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BACKGROUND AND PURPOSE
Pressure overload-induced cardiac interstitial fibrosis is viewed as a major cause of heart failure in patients with hypertension
or aorta atherosclerosis. The purpose of this study was to investigate the effects and the underlying mechanisms of genistein,
a natural phytoestrogen found in soy bean extract, on pressure overload-induced cardiac fibrosis.

EXPERIMENTAL APPROACH
Genisten was administered to mice with pressure overload induced by transverse aortic constriction. Eight weeks later, its
effects on cardiac dysfunction, hypertrophy and fibrosis were determined. Its effects on proliferation, collagen production and
myofibroblast transformation of cardiac fibroblasts (CFs) and the signalling pathways were also assessed in vitro.

KEY RESULTS
Pressure overload-induced cardiac dysfunction, hypertrophy and fibrosis were markedly attenuated by genistein. In cultured
CFs, genistein inhibited TGFβ1-induced proliferation, collagen production and myofibroblast transformation. Genistein
suppressed TGFβ-activated kinase 1 (TAK1) expression and produced anti-fibrotic effects by blocking the TAK1/MKK4/JNK
pathway. Further analysis indicated that it up-regulated oestrogen-dependent expression of metastasis-associated gene 3
(MTA3), which was found to be a negative regulator of TAK1. Silencing MTA3 by siRNA, or inhibiting the activity of the
MTA3-NuRD complex with trichostatin A, abolished genistein’s anti-fibrotic effects.

CONCLUSIONS AND IMPLICATIONS
Genistein improved cardiac function and inhibited cardiac fibrosis in response to pressure overload. The underlying
mechanism may involve regulation of the MTA3/TAK1/MKK4/JNK signalling pathway. Genistein may have potential as a novel
agent for prevention and therapy of cardiac disorders associated with fibrosis.

LINKED ARTICLES
This article is part of a themed section on Chinese Innovation in Cardiovascular Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2015.172.issue-23

Abbreviations
CFs, cardiac fibroblasts; CTGF, connective tissue growth factor; ECM, extracellular matrix; EdU, 5-ethynyl-2′-
deoxyuridine; EF, ejection fraction; ER, oestrogen receptors; FS, fractional shortening; MTA3, metastasis-associated gene
3; NuRD, nucleosome remodelling and deacetylase; TAC, transverse aortic constriction; TAK1, TGFβ-activated kinase 1;
TSA, trichostatin A
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Introduction

Cardiac fibrosis is a crucial pathological process occurring in
a variety of heart diseases that are associated with myocardial
stiffness and cardiac systolic and diastolic dysfunction
(Creemers and Pinto, 2011). This process is characterized by
excess production and deposition of extracellular matrix
(ECM) proteins such as collagen I, collagen III and fibronectin
(Cavalera et al., 2014; Kong et al., 2014), which cause cardiac
stiffness and eventually heart failure. Hence, the discovery of
agents that can control cardiac fibrosis is useful for the treat-
ment of heart disease.

Genistein (4′,5,7-trihydroxy isoflavone, Figure 1), a
natural phytoestrogen found in soy extract, has been
reported to produce anti-cancer and anti-inflammatory
effects (Si and Liu, 2007; Valsecchi et al., 2008). It also pos-
sesses cardioprotective properties, such as attenuating
isoprenaline-induced cardiac hypertrophy (Maulik et al.,
2012). However, the role of genistein in pressure overload-
induced cardiac fibrosis has yet to be explored.

Cardiac fibrosis can be triggered by many signalling mol-
ecules, of which, TGFβ1 plays a central role in activating the
proliferation, collagen production and myofibroblast trans-
formation of cardiac fibroblasts (CFs; Dobaczewski et al.,
2011; Meyer et al., 2012). In fibroblasts, TGFβ-activated
kinase 1 (TAK1) mediates TGFβ1-induced fibronectin expres-
sion, and depletion of TAK1 inhibits the pro-fibrotic effect of
TGFβ1 (Shi-wen et al., 2009). TAK1 functions by activating

the downstream MKK3/p38-MAPK cascade or MKK4/JNK
cascade (Hocevar et al., 2005; Kim et al., 2007).

Metastasis-associated gene 3 (MTA3), an oestrogen-
dependent component of the nucleosome remodelling and
deacetylase (NuRD) complex, was identified as a transcrip-
tional repressor of multiple genes, such as Snail and CGB5
(Chen et al., 2013). Studies have shown that MTA3 plays a
critical role in cancer metastasis (Chu et al., 2014), lympho-
cyte differentiation (Fujita et al., 2004) and embryo develop-
ment (Li et al., 2009). However, the expression and function
of MTA3 in heart is unclear.

