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Abstract
Pathological cardiac hypertrophy is the most important risk factor for developing 
chronic heart failure. Therefore, the discovery of novel agents for treating pathologi-
cal cardiac hypertrophy remains urgent. In the present study, we examined the ther-
apeutic effect and mechanism of periplocymarin (PM)- mediated protection against 
pathological cardiac hypertrophy using angiotensinII (AngII)- stimulated cardiac hy-
pertrophy in H9c2 cells and transverse aortic constriction (TAC)- induced cardiac hy-
pertrophy in mice. In vitro, PM treatment significantly reduced the surface area of 
H9c2 cells and expressions of hypertrophy- related proteins. Meanwhile, PM markedly 
down- regulated AngII- induced translocation of p- STAT3 into the nuclei and enhanced 
the phosphorylation levels of JAK2 and STAT3 proteins. The STAT3 specific inhibitor 
S3I- 201 or siRNA- mediated depleted expression could alleviate AngII- induced cardiac 
hypertrophy in H9c2 cells following PM treatment; however, PM failed to reduce the 
expressions of hypertrophy- related proteins and phosphorylated STAT3 in STAT3- 
overexpressing cells, indicating that PM protected against AngII- induced cardiac hy-
pertrophy by modulating STAT3 signalling. In vivo, PM reversed TAC- induced cardiac 
hypertrophy, as determined by down- regulating ratios of heart weight to body weight 
(HW/BW), heart weight to tibial length (HW/TL) and expressions of hypertrophy- 
related proteins accompanied by the inhibition of the JAK2/STAT3 pathway. These 
results revealed that PM could effectively protect the cardiac structure and function 
in experimental models of pathological cardiac hypertrophy by inhibiting the JAK2/
STAT3 signalling pathway. PM is expected to be a potential lead compound of the 
novel agents for treating pathological cardiac hypertrophy.
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1  |  INTRODUC TION

Cardiac hypertrophy is a typical response of the cardiac muscle 
experiencing long- term stress due to chronic pressure, volume 
overload or neuro- hormonal stimulation.1 It can be categorized as 
physiological or pathological hypertrophy, both exhibiting mark-
edly distinct outcomes. Physiological cardiac hypertrophy does not 
develop into heart failure, while pathological cardiac hypertrophy 
typically develops into heart failure and can even induce sudden 
death.2,3 Accumulated evidence indicates that pathological cardiac 
hypertrophy invariably induces cardiomyocyte death, interstitial fi-
brosis, myocardial inflammation, diastolic and systolic dysfunction, 
accompanied by an increased size and mass of myocardial cells and 
up- regulation of foetal gene (atrial natriuretic peptide [ANP], col-
lagen I, β- myosin heavy chain [β- MHC]) expressions.4– 7 Therefore, 
exploring the underlying mechanism, and effective prevention and 
treatment measures for pathological myocardial hypertrophy, re-
mains of considerable significance.

Numerous reports have confirmed that the renin- angiotensin- 
aldosterone system (RASS) plays a crucial role in the progres-
sion of cardiac hypertrophy.8,9 AngiotensinII (AngII), a primary 
mediator of RASS, can induce an inflammatory phenotype in 
 cardiomyocytes and lead to cellular hypertrophy, which could 
trigger the signal transduction of JAK2- STAT3 pathway.10– 14 The 
JAK2- STAT3 signalling pathway participates in several biological 
processes induced by cytokines such as immune regulation, cell 
proliferation, differentiation and apoptosis.15,16 Modern pharma-
cological studies have established that the JAK2/STAT3 signalling 
pathway participates in the progression of myocardial ischaemia, 
cardiac hypertrophy and heart failure.17– 19 STAT3, a key transcrip-
tion factor in this pathway, can be recruited and phosphorylated 
by JAK2, and the phosphorylated STAT3 protein can enter the 
nucleus as a dimer and bind with the target gene to regulate the 
transcription of downstream genes.15,20 Recent research has re-
vealed that cardiac hypertrophy can be effectively improved by in-
hibiting the activation of the JAK/STAT3 signalling pathway using 
STAT3 inhibitors or silencing the STAT3 gene.14,21,22 Therefore, 
STAT3 is regarded as a novel therapeutic target for delaying and 
reducing the progression from cardiac hypertrophy to chronic 
heart failure.

