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Abstract 

Saikosaponin A (SSA) is a triterpenoid saponin with many pharmacological activities, including 
anti-inflammatory and antioxidant effects. The effect of SSA on cardiac remodeling and fibrosis, however, 
remains unclear. Aortic banding surgery was used to establish a mouse cardiac remodeling and fibrosis 
model. Mice were subjected to an intraperitoneal (i.p.) injection of SSA (5 mg/kg/d or 40 mg/kg/d) 2 
weeks after surgery for 28 days. As a result, SSA had limited effect on cardiac hypertrophy but decreased 
cardiac fibrosis remarkably. Neonatal rat cardiomyocytes were isolated and cultured with SSA (1 and 30 
μM). Both 1 and 30 μM SSA reduced atrial natriuretic peptide transcription induced by angiotensin II. 
Adult mouse cardiac fibroblasts were isolated and cultured with SSA (1, 3, 10 and 30 μM). Only 10 and 30 
μM SSA ameliorated transforming growth factor β (TGFβ)-induced fibroblast activation and function. 
Mouse heart endothelial cells were isolated and stimulated with TGFβ and cocultured with SSA (1, 3, 10 
and 30 μM). Only 1 and 3 μM SSA ameliorated TGFβ-induced endothelium-mesenchymal transition 
(EndMT). Consistently, only the 5 mg/kg/d treatment relieved pressure overload-induced EndMT in vivo. 
Furthermore, we found that high dosages of SSA (10 and 30 μM) inhibited the TGFβ/smad pathway in 
fibroblasts, while low dosages of SSA (1 and 3 μM) inhibited the Wnt/β-catenin pathway in endothelial 
cells. The Smad pathway activator SRI-011381 eliminated SSA (30 μM)-induced protective effects on 
fibroblasts. The Wnt pathway activator WAY-262611 eliminated SSA (1 μM)-induced protective effects 
on endothelial cells. In summary, this study indicates the potential application of SSA in the treatment of 
myocardial fibrosis in cardiac fibrosis, with different target effects associated with different dosages. 
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Introduction 
Heart failure is a clinical manifestation of various 

cardiovascular diseases. It is a devastating disease 
characterized by interstitial fibrosis, ventricular 
remodeling and decreased ventricular compliance. 
During the pathology of cardiac remodeling, 
activation of cardiac fibroblasts (CFs) results in 
excessive deposition of extracellular matrix (ECM) 
protein, decreased tissue compliance and accelerated 
heart failure [1, 2]. After myocardial injury, the 
secretion of various proinflammatory cytokines and 

fibrotic factors increase, leading to fibroblast 
proliferation and activation into myofibroblasts[3, 4]. 
In myofibroblasts, alpha-smooth muscle actin 
(α-SMA) is assembled into stress fibers that can 
remodel the surrounding ECM and then contribute to 
pathologic cardiac remodeling [5]. Therefore, the 
development of drugs targeting fibroblasts is essential 
for reducing cardiac remodeling and delaying the 
development of heart failure. 

During the pathological process of various 
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cardiovascular diseases, the sources of activated 
fibroblasts include the presence of fibroblasts, vasc-
ular origin cells, hematopoietic cells and pericytes[6]. 
Of these cells, cardiac endothelial cells undergoing 
endothelial-mesenchymal transition (EndMT) have 
been shown to contribute 27~33% of all cardiac 
fibroblasts following pressure-overload[7]. During the 
EndMT process, endothelial cells lose polarity and 
expression of intercellular adhesion complexes, such 
as CD31 and E-Cadherin, but activate the expression 
of additional mesenchymal genes and proteins, such 
as α-SMA, collagen I and III, and vimentin[8]. 
Inhibition of EndMT/EMT is a promising target for 
clinical therapeutic applications in cardiac fibrosis[9, 
10]; thus, drugs targeting EndMT may become a new 
strategy for the treatment of cardiac fibrosis. 