In this study, we found that genistein attenuated pressure
overload-induced cardiac dysfunction and fibrosis. Our
results also suggest that genistein exerts its anti-fibrotic effect
by inhibiting TAK1 expression and the subsequent phospho-
rylation of MKK4/JNK. Moreover, the up-regulation of MTA3
by genistein is responsible for the down-regulation of TAK1
and its anti-fibrotic effects. These findings allow us to con-
clude that genistein inhibits pressure overload-induced
cardiac fibrosis through the MTA3/TAK1/MKK4/JNK pathway,
and it might be a promising therapeutic agent for adverse
cardiac remodelling.

Methods

Animal welfare and ethical statements
All the experimental procedures were in accordance with the
Animals (Scientific Procedures) Act 1986 Amendment Regu-
lations (SI 2012/3039), UK, and the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). The procedures were approved
by the Institutional Animal Care and Use Committee and
Ethics Committee of the Harbin Medical University [SYXK
2011-033 (2011.12.13–2016.12.12)] and complied with the
standards of animal welfare in China. All experimental pro-
cedures were conducted as humane as possible. A total of 49
healthy male Kunming mice weighing 20–25 g were housed
in conditions in which an artificial 12 h dark–light cycle was
maintained, and food and water were available ad libitum.

Tables of Links

TARGETS

Nuclear hormone receptorsa Enzymesb

Oestrogen receptor: ERα Endothelial (e) NOS

Oestrogen receptor: ERβ Histone deacetylase (HDAC)

Other protein targets Inducible (i) NOS

Kelch-like ECH-associated protein 1 (Keap1) JNK

P38-MAPK

Smad2/3

TAK1

LIGANDS

Aliskiren ICI182780

Col1a1 Isoprenaline

Col3a1 TGFβ1

Curcumin Trichostatin A (TSA)

Genistein Wnt4

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).

Figure 1
Chemical structure of genistein.
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The animals were kept in standard animal rooms with tem-
perature 20–22°C and humidity 55–60%.

Mice model of transverse aortic constriction
(TAC) and genistein administration
A total of 49 animals were randomly divided into seven
groups: control, genistein (100 mg·kg−1·day−1), sham, TAC
and TAC+genistein (10, 50 and 100 mg·kg−1·day−1) groups.
The genistein dosage was determined according to the dosage
used in previous studies (Hool et al., 1998; Cong et al., 2009;
Qi et al., 2011; Fan et al., 2013; Chinigarzadeh et al., 2014).
Animals were anaesthetized with pentobarbital sodium
(6 mg·kg−1, i.p.) as assessed by interdigital reflex. Then, TAC
was performed as previously described (Yasuno et al., 2013).
Sham-operated animals underwent open chest procedures
without aorta constriction. Genistein was administered to
animals daily, intragastrically, three days post-surgery for 8
consecutive weeks. Other groups were given equal volumes of
saline.

Cardiac echocardiography
Eight weeks after drug administration, mice were anaesthe-
tized with pentobarbital sodium (6 mg·kg−1, i.p.) for cardiac
echocardiography using an ultrasound machine (Vivid 7, GE
Medical System, Milwaukee, WI, USA). The left ventricular
ejection fraction (EF) and fractional shortening (FS) were cal-
culated from the M-mode recording.

Measurements of collagen deposition and
cardiomyocyte area
After echocardiographic recording, the hearts of mice were
excised and fixed in 4% paraform, and then embedded in
paraffin. The preparations were cut cross-sectionally into
5 μm thick sections. Masson’s trichrome staining was
performed to view collagen accumulation as previously
described (Shan et al., 2009). Haematoxylin and eosin (HE)
staining was applied to view the cardiomyocytes. The stained
sections were viewed with a microscope and the images were
analysed with ImagePro Plus software (Media Cybernetics,
Bethesda, MD, USA) to quantify collagen percentage and
cardiomyocyte area.

Fibroblast cultures and transfection
The cultured CFs were obtained from 1- to 3-day-old neonatal
rat hearts as described previously (Chen et al., 2014). Briefly,
after being treated with 0.25% trypsin, CFs were collected by
discarding the cloudy medium containing cardiomyocytes
after 1–2 h incubation at 37°C. Fresh DMEM containing 10%
FBS was added into the culture flask. CFs at the second or
third passages were used in our experiments. Cells were trans-
fected with MTA3 siRNA as specified. The siRNA was con-
structed by Shanghai GenePharma Co. Ltd (Shanghai, China)
and transfected following the manufacturer’s instructions.

Luciferase reporter activity assay
The promoter regions of TAK1 were amplified and subcloned
into pGL3-basic (Promega Corporation, Madison, WI, USA).
Next, CFs cultured in a 24-well plate were transiently trans-
fected with siRNA along with 1 μg of plasmid and 0.05 μg of

the internal control plasmid (SV40, expressing Renilla lucif-
erase) using Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA, USA). Luciferase activities were measured by the
Dual-Luciferase Reporter Assay System (Promega Corpora-
tion) 24 h post-transfection. Assays were repeated three times
and promoter activity was determined by the ratio of firefly
over Renilla.