Natural products have shown a wide range of physiological ac-
tivities, and are considered as the most important sources for new 
drug research and development.23 Periplocymarin (PM), a cardiac 
glycoside, is mainly derived from the traditional Chinese medicine 
Periplocae Cortex.24 Till date, the biological and pharmacological 
effects of PM have mostly focused on its anti- cancer and cardio-
tonic activities.24,25 A recent study has reported that PM can re-
duce isoproterenol (ISO)- induced cardiac fibrosis and hypertrophy 
in C57BL/6 mice.26 The above- listed findings suggest that PM may 
be a valuable and potential compound for treating cardiac hyper-
trophy. However, in- depth studies on the therapeutic effects and 
underlying mechanisms of PM for ameliorating pathological cardiac 
hypertrophy are lacking.

Therefore, the therapeutic effect and associated molecular 
mechanisms of PM were examined using AngII- induced in H9c2 cells 
and TAC- induced cardiac hypertrophy in mice. Our results collec-
tively demonstrated that PM prevented cardiac hypertrophy in vivo 
and in vitro by inhibiting the JAK2/STAT3 pathway.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

The primary antibodies targeting GAPDH, Collagen type I, α- SMA 
and the second antibodies against rabbit and mouse lgG (H + L) 
were obtained from Servicebio. Antibodies targeting JAK2, p- 
JAK2(Tyr1007/1008), STAT3, p- STAT3(Tyr705), Histone H3 and the 
second Alexa Fluor 488- labled antibody against rabbit were obtained 
from Beyotime Institute of Biotechnology. Monoclonal antibodies of 
TGF- β1 and ANP were provided by Santa Cruz Biotechnology. PM 
was obtained from Chengdu Chroma- Biotechnology Co., Ltd. (pu-
rity > 98%). AngII was obtained from Bide Pharmatech Ltd. Valsartan 
(Val) was provided by Jiangsu Aikon Biopharmaceutical R&D Co., 
Ltd. The selective STAT3 inhibitor, S3I- 201, was obtained from 
MedChem Express. Phalloidin- iFluor 488 Reagent and DAPI were 
obtained from Fangyuan Biotechnology Co., Ltd.

2.2  |  Cell culture and treatment

Guangzhou Cellcook Biotech Co., Ltd. provided H9c2 rat heart- 
derived cells. H9c2 cells were carefully cultured in a stable 
environment with DMEM added with 10% FBS and 1% penicillin- 
streptomycin and kept in an incubator at 37℃ and 5% CO2. Before 
cells were addressed by PM, DMEM containing 3% FBS replaced the 
original normal medium. Subsequently, 1 μM AngII was added into 
the culture medium for 24 h.27,28

2.3  |  MTT assay

MTT method was used to assess cellular viability in this study. 
Briefly, a density of 5000 H9c2 cells/well was seeded in 96- well 
plates. Then, H9c2 cells were attached for 24 h before being treated 
by PM at concentrations of 12.5, 25, 50, 100 μM for 24 h. After 
that, 20 μl MTT was directly added into each well and the plates 
were kept culturing for 4 h. The medium was removed, and 150 μl 
DMSO was added. Finally, the OD values of cells were determined at 
490 nm with the help of a microplate reader (BioTeck).

2.4  |  Western blot analysis

The left ventricular tissues of mice or H9c2 cells were lysed on ice 
using RIPA lysis buffer containing with 1mM phenylmethylsulfonyl 
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fluoride (PMSF) and phosphate inhibitor. Cytoplasmic and nuclear 
proteins of H9c2 cells were separated using a protein extraction 
kit (BestBio). After treatment with PM, left ventricular tissues of 
mice or H9c2 cells were collected and digested using RIPA solution. 
Samples were then quickly centrifuged at 14,000 rpm for 10 min, 
and total proteins were harvested. The total protein concentrations 
were quantified using the BCA Protein Assay kit (Beyotime). Equal 
amounts of protein samples (25 μg of cellular protein and 50 μg 
of tissue protein) from different groups were used to do Western 
blot experiments as follows: Proteins were separated using 10% or 
12% sodium dodecyl sulphate- polyacrylamide gel electrophoresis 
(SDS- PAGE) gels for electrophoresis, and then quickly transferred 
to polyvinylidene fluoride (PVDF) membranes. Subsequently, 1× 
tris- buffered saline with 1% Tween- 20 (TBST) and 5% de- fatted 
milk powder was used to block membranes. The membranes were 
then washed with TBST buffer, followed by incubation with specific 
primary antibodies at 4℃ for 12 h. Next, membranes were washed 
again with TBST buffer and incubated with the secondary antibod-
ies for 2 h on a shaker. Finally, membranes were washed with TBST 
prior to subsequent exposure. The protein bands were exposed 
to chemiluminescence developing agents and quantified using the 
ImageJ software (National Institutes of Health). GAPDH and histone 
H3 were used as internal controls.

