneys
[103].

Alismatis rhizome (AR), as a well-known herb, exhibited lipid-lowing
and renoprotective effects [104–107]. Our results indicated that AR
treatment retarded renal fibrosis by downregulating inflammation and
TGF-β1/Smad pathway in CKD rats [108]. Our further study demon-
strated that alisol B 23-acetate treatment significantly amileriated po-
docytes and tubular epithelial cells by inhibiting activation of Wnt/β-
catenin, oxidative stress and inflammation [109]. 25-O-methylalisol F is
a new tetracyclic triterpenoid compound isolated from the AR. Our
study found that 25-O-methylalisol F suppressed EMT by inhibiting
Smad3 phosphorylation and promoting Smad7 expression in TGF-β/
Smad-dependent pathway and it has an important effect on crosstalk
between TGF-β/Smad and Wnt/β-catenin pathway in EMT process by
activation of RAS [110].

Traditional Chinese medicine Shenqiwan efficiently inhibited the
mRNA and protein expression of p-Smad2/3 by upregulating Smad7.
These results suggested that Shenqiwan could retarded progressive
renal fibrosis, possibly by inhibiting TGF-β1/Smad signaling pathway
[111]. The protective effects of HuangQi decoction for kidney damage
in UUO mice was mediated by downregulating the TGF-β/Smad sig-
naling. Similarly, renal fibrosis was attenuated or suppressed through
TGF-β/Smad pathway by various natural products, such as Tanshinone
HA [112], sinomenine [113], oxymatrine [114], bergenin [115], Wu-
lingsan [116] and You-gui Pill [117].

5.2. Targeting TGF-β1/smad signaling by extracts and compound
prescriptions

Polysaccharide (ESP-B4) from Ephedra sinica Stapf against airway
and pulmonary inflammation revealed that ESP-B4 could downregulate
the production of TGF-β1, p-Smad2 and p-Smad3, upregulate the ex-
pression of Smad7, which indicated that ESP-B4 reduced airway and
pulmonary inflammation by regulating the TGF-β1/Smad2 pathway
[118]. Shen-mai-kai-fei-san (Shenks) has been shown to be effective in
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the treatment of pulmonary fibrosis [119]. In vivo and in vitro studies
demonstrated that Shenks inhibited fibrosis by blocking TGF-β
pathway.

It has been reported that phenylethanol glycosides from Cistanche
tubulosa could block the conduction of the signaling pathways in TGF-
β1/Smad, and inhibit the activation of hepatic stellate cells, suggesting
that it may be a potential agents for the treatment of liver fibrosis
[120]. Liuweiwuling tablets were supported by the inhibition of the
TGF-β/Smad-mediated synthesis of collagen I in hepatic fibrosis [121].
Buyanghuanwu decoction is a representative prescription for the
treatment of qi-deficiency and blood-stasissyndrome and Buyan-
ghuanwu decoction exerted a cardioprotective effect against pressure
overload induced cardiac remodeling via inactivation of TGF-β/Smad
signaling triggered fibrosis [122].

6. Conclusion

In summary, the present review provides a systemic review for TGF-
β/Smad signaling pathway in tissue fibrosis. The current advances in
research into TGF-β/Smad pathway improve our understanding of the
molecular mechanisms of fibrogenesis in renal, hepatic, pulmonary and
cardiac fibrosis. Activation of Smad and non-Smad signaling contributes
to the pathological roles of TGF-β signaling. Smads exert their functions
through post-translational modifications such as phosphorylation,
acetylation, sumoylation, ubiquitination and protein-protein interac-
tions. Therefore, understanding of the specific function of Smad-de-
pendent signaling pathways and their crosstalk in tissue fibrosis would
help the development of specific and effective therapeutic strategies for
specific tissue fibrosis. Particular challenges are presented and placed
within the context of future applications against fibrosis.
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