Saikosaponin A (SSA) is a triterpenoid saponin 
isolated from Radix Bupleuri (Rb). At present, SSA 
has been reported to have many pharmacological 
activities, such as anti-inflammatory and antioxidant 
effects. During activation of hepatic stellate cells, SSA 
was reported to regulate the expression of bone 
morphogenetic protein 4 (BMP-4)[11]. In the 
chemical-induced liver inflammation and fibrosis rat 
model, SSA was also reported to exert protective 
effects[12]. Moreover, in human umbilical vein 
endothelial cells, SSA inhibited oxidative stress and 
inflammation by suppressing TLR4 translocation into 
lipid rafts[13]. These data suggest a protective effect of 
SSA on tissue fibrosis as well as on endothelial cells. 
Thus, we suppose SSA would exert some extension of 
these effects on cardiac fibrosis. In this study, aortic 
banding surgery was used to establish the mouse 
cardiac fibrosis model. The effects of SSA on cardiac 
fibrosis as well as the effect of SSA on fibroblast and 
endothelial cells were investigated.  

Materials and Methods  
Materials  

National Institutes for Food and Drug Control 
(Beijing, China) supplied the Saikosaponin A. Antibo-
dies specific for GAPDH, TGFβ, smad2, smad3, 
smad4, Wnt, β-catenin, GSK3β and laminin B came 
from Cell Signaling Technology (Beverly, MA). 
Antibodies including VE-cadherin, CD31, α-SMA and 
vimentin came from Abcam (Cambridge, CB4 0FL, 
UK). SRI-011381 and WAY-262611 were purchased 
from MechemExpress (Monmouth Junction, NJ 08852, 
USA).  

Animal and Animal models 
We followed the Guide for the Care and Use of 

Laboratory Animals, which was published by the US 
National Institutes of Health (NIH Publication No. 
85–23, revised 1996). The Animal Care and Use 

Committee of The First Affiliated Hospital of 
Zhengzhou University approved our experiment. The 
Institute of Laboratory Animal Science, CAMS& 
PUMC (Beijing, China) supplied us with male 
C57BL/6 mice that were 8–10 weeks old. The animals 
were randomly assigned to four groups: a. sham 
surgery group; b. vehicle-aortic banding (AB) group; 
c. SSA-low dosage (LD)-AB group (intraperitoneal 
injection, 5 mg/kg/d) after 2 weeks of AB for 28 
consecutive days. d. SSA-high dosage (HD)-AB group 
(intraperitoneal injection, 40 mg/kg/d) after 2 weeks 
of AB for 28 consecutive days.  

Echocardiography and Hemodynamics 
Echocardiography was performed as described 

in a previous study with MyLab 30CV ultrasound 
(Biosound Esaote, Genoa, Italy) and a 10-MHz linear 
array ultrasound transducer[10]. Hemodynamics 
were measured with a microtip catheter transducer 
(SPR-839; Millar Instruments, Houston, TX) as 
described in a previous study[10]. The PVAN data 
analysis software was used to process data. 

Histology and Immunofluorescence 
HE and PSR staining were performed according 

to the protocol in our previous study[10]. For 
immunofluorescence, the antigen was heated by 
pressure cooker, incubated with anti-CD31 and 
alpha-SMA, and then incubated with goat anti-mouse 
/ rabbit secondary antibody. DAPI was used to stain 
nuclear material and prevent fading.  

RT-PCR and Western blot 
RNA and RT-PCR were performed according to 

the protocol in our previous study [10]. A LightCycler 
480 SYBR Green 1 Master Mix (Roche, 04707516001) 
was used for amplification prior to PCR. GAPDH 
gene expression was used as a reference. 

Western blotting was performed according to the 
protocol in our previous study [10]. Protein samples 
were separated with SDS electrophoresis and 
transferred to immobilon-FL transfer membranes 
(IPFL00010, Millipore, Billerica, MA). After blocking 
with 5% milk, membranes were incubated with 
primary antibodies. Goat anti-rabbit (LI-COR) IgG or 
anti-mouse IgG (LI-COR) were used. A two-color 
infrared imaging system (Odyssey, LI-COR, Lincoln, 
NE) was used to scan the blots.  