2.5  |  Phalloidin staining

Phalloidin staining was used to observe morphological changes 
in H9c2 cells. In brief, H9c2 cells at a density of 2 × 104 cells/well 
were cultured in 6- well plates and treated with 1 μM AngII for 24 h. 
Subsequently, 4% paraformaldehyde was used to fix cells for 30 min 
on ice. Then, PBS containing 0.1% Triton X- 100 was added for 10 min 
to permeabilize the cells. Next, the cells were stained with phalloi-
din staining solution (5 μg/ml) for 30 min. In addition, nuclei were 
stained with DAPI at room temperature in the dark for 10 min. The 
cells were then quickly washed with PBS three times, and morpho-
logical changes in H9c2 cells were captured using a fluorescence 
microscope.

2.6  |  STAT3 overexpression and STAT3 shRNA 
plasmids transfection

STAT3- overexpressing pcDNA3.1 and STAT3 shRNA plasmids were 
obtained from Hunan Fenghui Biology Co., Ltd. Detailed information 
of plasmids was provided in Figure S1. H9c2 cells were seeded at a 
density of 3 × 105cells/well in 6- well plates. Next, the medium con-
taining 10% FBS was removed, and Opti- MEM I medium (Gibco) was 
added into the wells when cell confluency exceeded 90%. STAT3 
overexpression and STAT3 shRNA plasmids were transfected into 
H9c2 cells using Lipofectamine 2000 (1: 2.5, Invitrogen) according 
to the manufacturer's protocol. Subsequently, Opti- MEM I reduced- 
serum medium was replaced with normal medium after 6 h. Cell 

lysates from different groups were analysed by immunoblotting 
with GAPDH as a reference to assess STAT3 overexpression and 
STAT3 siRNA efficiency.

2.7  |  Animals’ experiments

Male C57BL/6N mice (22– 25 g, 6– 8 weeks) were selected from 
Beijing Vital River Laboratory Animal Technology Co. Ltd. All ani-
mals were housed and fed by Animal Center of Shijiazhuang YiLing 
Pharmaceutical Co., Ltd. All these experiments about animals 
were in accord with the guidance of Guide for the Care and Use of 
Laboratory Animals. In addition, the project about animals was ap-
proved by the Committee on the Ethics of Animal Experiments of 
Shijiazhuang YiLing Pharmaceutical Co., Ltd under approval refer-
ence number No. N2020213.

All mice were kept in a clean room with stable temperature 
and 12 h light/dark cycle. After adapted to the environment for a 
week, the mice were randomized into four groups (n = 10): a. sham- 
operated group; b. transverse aortic constriction (TAC) model group; 
c. PM (10 mg/kg/day) group; d. S3I- 201 (5 mg/kg/day) group. The 
sham- operated animals underwent the same operation as the TAC 
group animals, except that the aortas were not ligated in the last 
step. Seven days after surgery, the mice were given intragastric 
administration consecutively for 21 days in the PM group and S3I- 
201 group. After administration for 3 weeks, all mice were sacrificed 
and heart tissues were taken immediately. Likewise, the tibias were 
removed and length were recorded for calculation of HW/BW and 
HW/TL. Then, one part of the left ventricular tissues was immersed 
into 10% formalin for analysis of histological changes, the other part 
of the left ventricular tissues was quickly frozen using liquid nitrogen 
for western blot analysis.

2.8  |  Histological analysis

Haematoxylin- eosin (HE) and Masson staining were performed to 
analyse changes in the cardiac structure. The left ventricular tissues 
of mice were harvested by removing the right ventricular and atria. 
Then, samples were soaked in 10% formalin for 48 h and embedded 
in paraffin. Tissues were cut into 4- μm- thick sections and stained 
with HE for morphological observations. Masson trichrome stain-
ing was performed to estimate fibrosis as described previously.21 
All changes in heart tissues were observed and captured using an 
Olympus BH2 microscope (Olympus Optical Co. Ltd.).