5-Ethynyl-2′-deoxyuridine (EdU) labelling
To determine the proliferation rate of CFs, sterilized cover-
slips were placed into 24-well plates seeded with CFs. After
incubation, the medium was discarded and 200 μL EdU was
added to the wells. Then cells were incubated at 37°C for 2 h.
Hoechest33342 was used to stain the nuclei. Cells were exam-
ined under a fluorescence microscope.

Measurement of cell viability and
collagen production
The MTT assay was used to measure CFs viability as previ-
ously described (Pan et al., 2012; Xu et al., 2014). Briefly,
20 μL of MTT solution was added to a 96-well plate seeded
with CFs and incubated for 4 h. The medium was then dis-
carded, followed by the addition of 150 μL of DMSO. Finally,
absorbance at 570 nm was recorded. Collagen production
was detected using a Sircol soluble collagen assay kit (Biocolor
Ltd., Carrickfergus, County Antrim, UK) according to the
manufacturer’s protocol. Briefly, collagen that was produced
by the CFs was dissolved in cold acid. Then the Sircol Dye
Reagent was used to stain the collagen. Absorbance at 555 nm
was recorded and the collagen content was calculated.

Immunofluorescence microscopy
Immunofluorescent staining was performed on CFs to deter-
mine α-SMA expression. Briefly, cells were fixed with 4%
paraformaldehyde for 10 min at 37°C, and then treated with
0.4% Triton x-100 for 1 h. After being blocked with goat
serum in PBS, the cells were incubated with α-SMA antibody
at 4°C overnight. Secondary antibody conjugated with Alex
Fluro 594 was added and incubated with the cells for 1 h. The
cells were then incubated with DAPI (1:100) for another 1 h.
Cells were examined and photographs were taken by fluores-
cence microscope.

Real-time RT-PCR
RNA was isolated using TRIZOL reagent as previously
described (Lu et al., 2009; Zhang et al., 2013b), and was
reverse transcribed. The first-strand cDNA was used for real-
time PCR to quantify mRNA expression with GAPDH as an
internal control. The relative mRNA level was presented as
values of 2−ΔCt [ΔCt = Ct (gene of interest) − Ct (GAPDH)]. The
sequences of primers were connective tissue growth factor
(CTGF), forward: 5′-CTTCTGCAGACTGGAGAAGC-3′,
reverse: 5′-CAGCCAGAAAGCTCAAACTTG-3′. Collagen 1a1
(Col1a1), forward: 5′-CAATGGCACGGCTGTGTGCG-3′,
reverse: 5′-CACTCGCCCTCCCGTCTTTGG-3′. Collagen 3a1
(Col3a1), forward: 5′-TGAATGGTGGTTTTCAGTTCAG-3′, re-
verse: 5′-GATCCCATCAGCTTCAGAGACT-3′. MTA3, forward:
5′-CAACGACATTCGTCAGGACT-3′,reverse: 5′-TTCGGCATG
TCTGTCTGC-3′. GAPDH, forward: 5′-AAGAAGGTGGTGAAG
CAGGC-3′, reverse: 5′-TCCACCACCCAGTTGCTGTA-3′.
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Western blot analysis
Heart tissues and cultured CFs were lysed in RIPA buffer.
Proteins were isolated as described previously by our labora-
tory (Zhang et al., 2010; 2014). Protein extracts (100 μg) were
subjected to electrophoresis in 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes. Then, the nitrocellulose
membranes were probed with TAK1, MKK4, JNK, p-TAK1
(Thr184/187), p-MKK4 (Ser257/Thr261), p-JNK (Thr183/Tyr185; Cell
Signaling Technology, Inc., Danvers, MA, USA), α-SMA or
MTA3 (Abcam, Inc., Cambridge, MA, USA) and GAPDH
(internal control; Zhongshanjinqiao, Inc., Beijing, China)
antibodies overnight at 4°C. Membranes were then incubated
with a secondary antibody and scanned by Odyssey Imaging
System (LI-COR, Inc., Lincoln, NE, USA).

Design and statistical analysis
Experimental subjects/preparations were randomized to
groups and equal group sizes were obtained. Group assign-
ments, data recording and data analysis were blinded to the
operator. Data are shown as mean ± SEM from at least five
independent experiments (Curtis et al., 2014). ANOVA in con-
junction with Turkey multiple-comparisons test (GraphPad
Prism version 5.0) was used for comparisons between groups.
P < 0.05 was considered as statistically significant.