Cell culture 

Neonatal rat cardiomyocytes (NRCMs)  
NRCMs were isolated according to the protocol 

in our previous study[14]. Briefly, 1- to 3-day-old 
Sprague-Dawley rat hearts were harvested. Ventricles 
were digested four times for fifteen min each in 
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0.125% trypsin-EDTA in PBS. Following centrifuga-
tion, cells were resuspended and incubated for 90 min 
in a 100-mm dish to allow noncardiac myocytes 
(mainly cardiac fibroblasts) to adhere to the plastic. 
After culture with 1% bromodeoxyuridine for 48 h, 
NRCMs were treated with AngII (1 μM) for 24 h and 
then with SSA (1, 3, 10, 30, 50 μM) for 12 h. 

Mouse adult CF culture 
Mouse adult CFs were isolated according to the 

protocol in our previous study [15]. Briefly, 0.125% 
trypsin and collagenase were used to digest the left 
ventricles from 8-week-old mice. DMEM/F12 
medium containing 10% FBS was used to suspend 
and culture adult CFs. Ninety minutes after 
attachment, the attached CFs were cultured and 
passaged. Cells were cultured in serum-free 
DMEM/F12 for 8 h and then stimulated with TGFβ1 
(10 ng/ml) for 24 h. SSA (1, 3, 10, 30 and 50 μM) was 
applied for another 12 h. To activate TGFβ/smad 
signaling, after culturing with TGFβ1 for 24 h, the 
cells were treated with SSA (30 μM) and SRI-011381 
(10 μM) for another 12 h.  

Primary mouse heart EC (MHEC) culture 
MHECs were isolated as described in the 

previous study [16]. Briefly, mouse hearts were cut in 
Hanks’ balanced salt solution buffer. Collagenase A 
was used to digest the heart tissue, and 10% 
FBS-DMEM was used to stop digestion. After filtering 
with a nylon mesh (70-mm pores), cells were 
resuspended in Hanks’ solution. CD31 beads were 
used to bind ECs. ECs were then washed and cultured 
in dishes precoated with 2% gelatin (Sigma, Oakville, 
ON, Canada) in endothelial basal medium with 10% 
FBS. MHECs were starved for 12 h and then cultured 
with TGFβ1 (10 ng/ml) for 24 h. SSA (1, 3, 10, 30 and 
50 μM) was applied for another 12 h. To activate 
Wnt/β-catenin signaling, after culture with TGFβ1 for 
24 h, cells were treated with SSA (1 μM) and 
WAY-262611(1 μM) for another 12 h.  

Cell viability detection 
The MTT assay was used to detect cell viability. 

Briefly, after treatment, cells were incubated with 
MTT (5 mg/ml) at 37°C for 4 h. Following additional 
incubation with dimethyl sulfoxide, an ELISA reader 
was used to measure absorbance at 495 nm.  

Immunofluorescence 
After being washed with PBS and fixed in 4% 

polyoxymethylene, cells were permeabilized with 
0.1% Triton X-100 (Amresco). The following primary 
antibodies were used to stain the cells: anti-actin (in 
NRCMs), anti-α-SMA (in fibroblasts), or anti-CD31 
and vimentin (in MHECs). After incubation with Goat 

anti-Mouse/Rabbit IRdye 800CW secondary antibody 
for 60 min, cells were cultured with DAPI to stain 
nuclear material and prevent fading. 

Statistical analysis 
All data are expressed as the mean ± standard 

deviation (SD). The differences between groups were 
evaluated by one-way ANOVA and post-tests. 
Student’s unpaired t test was used to compare 
differences between the two groups. P < 0.05 had 
statistical significance. 