2.9  |  Wheat germ agglutinin staining

The left ventricular tissues of mice were obtained and quickly soaked 
in 10% formalin for 48 h. After embedding in paraffin, the tissues 
were cut into 4- μm- thick sections. Sections were then dewaxed in 
xylene, hydrated through a graded series of ethanol to water and 
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incubated for 30 min with wheat germ agglutinin (WGA) staining 
(5 μg/ml) performed in the dark. After washing the slides three times 
with PBS, DAPI was used to stain cell nuclei. The slides were then 
observed under a fluorescence microscope (Olympus Optical Co. 
Ltd.).

2.10  |  Statistical analysis

Data were analysed using one- way analysis of variance (ANOVA), 
followed by Tukey's post hoc test using GraphPad 5.0 soft-
ware (GraphPad Software, Inc.). Data values are presented as 
mean ± standard deviation (SD). Statistical significance was set at 
p < 0.05.

3  |  RESULTS

3.1  |  PM played a protective role in AngII- induced 
hypertrophy of H9c2 cells

The cytotoxic effect of PM (Figure 1A) was assessed using the MTT 
assay in H9c2 cells exposed to different PM concentrations (12.5, 
25, 50 and 100 μM) for 24 h, measuring the relative cell viability. 
The results showed that treatment with 100 μM PM significantly 
inhibited cell viability (p < 0.01), while other examined concen-
trations did not demonstrate any toxic effect (Figure 1B). Thus, 
concentrations of 12.5, 25 and 50 μM PM were used to assess its 
effects on cardiac hypertrophy. In the present study, valsartan (Val) 
was used as a positive control drug. H9c2 cells were pre- treated 
with different concentrations of PM (12.5, 25 and 50 μM) and Val 
(50 μM) for 3 h, followed by treatment with 1 μM AngII for 24 h. 
Notably, AngII treatment increased the cardiomyocyte surface 
area, as well as elevated protein levels of Collagen I, α- SMA, TGF- 
β1 and ANP; however, pre- treated with 25 and 50 μM PM and Val 
markedly suppressed the enlargement of AngII- induced cell surface 
area and expressions of these hypertrophic proteins (Figure 1C,D). 
Collectively, these findings indicated that PM could protect against 
AngII- induced cardiac hypertrophy in a concentration- dependent 
manner.

3.2  |  PM suppressed AngII- induced JAK2 and 
STAT3 phosphorylation

Numerous studies have shown that the JAK2/STAT3 signal-
ling pathway is a key signal transduction pathway known to 

participate in the progression of cardiac hypertrophy.19,22 STAT3 
activation was shown to have an important effect on the regu-
lation of hypertrophic growth.14 Therefore, inhibiting the activa-
tion of STAT3 is considered a potentially effective strategy for 
alleviating cardiac hypertrophy. Previously, we have found that 
PM could inhibit IL- 6- induced STAT3 expression in HepG 2 cells 
with an IC50 value of 49.3 μM (Figure S2), and PM had a good 
binding affinity with STAT3 by molecular virtual docking analy-
sis (Figure S3). Therefore, we speculated that PM improved car-
diac hypertrophy possibly by inhibiting STAT3 activation. Then, 
the phosphorylation of STAT3(Tyr705) and JAK2(Tyr1007/1008) 
were examined to elucidate the mechanism which PM alleviates 
cardiac hypertrophy. In H9c2 cells, AngII increased the expres-
sions of p- JAK2(Tyr1007/1008) and p- STAT3 (Tyr705) at 4 h, and 
both reached maximum levels at 12 h (Figure 2A). Treatment with 
50 μM PM led to a significant decrease in p- JAK2(Tyr1007/1008) 
and p- STAT3 (Tyr705) levels, whereas PM did not reduce the total 
protein expressions of JAK2 and STAT3 (Figure 2B). To further 
explore our hypothesis, S3I- 201, a selective STAT3 inhibitor,14 
was used as a positive drug to determine whether a STAT3 inhibi-
tor could mimic the anti- hypertrophic effect of PM. As shown in 
Figure 2C, S3I- 201 exerted similar effects to PM in terms of re-
ducing AngII- induced JAK2 and STAT3 phosphorylation and cell 
surface area. These observations suggested that PM played the 
role in alleviating cardiac hypertrophy, which was related to the 
inhibition of the JAK2/STAT3 signalling pathway.