Materials
Genistein (purity > 95%) was obtained from Xi’an QingYue
Biotechnology Co, Ltd (Xi’an, Sha’anxi, China). TGFβ1 was
purchased from R&D Systems Inc. (Minneapolis, MN, USA).
ICI 182,780 was purchased from Abcam, Inc. Trichostatin A
(TSA) and TAK1 inhibitor (5Z)-7-oxozeaenol were obtained
from Sigma Chemical Co. (St. Louis, MO, USA).

Results

Effect of genistein on pressure
overload-induced cardiac dysfunction
We performed echocardiographic measurements 4 and 8
weeks after TAC surgery and genistein administration. The
results showed that EF and FS values were unchanged in the
4-week TAC-treated hearts, suggesting that heart function
was still in a compensatory state (Supporting Information
Fig. S1), whereas in the 8-week TAC treated hearts these
values were markedly decreased, being indicative of heart
failure. Genistein administration significantly alleviated
these changes in a dose-dependent manner (Figure 2A–C,
Supporting Information Table S1). Genistein had no effect on
the echocardiographic parameters of normal mice.

Effect of genistein on pressure
overload-induced cardiac hypertrophy
It is known that pathological pressure overload can cause
cardiac hypertrophy. We calculated the heart weight/tibia
length (HW/TL) ratio of mice as an index of change in heart
size. The results showed that HW/TL ratio was dramatically
increased in the TAC group, indicating increased weight of
the heart. As expected, genistein reduced the HW/TL ratio in
a dose-dependent manner (Table 1). Moreover, the hearts Ta
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from the TAC group were obviously larger than those from
the sham group, while genistein reversed this change
(Figure 2D). Histological sections stained with HE show the
typical phenotypes of hypertrophy (Figure 2D). The photo-
graphs showed that TAC-induced eccentric hypertrophy as
indicated by the enlarged left ventricular chamber, while
genistein treatment attenuated this change (Figure 2D).
Analysis of myocardial cross section area confirmed the
ability of genistein to suppress cardiac hypertrophy induced
by TAC. As shown in Figure 2D and E, TAC treatment caused
the cell area of cardiomyocytes to increase; this was inhibited
by genistein administration.

Effect of genistein on cardiac
interstitial fibrosis
Next, to explore the possible role of genistein in modulating
ECM deposition, we assessed the fibrosis area using Masson’s

trichrome staining. We found that the cardiac interstitial
fibrotic area was markedly increased in the TAC group com-
pared with the sham group (P < 0.05). Treatment with gen-
istein was sufficient to abolish TAC-induced ECM deposition
in a dose-dependent manner (P < 0.05 vs. TAC; Figure 3). The
same results were obtained from picrosirius red staining (Sup-
porting Information Fig. S2).

Genistein regulates proliferation and collagen
production of cultured CFs
We performed EdU assay in cultured CFs at baseline and after
TGFβ1 stimulation (10 ng·mL−1, 24 h) in the presence or
absence of genistein (100 μM). The proliferation of CFs was
increased by TGFβ1 treatment as indicated by calculating the
percentage of EdU positive cells and this change was attenu-
ated significantly by genistein (Figure 4A). The results from the
MTT assay further confirmed the anti-proliferation effect of

Figure 2
Genistein alleviates pressure overload-induced cardiac dysfunction and hypertrophy in mice. (A and B) EF and FS levels evaluated by echocardi-
ography. n = 7. (C) M-mode echocardiographic photos. (D) Hearts from mice subjected to a sham operation or pressure overload (TAC) or TAC
with genistein (Gen) administration are shown at the top. Histological sections stained with HE are shown at the bottom. Scale bars: 2 mm (top
panel); 2 mm (middle panel), 100 μm (bottom panel). (E) Summarized data of cardiomyocyte cross section area measured from the HE sections.
n = 5. *P < 0.05 vs. sham; #P < 0.05 vs. TAC.
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genistein (Figure 4B). We next assessed the effect of genistein
on collagen synthesis of CFs and found that all three doses of
genistein markedly inhibited TGFβ1-mediated collagen pro-
duction (Figure 4C). In addition, genistein also dramatically
suppressed the expression of pro-fibrotic genes, such as
Col1a1, Col3a1 and CTGF, at the mRNA level (Figure 4D–F).

Genistein regulates the transformation from
fibroblast to myofibroblast
Because the process of fibroblast to myofibroblast trans-
formation, characterized by α-SMA up-regulation, plays an
important role in cardiac fibrosis, we performed an immu-
nostaining assay to verify whether genistein could repress the
expression of α-SMA. Our results showed that TGFβ1 signifi-
cantly induced the fibroblast to myofibroblast transformation
as indicated by the increased percentage of α-SMA-positive
cells. Co-application of genistein markedly attenuated this
change (Figure 5A). Moreover, genistein also attenuated
TGFβ1-mediated up-regulation of α-SMA protein levels
(Figure 5B), consistent with the results obtained from the
mouse model (Figure 5C).