Results 
The effects of SSA on cardiac hypertrophy in 
vivo 

Six weeks after surgery, severe cardiac 
hypertrophy was observed in vehicle-treated mice 
with increased HW/BW, HW/TL, LW/BW, and 
LW/TL ratios, increased cell surface area (CSA), and 
increased transcription of hypertrophy markers. The 
extent of cardiac hypertrophy in both the LD and HD 
SSA-treated mice showed no significant difference 
from that in the vehicle-treated mice since the extent 
of HW/BW, HW/TL, LW/BW, LW/TL, and CSA was 
the same for all three groups (Fig. 1A-F). The 
transcription levels of ANP and BNP, but not β 
type-MHC and α type-MHC, were reduced by both 
LD and HD SSA treatment (Fig. 1G-J). These data 
indicate that SSA exerted a limited effect on cardiac 
hypertrophy. 

The effects of SSA on cardiac fibrosis in vivo 
The perivascular and interstitial fibrosis levels 

were increased in vehicle-treated AB mice compared 
with the sham group. Both LD and HD SSA decreased 
perivascular and interstitial fibrosis levels as well as 
LV collagen volume compared with those of the 
vehicle-treated mice (Fig. 2A, B). Moreover, the 
increased expression level of fibrosis markers was 
reduced by both LD and HD SSA treatment (Fig. 
2C-G). These data suggest that SSA affected cardiac 
fibrosis. 

The effects of SSA on cardiac function 
Cardiac dysfunction is the basic characteristic of 

heart failure. Thus, echocardiography and hemodyn-
amics measurement were used to evaluate cardiac 
function. Increased ventricular wall thickness 
(increased IVSd, LVPWd), dilatation (increased 
LVEDd, LVESd) and systolic (decreased EF, FS, 
dp/dtmax, dp/dtmin) and diastolic dysfunction 
(increased Tau value) were observed in vehicle- 
treated mice after 6 weeks of AB. Both LD and HD 
SSA treatment did not change the increased ventricu-
lar wall thickness but did ameliorate the ventricular 
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dilatation (decreased LVEDd, LVESd) and improved 
systolic (increased EF, FS, dp/dtmax, dp/dtmin) and 
diastolic function (decreased Tau value)(Table 1). 
Collectively, our results suggest that SSA protects 
against cardiac fibrosis and improves cardiac 
function. 

The effects of SSA on AngII-induced 
cardiomyocyte hypertrophy in NRCMs 

To determine the effect of SSA on cell types, 
NRCMs were stimulated with AngII to induce cardio-
myocyte hypertrophy. Cell viability in the 1~30 μM 
SSA groups revealed no significant difference from 
the control group, though the 50 µM group did differ 
(Fig. 3A). Thus, we chose 1 and 30 μM SSA for further 
study. AngII induced deteriorated hypertrophy as 
assessed by the increase in CSA and increased 
transcription levels of hypertrophic markers. Nevert-
heless, none of the concentrations of SSA could 
attenuate AngII-induced increased CSA and transcri-
ption of β-MHC (Fig. 3B, C, E). However, both 1 and 
30 μM SSA attenuated the transcription of ANP (Fig. 

3D). 
 

Table 1. Echocardiography and hemodynamics measurement 
data for different groups after 6 weeks of AB. 