3.3  |  PM inhibited nuclear translocation of STAT3 
in H9c2 cells

It has been reported that once STAT3 is activated via phosphoryla-
tion, STAT3 forms dimers to interact with the reciprocal phosphoty-
rosine- SH2 domain, which quickly translocate to the nucleus, where 
STAT3 binds to DNA and induces the expression of target genes.15,20 
Hence, STAT3 distribution in the nuclear and cytosolic fractions was 
analysed. As shown in Figure 3A, PM effectively decreased AngII- 
mediated nuclear localization of STAT3. AngII reduced the cytosolic 
levels of STAT3 and PM maintained this activity. Moreover, the 
effect of PM on nuclear STAT3 translocation was observed using 
immunofluorescence staining. Likewise, 50 μM PM successfully sup-
pressed AngII- induced nuclear translocation of p- STAT3 in H9c2 
cells (Figure 3B). These results further indicated that STAT3 signal-
ling was involved in the progression of AngII- induced cardiac hy-
pertrophy, and PM reduced AngII- induced cardiac hypertrophy by 
suppressing STAT3 activity, as determined from phosphorylation 
and nuclear translocation levels.

F I G U R E  1  Periplocymarin (PM) attenuated AngⅡ- induced hypertrophic responses of H9c2 cells. (A) The chemical structure of PM. 
(B) H9c2 cells were treated with different concentrations of PM for 24 h. Cell viability was measured by MTT assay. (C) H9c2 cells were 
pretreated with PM (12.5, 25, 50 μM) and 50 μM Val for 3 h, cells were then exposed to 1 μM AngⅡ for 24 h. Cell surface area was measured 
by phalloidin staining. Bars: 50 μm. (D) The expressions of collagen I, α- SMA, TGF- β1 and ANP were detected by Western blot. #p < 0.05, 
##p < 0.01 and ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01 vs. AngⅡ group. Data were presented as the mean ± SD, n = 3
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3.4  |  PM engages STAT3 in inhibiting AngII- 
induced cardiomyocyte remodelling

To further elucidate the key role of STAT3 in cardiac hypertrophy, 
STAT3 overexpression and STAT3 shRNA plasmids were used to 
transfect H9c2 cells. Following the successful transfection of the 
STAT3 overexpression plasmids into H9c2 cells, the expression of 
STAT3 was notably up- regulated (Figure 4A). Meanwhile, overex-
pression of STAT3 in H9c2 cells alone induced similar phenomena 
to AngII- mediated changes in cell surface area and related protein 
expressions, aggravating AngII- induced expansion of the cellular 

surface area and protein levels of p- STAT3 and hypertrophic markers 
(Collagen I, TGF- β1 and ANP); however, PM failed to reduce the lev-
els of TGF- β1, Collagen I, ANP, phosphorylated STAT3 proteins and 
cellular surface area in STAT3- overexpressing cells (Figure 4B– D). In 
contrast, STAT3 shRNA- 2 exhibited the strongest STAT3 inhibition 
among the three STAT3 shRNA plasmids (Figure 4E), significantly 
reducing the increase in cell surface area and expression levels of 
p- STAT3 and hypertrophic proteins induced by AngII, presenting a 
similar effect to PM (Figure 4F– H). Collectively, these findings sug-
gested that PM improved AngII- mediated cardiac hypertrophy by 
modulating STAT3.

F I G U R E  2  Periplocymarin (PM) suppressed AngⅡ- induced phosphorylation of JAK2 and STAT3. (A) H9c2 cells were incubated with 1 μM 
AngⅡ for 2, 4, 8, 12 and 24 h respectively. The phosphorylation of JAK2 (Tyr1007 + 1008) and STAT3 (Tyr705) was detected by Western 
blot. (B) H9c2 cells were pretreated with PM (12.5, 25, 50 μM) and 50 μM Val for 3 h followed by 1 μM AngⅡ for 12 h. The expressions of p- 
JAK2 (Tyr1007 + 1008) and p- STAT3 (Tyr705) were measured by Western blot. (C) H9c2 cells were treated with 1 μM AngⅡ in the presence 
of 50 μM PM, 25 μM S3I and 50 μM PM + 25 μM S3I. The protein levels of p- STAT3 (Tyr705) and hypertrophic markers were measured. (D) 
Assessment of cell area changes through phalloidin staining. Bars: 50 μm. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control group. *p < 0.05, 
**p < 0.01 vs. AngⅡ group. Data were presented as the mean ± SD, n = 3
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3.5  |  PM protected against TAC- induced cardiac 
hypertrophy and fibrosis in male C57BL/6N mice