Genistein regulates the TAK1/MKK4/JNK
pathway
To explore the pathway through which genistein exerts its
anti-fibrotic effects, we assessed the changes in expression of

the fibrotic mediators at the protein level in cultured CFs
using Western blot analysis. Since TGFβ1/Smads are the
most well-known pro-fibrogenic mediators, we first exam-
ined the effects of genistein on p-Smad2/3 and Smad2/3
protein levels. As shown in Supporting Information Fig. S3,
genistein did not inhibit the up-regulation of p-Smad2/3
induced by TGFβ1, suggesting that the anti-fibrotic effect of
genistein was not mediated by the Smads’ signalling. Recent
studies have demonstrated that TAK1 plays a critical role in
TGFβ1 induced pro-fibrotic responses (Ono et al., 2003; Guo
et al., 2013). In this study, we confirmed this effect by treat-
ing cells with a TAK1 inhibitor. We found that TAK1 inhi-
bition significantly suppressed TGFβ1 induced proliferation
and collagen production of CFs (Supporting Information
Fig. S4). As shown in Figure 6A, TAK1 expression was sig-
nificantly up-regulated in TGFβ1 treated CFs, while gen-
istein inhibited this change in a dose-dependent manner.
Moreover, the change in expression of p-TAK1 was consist-
ent with that of the total TAK1 (Figure 6B). Studies have
shown that TAK1 can function through the MKK4/JNK sig-
nalling cascade to regulate ECM deposition and remodelling
(Hocevar et al., 2005). Our data indicated that genistein sub-
stantially inhibited the up-regulation of p-MKK4 and p-JNK,
while having no effect on the total MKK4 and JNK in
TGFβ1-treated CFs (Figure 6C and D). These results were
consistent with the data obtained from the mouse model
(Supporting Information Fig. S5).

Figure 3
Genistein attenuates pressure overload-induced cardiac interstitial fibrosis. (A–G) Representative photographs of Masson trichrome-stained
sections. The collagens are stained blue and indicated by yellow stars. Scale bar indicates 100 μm. (H) Summarized data of cardiac fibrosis ratio
measured from the Masson trichrome-stained sections. n = 6. *P < 0.05 vs. sham; #P < 0.05 vs. TAC.
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MTA3 expression correlates with TAK1
repression in genistein-treated CFs
We also further investigate the upstream regulator of TAK1 in
genistein-treated CFs. While genistein caused a dramatic
decline in TAK1 protein level, the addition of the oestrogen
receptor (ER) antagonist ICI 182,780 (1 μM) reversed this
change (Figure 7A). As expected, ICI 182,780 also signifi-
cantly abolished the anti-fibrotic effect of genistein
(Figure 7B–E). These results indicated that genistein regulated
TAK1 in an ER-dependent manner. MTA3, a component of
the NuRD transcriptional corepressor complex, was tightly
linked to oestrogen’s action (Fujita et al., 2003). Therefore, we
hypothesized that the down-regulation of TAK1 induced by
genistein might result from a gain of MTA3 function. In
contrast to TAK1, MTA3 was decreased at both protein and
mRNA levels by TGFβ1. However, addition of genistein
restored MTA3 expression to control levels and this effect was
blocked by ICI 182,780 (Figure 7F). To further validate TAK1
as a regulatory target of MTA3, we designed a siRNA specific
for MTA3 and demonstrated that transfection of MTA3 siRNA

resulted in a significant decrease in MTA3 protein level
(Figure 7G). Analysis of TAK1 expression revealed that deple-
tion of MTA3 increased the TAK1 level in genistein-treated
CFs (Figure 7G). Furthermore, the TAK1 promoter-luciferase
fusion vector cotransfected with MTA3 siRNA increased TAK1
promoter activities in CFs (Figure 7H). In addition, treatment
with the histone deacetylase (HDAC) inhibitor TSA
(100 ng·mL−1) restored TAK1 levels in genistein-treated CFs,
but did not affect MTA3 levels (Figure 7I), suggesting that
MTA3 functions as a component of the NuRD complex.