  Sham 
(n=15) Vehicle-AB 

(n=15) LD-AB 
(n=15) HD-AB 

(n=15) 
HR (bpm) 465±6.4 457±11 463±10 470±11 
IVSd (mm) 0.64±0.01 0.84±0.01* 0.85±0.01* 0.86±0.01* 
LVPWd (mm) 0.67±0.03 0.87±0.01* 0.86±0.01* 0.86±0.01* 
EF (%) 65.2±0.77 36.7±0.53* 52.3±0.88# 53.8±0.69# 
LVEDd (mm) 3.51±0.04 4.31±0.03* 3.95±0.02# 3.93±0.03# 
LVEDs (mm) 2.18±0.03 2.84±0.03* 2.55±0.03# 2.49±0.02# 
FS (%) 41.0±0.60 28.1±0.62* 31.6±0.41# 33.6±0.82# 
dp/dtmax (mmHg/s) 10241±230 6426±153* 8040±149# 7804±2443# 
dp/dtmin (mmHg/s) -9316±213 -6704±135* -7455±214# 7576±120# 
Tau (Weiss; ms) 8.77±0.34 17.1±1.56* 10.6±0.34# 11.6±0.94# 
HR, heart rate; IVSd, interventricular septal thickness at diastole; LVPWd, left 
ventricular posterior wall thickness at end-diastole; LVEDd, left ventricular 
end-diastolic diameter; LVESd, left ventricular end-systolic diameter; EF, left 
ventricular ejection fraction; FS, fractional shortening; dp/dtmax, maximal rate of 
pressure development; dp/dtmin, maximal rate of pressure decay; Tau, time 
constant of LV pressure decay *P<0.05 for difference from sham group. #P<0.05 vs 
vehicle-AB group. 

 

 

 
Figure 1. The effects of SSA on cardiac hypertrophy in vivo. A-D. HW/BW, HW/TL, LW/BW, and LW/TL ratios in groups 6 weeks after surgery (n=8, LD: 
low dosage, 5 mg/kg/d; HD: high dosage, 40 mg/ kg/d). E and F. HE staining (n=6) and quantitative results (n=100+ cells per group). G-J. Transcription level of 
hypertrophic markers (n=6). *P<0.05 vs sham; #P<0.05 vs vehicle-AB. 
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Figure 2. The effects of SSA on cardiac fibrosis in vivo. A and B. PSR staining (n=6) and quantification of the total collagen volume in mouse hearts (n=25+ 
fields per experimental group). C-G. Transcription level of fibrotic markers in mouse hearts (n=6). *P<0.05 vs sham; #P<0.05 vs vehicle-AB. 

 

 
Figure 3. The effects of SSA on AngII induced cardiomyocyte hypertrophy in NRCMs. NRCMs were stimulated with AngII for 24 h and then treated with 
SSA for 12 h. A. Cell viability in different groups (n=5). B and C. Immunofluorescence staining of α-actin (n=6). B, representative images; C, quantitative results 
(n=50+ cells per group). D and E. Transcription level of hypertrophic markers in each group (n=6). *P<0.05 vs control group; #P<0.05 vs vehicle-AngII group. All 
experiments were repeated 3 independent times. 

 

SSA relieves TGFβ1-induced fibroblast 
activation and function in adult mouse CFs 

To determine whether SSA directly affected CFs 
to protect against cardiac fibrosis, CFs were isolated 
and cultured with TGFβ1 and then treated with SSA 

(1, 3, 10, 30 and 50 μM). Different concentrations of 
SSA did not affect cell viability except for 50 μM SSA 
(Fig. 4A). Thus, 1, 3, 10 and 30 μM SSA were used. 
TGFβ1 induced remarkable proliferation of CFs, but 
only 10 and 30 μM SSA decreased TGFβ1-induced cell 
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proliferation (Fig. 4B). Increased expression of α-SMA 
and transcription of collagen I, collagen III, and CTGF 
were observed in CFs after TGFβ1 stimulation, 
suggesting a myofibroblast transition and function 
after TGFβ1 stimulation. Treatment with 10 and 30 
μM SSA, but not 1 and 3 μM SSA, inhibited CF 
transition and function (Fig. 4C-F). 