In order to further clarify the therapeutic effect and mechanism of 
PM in pathological cardiac hypertrophy, TAC- induced cardiac hy-
pertrophy was established in mice. The STAT3 inhibitor, S3I- 201, 
was used as a positive control to determine whether STAT3 inhibi-
tion could mimic PM activity. During the experimental period, the 
mortality rate of TAC- induced animals was 16.7%. Cardiac function 
was assessed using echocardiography. TAC caused a significant 

decrease in left ventricular ejection fraction (LVEF), fractional 
shortening (FS), left ventricular end- systolic posterior wall thick-
ness (LVAWs) and left ventricular end- diastolic anterior wall thick-
ness (LVAWd), while both PM and S3I- 201 greatly improved these 
changes (Table 1). In addition, left ventricular end- systolic volume 
(LVESV) and left ventricular end- diastolic volume (LVEDV) were 
significantly increased (p < 0.01) in the TAC group when com-
pared with the sham- operated group; PM treatment significantly 
decreased LVESV and LVEDV (p < 0.05). These results suggested 
that PM can improve cardiac function in TAC mice. Furthermore, 

F I G U R E  3  Periplocymarin (PM) inhibited AngⅡ- induced nuclear translocation of STAT3. (A) H9c2 cells were preincubated with PM 
(12.5, 25, 50 μM) and 25 μM S3I for 3 h, then exposed to 1 μM AngⅡ for 12 h. The expression of p- STAT3 (Tyr705) in nuclear fraction 
and cytoplasmic fraction was detected by Western blot. (B) The subcellular localization of STAT3 was visualized by immunofluorescence 
assay. Bars: 50 μm. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01 vs. AngⅡ group. Data were presented as the 
mean ± SD, n = 3
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TAC- induced mice displayed a significant increase in heart mass, 
while the ratios of heart weight to body weight (HW/BW) and heart 
weight to tibial length (HW/TL) were reduced following treatment 
with PM (Table 1). Although S3I- 201 reduced these indices, signifi-
cant differences were not observed in the present study (Table 1). 
HE, Masson and WGA staining revealed that the absence of fibrosis 
and cardiac hypertrophy occurred in the sham group, while marked 
interstitial fibrosis and cardiac hypertrophy were detected in TAC- 
treated mice; PM ameliorated these histopathological alterations 
(Figure 5A). Furthermore, results from Western blotting showed 
that PM and S3I- 201 reduced TAC- induced hypertrophic and fibro-
sis markers (ANP, Collagen I, TGF- β1) in mouse hearts (Figure 5B). 
As expected, TAC surgery also up- regulated JAK2 and STAT3 phos-
phorylation, whereas these proteins were down- regulated fol-
lowing PM and S3I- 201 administration (Figure 5C). Above results 
demonstrated that PM prevented TAC- induced cardiac remodelling 
by inhibiting the JAK2/STAT3 signalling pathway.

4  |  DISCUSSION

Periplocymarin, a cardiac glycoside from Periplocae Cortex, has shown 
potentially beneficial effects for improving cardiovascular diseases. In 
the present study, we first investigated the ability and mechanism of 
PM to reduce the degree of AngII- induced cardiomyocyte hypertrophy 
in vitro and TAC- induced cardiac hypertrophy in vivo. PM treatment of 
H9c2 cells suppressed the AngII- induced expressions of hypertrophic 
proteins and cell size increase, and reduced the STAT3 and JAK2 phos-
phorylation. Furthermore, the STAT3 specific inhibitor S3I- 201 or the 
depletion of STAT3 expression by siRNA could alleviate AngII- induced 
cardiac hypertrophy in H9c2 cells following PM treatment, while PM 
failed to reduce the expressions of hypertrophy- related proteins 
(Collagen I, α- SMA, TGF- β1 and ANP) and phosphorylated STAT3 in 
STAT3- overexpressing cells, suggesting that PM- mediated protection 
against AngII- induced cardiac hypertrophy depended on modulation 
of the STAT3 signalling axis. In addition, PM successfully prevented 