MTA3 is essential for the anti-fibrotic activity
of genistein
The above results suggested that MTA3 acted as a downstream
effector of genistein and played an important role in regulat-
ing TAK1 expression. Next, we designed experiments to
address the role of MTA3 in mediating the anti-fibrotic effect
of genistein. The mRNA levels of Col1a1 and Col3a1 were
both dramatically decreased after exposure to genistein,
whereas transfection of MTA3 siRNA reversed these changes,

Figure 4
Genistein suppresses TGFβ1-induced proliferation and collagen production of cultured CFs. (A) Representative photographs of EdU assay for cell
proliferation and the summarized data of EdU labelled cells ratio. Scale bar indicates 100 μm. Blue indicates Hoechest33342. Arrows indicate EdU
labelled cells. n = 5. (B) MTT test. n = 5. (C) Collagen production assay. n = 5. (D–F) Col 1a1, Col 3a1 and CTGF mRNA expressions. n = 5. *P <
0.05 vs. control; #P < 0.05 vs. TGFβ1.
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so did TSA (Figure 8A). Similar results were obtained from the
collagen synthesis assay (Figure 8B). Genistein induced a sig-
nificant decrease in the proliferation of CFs as measured by
MTT assay and EdU assay, and this effect was inhibited by
MTA3 siRNA or by TSA (Figure 8C–E). Our results also showed
that the inhibitory effect of genistein on fibroblast to myofi-
broblast transformation was abolished by MTA3 depletion or
TSA treatment as indicated by α-SMA immunostaining and
protein expression (Figure 8D–F). Taken together, these
results indicate that the MTA3-NuRD complex plays an
important role in mediating the anti-fibrotic effects of
genistein.

Discussion and conclusions

In the present study, we assessed the effects of genistein on
the pressure overload-induced cardiac dysfunction and inter-
stitial fibrosis. Firstly, we showed that genistein treatment
ameliorated the cardiac dysfunction and hypertrophy in TAC
mice. Secondly, we showed that genistein effectively attenu-
ated interstitial fibrosis by inhibiting CFs proliferation, colla-
gen production and myofibroblast formation. Finally, we
found that the MTA3/TAK1/MKK4/JNK pathway was

involved in the anti-fibrotic effects of genistein. The possible
mechanism is summarized in Figure 9.

Genistein, a phytoestrogen found in soy, has been dem-
onstrated to afford beneficial effects on the cardiovascular
system partially by reducing blood pressure and improving
lipid profile (Schwab et al., 2012). A recent study has shown
that genistein can reverse pulmonary hypertension and
prevent right ventricular failure (Matori et al., 2012). Our
previous work demonstrated that genistein can attenuate
As2O3-induced of apoptosis cardiomyocytes (Fan et al., 2013).
However, the effects of genistein on pressure overload-
induced cardiac dysfunction and interstitial fibrosis have not
been previously characterized. Our study confirmed that the
treatment of TAC mice with genistein significantly improved
cardiac function.

Cardiac fibrosis, characterized by excess collagen produc-
tion and deposition in the interstitium (Creemers and Pinto,
2011; Wang et al., 2014), is an important hallmark of pressure
overload and a main cause of decreased myocardial compli-
ance and heart failure (Chen et al., 2011). Thus, therapies that
inhibit cardiac fibrosis are viewed as one of the most impor-
tant goals for the treatment of heart diseases (Vanhoutte
et al., 2006). Recently, agents such as FT011, aliskiren, cur-
cumin and aminoguanidine were found to be able to attenu-

Figure 5
Genistein inhibits TGFβ1-induced fibroblast to myofibroblast transformation. (A) Representative photographs of CFs stained with α-SMA (red) and
the summarized data of α-SMA+ cells ratio. Blue indicates DAPI. Scale bar indicates 100 μm. n = 5. (B and C) Protein expression of α-SMA in CFs
and heart tissues. n = 5. *P < 0.05 vs. control or sham; #P < 0.05 vs. TGFβ1 or TAC.
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ate fibrosis and improve cardiac function (Ma et al., 2012;
Vadla and Vellaichamy, 2012; Wang et al., 2012; Zhang et al.,
2013a). Strikingly, results from our laboratory showed that
scutellarin, a herbal compound extracted from Chinese medi-
cine, produces beneficial effects on myocardial infarction-
induced cardiac remodelling (Pan et al., 2011). In the present
study, we found that genistein significantly attenuated
cardiac fibrosis in the TAC mice, which may contribute to its
ability to preserve cardiac function.

It is known that accelerated proliferation of CFs is closely
associated with deposition of ECM and fibrosis. In our study,
we found that genistein markedly reduced the rapid prolif-
eration and excess collagen production of CFs induced by
TGFβ1, which may explain the inhibitory effects of genistein
on fibrosis. Increasing evidence suggests that fibroblast to
myofibroblast transformation, characterized by α-SMA
expression, allows the cells to acquire the capacity to produce
more ECM components and thus plays a key role in cardiac
fibrosis (Swaney et al., 2005). In this study, we found that
genistein significantly inhibited fibroblast to myofibroblast
transformation induced by TGFβ1, which may partially
underlie the beneficial effects of genistein on cardiac fibrosis.