SSA suppresses TGFβ1-induced EndMT in 
MHECs 

EndMT is an important source of CFs in the 
pressure overload induced cardiac fibrosis model. 
Thus, we investigated whether SSA affected EndMT 
in endothelial cells. MHECs were isolated and 
cultured with TGFβ1 and then treated with SSA (1, 3, 
10, 30 and 50 μM). Different concentrations of SSA did 
not affect cell viability except 50 μM SSA (Fig. 5A). 
Thus, 1, 3, 10, 30 μM SSA were used. TGFβ1 induced 
remarkable EndMT in MHECs as assessed by 
increased CF markers (α-SMA and vimentin) and 
decreased endothelial cell markers (VE-cadherin and 
CD31), as well as increased transcription levels of 
EndMT markers (snail1, snail2, twist1, and twist2). 
Interestingly, only low concentrations (1 and 3 μM), 
but not higher concentrations (10 and 30 μM), of SSA 
ameliorated the increased EndMT induced by TGFβ1 
as evidenced by decreased CF markers and increased 
endothelial cell markers and decreased transcription 
levels of EndMT markers (Fig. 5B-H). 

SSA attenuates EndMT in vivo 
To confirm the influence of SSA on EndMT in 

vivo, EndMT markers were evaluated in mouse hearts 
after 6 weeks of AB. Increased EndMT was observed 
in vehicle-treated mouse hearts with increased CF 
markers (α-SMA and vimentin) and decreased 
endothelial cell markers (VE-cadherin and CD31) (Fig. 
6A, B), as well as increased transcription levels of 
EndMT markers (snail1, snail2, twist1, and twist2) 
(Fig. 6D). Consistent with the in vitro study, only LD 
SSA treatment attenuated these EndMT transitions in 
mouse hearts (Fig. 6A-D). These data indicate that 
different concentrations of SSA may target different 
cell types to protect against cardiac fibrosis. 

The effects of SSA on TGFβ/smad and 
Wnt/β-catenin pathway 

To evaluate the protective effects of SSA on CFs 
and MHECs, the associated signaling pathways were 
screened by western blot. As a result, 30 μM SSA 
treatments decreased the phosphorylation level of 
smad2, smad3 and nuclear expression levels of 
smad4, while 1 μM SSA treatment did not affect this 
pathway (Fig. 7A, B). In MHECs, 1 μM SSA treatment 
decreased the expression of Wnt, β-catenin, the 
phosphorylation level of GSK3β as well as the nuclear 
expression of β-catenin; 30 μM SSA treatments did not 
affect this pathway (Fig. 7C, D). 

 

 
Figure 4. SSA relieves TGFβ1-induced fibroblast activation and function in adult mouse CFs. CFs were stimulated with TGFβ for 24 h and then treated 
with SSA for 12 h. A. Cell viability in different groups (n=5). B. Cell proliferation in different groups (n=5). C. Immunofluorescence staining of α-SMA (n=6). D-F. 
Transcription level of fibrotic markers in each group (n=6). *P<0.05 vs control group; #P<0.05 vs vehicle-TGFβ group. All experiments were repeated 3 independent 
times. 
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Figure 5. SSA suppresses TGFβ1-induced EndMT in MHECs. MHECs were stimulated with TGFβ for 24 h and then treated with SSA for 12 h. A. Cell 
viability in each group (n=5). B. Immunofluorescence staining of VE-cadherin and vimentin (n=6). C and D. Protein level of VE-cadherin, CD31, α-SMA, and vimentin 
(n=5). E-H. RT-PCR analysis of snail1, snail2, twist1, and twist2 mRNA expression levels was performed for each group (n=6). *P<0.05 vs control group; #P<0.05 vs 
vehicle-TGFβ group. All experiments were repeated 3 independent times. 
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Figure 6. SSA attenuates EndMT in vivo. A. CD31 and α-SMA immunofluorescence staining in hearts (n=6). B and C. Protein level of VE-cadherin, CD31, 
α-SMA and vimentin in hearts (n=5). D. Transcription level of snail1, snail2, twist1, and twist2 in mouse hearts (n=6). *P<0.05 vs sham; #P<0.05 vs vehicle-AB. 