F I G U R E  4  Periplocymarin (PM) engaged STAT3 in inhibiting AngⅡ- induced cardiomyocyte remodelling. (A) H9c2 cells were transfected 
STAT3 overexpression plasmids and control cells were transfected with empty vector. Western blot was used to assess STAT3 expression. 
(B) H9c2 cells transfected STAT3 over- expression plasmids and negative control were treated with PM for 3 h and then submitted to 1 μM 
AngⅡ for 12 h or 24 h. The expression of p- STAT3 (Tyr705) was measured by Western blot. (C) Immunoblot analysis of Collagen I, TGF- β1 and 
ANP following STAT3 over- expression. (D) Representative phalloidin staining for cell surface area. Bars: 50 μm. (E) Western blot analysis of 
H9c2 cells which were submitted to different sequence of shRNA against STAT3. (F) H9c2 cells transfected STAT3 shRNA- 2 plasmids and 
empty plasmid were treated with PM for 3 h and then submitted to 1 μM AngⅡ for 12 h or 24 h. Western blot analysis for p- STAT3 (Tyr705) 
level. (G) Effects of STAT3 shRNA on Collagen I, TGF- β1 and ANP protein levels. (H) Phalloidin staining of STAT3 knockdown H9c2 cells. 
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. NC group; *p < 0.05, **p < 0.01, $p < 0.05, $$p < 0.01 vs. NC + AngⅡ group; &p < 0.05, &&p < 0.01 vs. 
NC + AngⅡ + PM group. Data were presented as the mean ± SD, n = 3

Control

TAC

PM (10 mg/kg/
day)

S3I (5 mg/kg/
day)

n = 10 n = 7 n = 9 n = 8

Heart rate, bpm 439.23 ± 37.15 418.33 ± 12.91 427.09 ± 16.81 418.09 ± 18.31

EF, % 74.53 ± 5.60 33.28 ± 2.63## 58.82 ± 8.74** 47.97 ± 2.61

FS, % 50.81 ± 2.69 18.22 ± 3.20## 38.83 ± 2.19** 26.43 ± 2.48

LVESV, μl 21.50 ± 6.41 35.82 ± 5.53## 28.36 ± 4.96# 30.91 ± 5.42

LVEDV, μl 73.42 ± 5.70 95.80 ± 9.02# 82.51 ± 7.08# 89.71 ± 9.31

LVAWs, mm 1.74 ± 0.18 0.98 ± 0.16## 1.43 ± 0.09* 1.35 ± 0.04*

LVAWd, mm 1.43 ± 0.07 0.77 ± 0.05## 1.21 ± 0.06** 1.00 ± 0.07*

HW/BW, mg/g 4.76 ± 0.18 9.91 ± 2.58# 7.73 ± 0.53* 8.85 ± 1.57

HW/TL, mg/mm 7.06 ± 0.29 14.19 ± 1.90## 11.04 ± 0.87* 11.96 ± 1.78

Note: The cardiac function was assessed using echocardiography in mice, and the parameters 
of heart rate, LVESV, LVEDV, LVEF, FS, LVAWs, LVAWd, HW/BW and HW/TL were recorded. 
#p < 0.05, ##p < 0.01 vs. Control group. *p < 0.05, **p < 0.01 vs. TAC group. Data were presented 
as mean ± SD (n = 7 ~ 10).
Abbreviations: EF, ejection fraction; FS, fractional shortening; HW/BW, heart weight to body 
weight; HW/TL, heart weight to tibial length; LVAWd, left ventricular end- diastolic anterior wall 
thickness; LVAWs, left ventricular end- systolic posterior wall thickness; LVEDV, left ventricular 
end- diastolic volume; LVESV, left ventricular end- systolic volume; PM, periplocymarin; TAC, 
transverse aortic constriction.

TA B L E  1  Effects of PM on changes of 
cardiac function in TAC- induced mice
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TAC- induced functional and structural cardiac deficits in mice. These 
results clearly indicated that PM protects against pathological cardiac 
hypertrophy by reducing the nuclear translocation of p- STAT3 and in-
hibiting the JAK2/STAT3 signalling pathway.

Pathological cardiac hypertrophy can gradually damage the sys-
tolic or diastolic function of the heart, which increases mortality 
associated with cardiovascular diseases.2 Therefore, identifying the 
novel agents for treating cardiac hypertrophy is an important goal 