Progression of fibrosis is associated with biochemical sig-
nalling activation. Among the complicated signalling path-
ways, TGFβ1 is the most important regulator of ECM
production in many organ systems (Yi et al., 2014). TGFβ1
can signal through TAK1-dependent signalling to regulate
fibrosis (Ma et al., 2011; Choi et al., 2012). In this study, we
found that genistein treatment decreased TAK1 expression in
both the mouse model and the cultured CFs. Moreover, TAK1
has been defined as a vital activator of MKK4/JNK signalling
and the TAK1/MKK4/JNK pathway has been reported to
mediate TGFβ1-induced fibronectin expression (Hocevar
et al., 2005). Based on this information, we measured p-TAK1,
p-MKK4, MKK4, p-JNK and JNK expression, and found that
the down-regulation of TAK1 induced by genistein prevented
the activation of the TAK1/MKK4/JNK pathway, indicating
that inhibition of TAK1/MKK4/JNK signalling might account
for the anti-fibrotic action of genistein.

Genistein is a phytoestrogen that can bind to ER-α and -β
and function like oestrogens. Studies have shown that ER
activation plays a critical role in preventing cardiac fibrosis
(Pedram et al., 2010). In this study, we revealed that genistein
suppressed TAK1 expression and produced its anti-fibrotic

Figure 6
Genistein suppresses TAK1 expression and blocks the TAK1/MKK4/JNK pathway. (A) TAK1 protein level in CFs. (B) p-TAK1 protein level in CFs. (C)
p-MKK4 and MKK4 protein levels in CFs. (D) p-JNK and JNK protein levels in CFs. n = 5. *P < 0.05 vs. control; #P < 0.05 vs. TGFβ1.
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effects in an ER-dependent manner, suggesting that the
downstream signalling molecules of ER might be an impor-
tant mediator of the effects of genistein. MTA3 is an
oestrogen-dependent component of the Mi-2/NuRD tran-
scriptional corepressor complex, belonging to a group of pro-
teins associated with histone deacetylase activities. In breast
cancer cells, MTA3 inhibits Snail transcription and thus regu-
lates cell invasion and tumour metastasis (Fujita et al., 2003).
MTA3 was also reported to suppress Wnt4 signalling by inhib-
iting Wnt4 transcription and secretion (Zhang et al., 2006).
Although MTA3 transcripts have been detected in mouse
heart (Simpson et al., 2001), the function of MTA3 in normal
heart or heart diseases has not been previously identified. In
this study, we found that the expression of MTA3 was
up-regulated by genistein in cultured CFs. We further used
the loss-of-function techniques on MTA3 expression to
explore the regulatory effect MTA3 on TAK1 expression.

Depletion of MTA3 by siRNA enhanced the expression of
TAK1 in genistein-treated CFs. In addition, knockdown MTA3
led to increased TAK1 promoter activity, indicating that
MTA3 does directly repress TAK1. Our results also suggested
that the repressive activity of MTA3 was sensitive to an HDAC
inhibitor, indicating MTA3 functions through the NuRD
complex. Furthermore, when MTA3 expression was silenced
by siRNA, genistein lost the ability to inhibit fibrosis, suggest-
ing that MTA3/TAK1 is a downstream signalling pathway for
the effects of genistein.

The present study identified genistein as an anti-fibrotic
agent in TAC-induced cardiac dysfunction. Other studies
also reported the anti-fibrotic effects of genistein in other
pathological factors-induced cardiac dysfunction, such
as isoprenaline-induced hypertrophy (Maulik et al., 2012).
However, the mechanisms for the anti-fibrotic properties of
genistein were poorly understood. Probably, the most striking