 

The effects of smad activator on fibroblast 
activation and function in CFs or Wnt 
activator on EndMT in MHECs 

To confirm the effect of SSA on smad signaling 
in CFs, CFs were stimulated with TGFβ1 and then 
treated with 30 μM SSA and SRI-011381. The Smad 
activator SRI-011381 eliminated the protective effects 
of high concentrations of SSA on CFs as shown by the 
same expression levels of α-SMA, collagen I and 
collagen III in the TGFβ group and the TGFβ 

+SSA+SRI-011381 group (Fig. 8A-C). To confirm the 
effect of SSA on Wnt/β-catenin signaling in MHECs, 
MHECs were stimulated with TGFβ1 and then treated 
with 1 μM SSA and WAY-262611. The Wnt activator 
WAY-262611 eliminated the protective effects of low 
concentrations of SSA on EndMT in MHECs as shown 
by the same expression levels of increased vimentin, 
snail1 and snail2 and decreased expression levels of 
VE-cadherin in the TGFβ group and the TGFβ +SSA+ 
WAY-262611 group (Fig. 8D-F). 
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Discussion 
In this study, we found that SSA alleviated 

long-term stress overload in cardiac dysfunction and 
cardiac fibrosis. Supplementation with high-dose SSA 
can block the transformation of CFs to MFs, inhibit the 
proliferation and activation of fibroblasts induced by 
TGF-beta, and inhibit collagen secretion. Supplement-
ation with low dosages of SSA blocked the EndMT 
process in TGF-β-treated MHECs and pressure 
overload-induced heart remodeling. High dosages of 
SSA inhibited phosphorylation and activation of 
Smad signaling in CFs. Smad activators can make 
these protective effects vanish. We also found that low 
doses of SSA inhibited the activation of Wnt/ 
β-catenin signaling in MHECs, while the protective 
effect of LD SSA was eliminated by a Wnt/β-catenin 

activator. Therefore, our current research finds that 
SSA is a new therapeutic agent for cardiac fibrosis. 

More and more evidence indicates that SSA may 
play a role in cardiac remodeling due to its pleiotropic 
biological activity, including powerful antioxidant 
and anti-inflammatory effects[17, 18]. SSA protects 
lung tissue against inflammation induced by cigarette 
smoke by inhibiting NF-kappa B and upregulating 
Nrf2 and HO-1 expression[17]. By activating LXRα, 
SSA protects human osteoarthritis chondrocytes from 
injury induced by IL-1β[19]. However, our study 
shows that the protective effect of SSA on cardiac 
fibrosis is not related to these factors. The antifibrosis 
effect of SSA does not depend on cardiomyocytes 
because we show negative results in the NRCM 
experiments. 

 

 
Figure 7. The effects of SSA on TGFβ/smad and the Wnt/β-catenin pathway. A and B. CFs were stimulated with TGFβ for 24 h and then treated with 
SSA (1 and 30 μM) for 12 h. Protein levels of smad2, smad3 and smad4 in CFs (n=5). C and D. MHECs were stimulated with TGFβ for 24 h and then treated with 
SSA (1 and 30 μM) for 12 h. Protein levels of Wnt, β-catenin and GSK3β in MHECs (n=5). *P<0.05 vs control group; #P<0.05 vs vehicle-TGFβ group. All experiments 
were repeated 3 independent times. 
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Figure 8. The effects of smad activator on fibroblast activation and function in CFs or Wnt activator on EndMT in MHECs. A-C. CFs were 
stimulated with TGFβ for 24 h and then treated with SSA (30 μM) and SRI-011381 for 12 h. A. Immunofluorescence staining of α-SMA (n=6 per experiment). B and 
C. Transcription levels of collagen I and collagen III in CFs (n=6). #P<0.05 vs vehicle-TGFβ group. D-F. MHECs were stimulated with TGFβ for 24 h and then treated 
with SSA (1 μM) and WAY-262611 for 12 h. D. Immunofluorescence staining of VE-cadherin and vimentin (n=6 per experiment). E and F. Transcription levels of snail1 
and snail2 in MHECs (n=6). *P<0.05 vs control group; #P<0.05 vs vehicle-TGFβ group. All experiments were repeated 3 independent times. 