F I G U R E  5  Periplocymarin (PM) protected against transverse aortic constriction (TAC)- induced cardiac hypertrophy and fibrosis in mice 
(A) Representative micrographs of HE, Masson and WGA staining were shown (20×). Bars: 50 μm. (B) Western blotting analysis of Collagen 
I, TGF- β1 and ANP proteins in heart tissues. (C) The protein levels of p- JAK2, JAK2, p- STAT3 and STAT3 were measured by Western blot. 
n = 3. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. sham group. *p < 0.05, **p < 0.01 vs. TAC group. Data were presented as the mean ± SD
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for cardiovascular disease therapy. Traditional Chinese medicine is 
a collected summary of experience in long- term clinical applications, 
with known advantages for treating chronic diseases. It is regarded 
as an important resource for discovering new active compounds.29 
Increasing evidence has confirmed that traditional Chinese medicine 
is beneficial for alleviating and reversing myocardial hypertrophy, 
such as tanshinone IIA from Salvia miltiorrhizae Radix et Rhizoma, 
ginsenoside Rg1 from Ginseng Radix et Rhizoma, and berberine from 
Coptidis Rhizoma.30– 32 Accordingly, natural products may provide a 
new direction for developing anti- hypertrophic drugs. Our previous 
research has shown that PM from Periplocae cortex could be ab-
sorbed into the blood of rats and reduced ISO- induced myocardial 
hypertrophy.33,34 Therefore, PM is considered a potential thera-
peutic compound to alleviate cardiac hypertrophy. In order to de-
velop this active compound, the efficacy and mechanism of PM in 
improving cardiac hypertrophy was investigated. In this experiment, 
AngII induced an enlargement of cardiomyocyte surface area ac-
companied with increased protein levels of Collagen I, α- SMA, TGF- 
β1 and ANP, and TAC caused interstitial fibrosis and hypertrophy in 
mice, which was consistent with other reports.35,36 PM effectively 
reduced myocardial hypertrophy caused by AngII and TAC, mani-
fested by decreased cell surface area and reduced expressions of 
hypertrophy- related markers (Collagen I, α- SMA, TGF- β1 and ANP), 
implying that PM is a bioactive compound that improves myocardial 
hypertrophy and is worth further exploration.

It is well- established that the JAK/STAT signalling pathway is 
widely involved in important signal transduction during pathological 
processes such as cardiac hypertrophy and fibrosis.17 JAK is a series 
of tyrosine kinases comprising JAK1, JAK2, JAK3 and JAK4.37 As the 
direct substrate of JAK, STAT sends signals to the nucleus and regu-
lates the expression of specific genes.17,38 The STAT family comprises 
seven known STAT types, including STAT1, STAT2, STAT3, STAT4, 

STAT5A, STAT5B and STAT6.17,39 Among them, STAT3 is considered 
a key regulator in the process of hypertrophic growth.14,21 In the 
present study, AngII obviously up- regulated the protein expressions 
of p- STAT3 and p- JAK2 and increased the level of p- STAT3 nuclear 
translocation, while PM down- regulated all these changes, suggest-
ing that PM afforded protection against AngII- induced myocardial 
hypertrophy by regulating the JAK2/STAT3 signalling pathway. More 
importantly, STAT3 signalling was significantly inhibited in AngII- 
induced hypertrophic conditions following PM, S3I- 201 and specific 
STAT3 siRNA treatment, whereas the specific overexpression of RNA 
could weaken the therapeutic effect of PM. These data revealed that 
PM exerted the anti- hypertrophic effect by inhibiting the STAT3 sig-
nalling pathway. Based on the results of molecular virtual docking of 
PM and STAT3 (Figure S3), along with the luciferase activity (Figure 
S2) and the effect of PM on STAT3 expression in vitro, we postulated 
that PM exhibited potential as a partial STAT3 inhibitor, warranting 
further verification. In addition, although the selective STAT3 inhib-
itor, S3I- 201, was effective in reducing STAT3 phosphorylation and 
anti- myocardial hypertrophy at the cellular level, it displayed a weak 
ability to inhibit myocardial hypertrophy in animal experiments. This 
finding was inconsistent with a previous report.14 The discrepancy 
may be attributed to the different methods to induce cardiac hyper-
trophy in vivo. We used TAC to induce cardiac hypertrophy in mice, 
while AngII was used to induce cardiac hypertrophy in the previous 
report.14 Different models may induce different mechanisms and 
drug effects, which need to be confirmed in future investigations.

5  |  CONCLUSION

In summary, our study provides evidence that PM protects against 
pathological cardiac hypertrophy by inhibiting levels of the STAT3 

F I G U R E  6  Schematic mechanism of 
periplocymarin (PM) in the treatment of 
pathological cardiac hypertrophy
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phosphorylation and nuclear translocation to suppress the activa-
tion of JAK2/STAT3 signalling pathway (Figure 6). However, the 
properties and clinical application of PM still require further re-
search for the development as a potential new lead compound to 
treat pathological cardiac hypertrophy.
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