Figure 7
Genistein regulates TAK1 expression and fibrosis in an ER-dependent manner and MTA3 is essential for genistein-induced TAK1 repression. (A–E)
Effect of ER antagonist ICI 182,780 (1 μM) on genistein’s anti-fibrotic effect. n = 5. *P < 0.05 vs. TGFβ1; #P < 0.05 vs. TGFβ1+genistein (100 μM).
(A) Protein expression of TAK1. (B) Col 1a1 and Col 3a1 mRNA expressions. (C) Collagen production assay. (D) MTT test. (E) Protein expression
of α-SMA. (F) Effect of genistein on the protein and mRNA levels of MTA3. n = 5. *P < 0.05 vs. control; #P < 0.05 vs. TGFβ1; +P < 0.05 vs.
TGFβ1+genistein (100 μM). (G) Effect of MTA3 knockdown on protein level of TAK1. siRNA(MTA3) indicates siRNA to MTA3. siRNA(Ctl) is
scrambled RNA as a negative control. n = 5. *P < 0.05 vs. TGFβ1; #P < 0.05 vs. TGFβ1+genistein (100 μM). (H) TAK1 promoter luciferase reporter
assay. n = 3. *P < 0.05. (I) Effect of histone deacetylase inhibitor TSA (100 ng·mL−1) on protein levels of TAK1 and MTA3. n = 5. *P < 0.05 vs. TGFβ1;
#P < 0.05 vs. TGFβ1+genistein (100 μM).
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finding of our study is that genistein inhibits proliferation,
collagen production and myofibroblast transformation of CFs
and the discovery that MTA3 and TAK1/MKK4/JNK signalling
are crucial mediators of the anti-fibrotic effects of genistein.
However, it is possible that other mechanisms may account
for the cardioprotective effects of genistein. For instance,
genistein inhibits isoprenaline-induced cardiac hypertrophy
through inhibition of iNOS and potentiation of eNOS activi-
ties (Maulik et al., 2012). Isoflavones (including genistein)
activate the Nrf2-Keap1 signalling pathway, leading to an
up-regulation of detoxifying and antioxidant defence genes
in cardiovascular disease (Mann et al., 2009). Genistein pro-
tects against the adverse cardiac effects of As2O3 partly by
inhibiting phosphorylated JNK and p38-MAPK (Fan et al.,
2013), which is in line with our findings on the relationship
between genistein and JNK. However, a previous study by Hu
et al. (2013) showed that genistein suppresses apoptosis-
associated JNK signalling activation in isoprenaline-treated
H9c2 cardiomyoblast cells. There are at least two explana-
tions for the discrepancy between our findings and the study
by Hu et al. Firstly, it is likely that JNK is not the direct
downstream molecule of genistein, and alternatively, differ-

ent cells and treatments were used in the study by Hu et al.
and ours: H9c2 in their study and CFs in ours and isoprena-
line in their study and TGFβ1 in ours, which may well have
different apoptotic and survival signalling pathways or
mediators as targets for genistein, thereby different effects on
JNK signalling.

In this study, we characterized the anti-fibrotic property
of genistein. Genistein inhibited pressure overload-induced
cardiac dysfunction, hypertrophy and interstitial fibrosis. It
inhibited TGFβ1-induced CFs proliferation, collagen produc-
tion and myofibroblast formation. MTA3 served as a mediator
of the anti-fibrotic effect of genistein through direct negative
regulation of TAK1 and the TAK1/MKK4/JNK pathway. This
study provides evidence that genistein may be a promising
anti-fibrotic agent for cardiac diseases associated with fibrosis.
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Figure S1 Effects of genistein (Gen) on EF, FS values and LV
mass of 4-week TAC-treated hearts. (A) Eject fraction (EF)
levels evaluated by echocardiography. n = 7. (B) Fraction
shortening (FS) levels evaluated by echocardiography. n = 7.
(C) Left ventricular (LV) mass evaluated by echocardiography.
n = 7. *P < 0.05 vs. sham; #P < 0.05 vs. TAC.
Figure S2 Effects of genistein (Gen) on pressure overload-
induced cardiac interstitial fibrosis. (A–G) Representative
fields of Sirius red–stained heart sections in control, Gen,
sham, TAC and TAC+Gen animals. Scale bar indicates
100 μm. (H) The summarized data showed that genistein
treatment dose-dependently abolished TAC-induced cardiac
interstitial fibrosis. n = 5. *P < 0.05 vs. sham; #P < 0.05 vs.
TAC.
Figure S3 Genistein (Gen) treatment has no effects on Smad
signalling. The expression of p-Smad2/3 was increased after
TGFβ1 treatment. Co-application with Gen did not inhibit
p-Smad2/3/Smad2/3 ratio. n = 5. *P < 0.05 vs. control.
Figure S4 TAK1 inhibition suppresses TGFβ1-induced prolif-
eration and collagen production of cultured CFs. Cells were
treated with TGFβ1 in the presence of DMSO or 500 nM TAK1
inhibitor (5Z)-7-oxozeaenol for 24 h. (A) MTT test. (B) Colla-
gen production assay. (C, D) Col 1a1 and Col 3a1 mRNA
expressions. n = 5. *P < 0.05 vs. TGFβ1.
Figure S5 Genistein (Gen) represses TAK1 expression and
blocks TAK1/MKK4/JNK signalling in TAC-treated mice. (A)
Representative Western blots and analysed data for total
TAK1 in heart tissue. (B) Representative Western blots and
analysed data for phosphorylated TAK1 (p-TAK1) in heart
tissue. (C) Representative Western blots and analysed data for
p-MKK4 and MKK4 in heart tissue. (D) Representative
Western blots and analysed data for p-JNK and JNK in heart
tissue. n = 5. *P < 0.05 vs. sham; #P < 0.05 vs. TAC.
Table S1 Echocardiography of mice before and after TAC
and treatment with genistein (Gen).
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