 
ECM derived from CFs provides the structural 

scaffold for cardiomyocytes in heart tissue[6]. 
However, during various pathologies, increased ECM 
enhanced ventricular stiffness and can lead to cardiac 
dysfunction[5]. In addition, excessive ECM and 
fibroblasts damage the electromechanical coupling of 
CMS, thereby reducing the risk of cardiac contractions 
and increasing the occurrence and mortality of 
arrhythmias[20]. Herein, we found that a higher 
dosage of SSA prevented against cardiac fibrosis via 
directly inhibiting CFs activation and function. The 
TGF-beta growth factor family may be the most 
extensively activated mediator of fibroblasts, and 
TGF-beta 1 may play the most important role in 
pathological fibrosis[21]. The signal transduction 
pathway of TGF-beta 1 includes the phosphorylation 
of Smad 2/3, and the binding of Smad2 and Smad4 
leads to the migration of Smad4 to the nucleus[21]. 
The complex acts as a transcription factor to induce 
the activation of many fibroblast genes[22]. In this 
setting, we found that the effect of the higher dosage 
of SSA on CF activation and function was dependent 
on the inhibition of TGFβ/smad signaling since a 
smad activator eliminated the protective effects of 

SSA on CFs.  
 Evidence implicating EndMT in cardiac fibrosis 

has been mounting for several years[8]. In a landmark 
publication in 2007, Kalluri and co-workers 
demonstrated that EndMT makes a significant 
contribution to myocardial fibrosis in the adult 
heart[7]. Many findings suggest that the inhibition of 
EndMT/EMT may be a promising target for clinical 
therapeutic applications in cases of cardiac fibrosis[9, 
10]. In this study, we found that lower dosages of SSA, 
but not higher ones, could inhibit TGFβ1-induced 
EndMT both in vitro and in vivo. Wnt/β-catenin plays 
a major causal role in EndMT in endothelial cells[7]. 
Under inactivation, cytoplasmic β-catenin is bound to 
APC, Axin and GSK3β, leading to the 
phosphorylation, ubiquitination and decomposition 
of β-catenin. The binding of Wnt to its receptor 
Frizzled and LRP inhibited the degradation of the 
complex and induced the signal transduction of 
β-catenin[23]. Binding of nuclear β-catenin to 
members of the transcription factor TCF/LEF family 
promotes EndMT[24]. Studies have found that by 
downregulating AXIN2, TGFβ activation primes 
canonical Wnt signaling in fibroblasts[25]. In our 
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study, we found that in endothelial cells, TGFβ1 
induced activation of the Wnt/β-catenin pathway. 
Lower dosages of SSA did not affect smad signaling 
(data not given) but inhibited the Wnt/β-catenin 
pathway. These anti-EndMT effects of lower dosages 
of SSA were dependent on inhibition of the 
Wnt/β-catenin pathway since a β-catenin activator 
eliminated the protective effects of SSA on MHECs.  

 The target of SSA in cardiac fibrosis was unclear. 
Studies have reported that SSA stimulates bone 
marrow stromal cells to differentiate into osteoblasts 
by activating the Wnt/β-catenin pathway[18]. 
However, in our study, lower dosages of SSA 
inhibited EndMT in heart endothelial cells by 
blocking the Wnt/β-catenin pathway. These results 
suggested diverse effects of SSA on different cell types 
at different dosages. Further studies are needed to 
determine why different dosages of SSA exert 
different effects on diverse cell types.  

 In conclusion, this study shows that supplem-
entation with SSA reduces cardiac dysfunction and 
inhibits cardiac fibrosis after prolonged stress 
overload in vivo. The beneficial effects of SSA on 
cardiac fibrosis may be attributed to its inhibition of 
TGFβ/Smad signaling in CFs when using higher 
dosage treatment and inhibition of the Wnt/β-catenin 
signaling in endothelial cells when using lower 
dosage treatment. 
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