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Aim: The study aims to evaluate protective effects of sophoricoside (Sop) on cardiac hyper-
trophy. Meanwhile, the potential and significance of Sop should be broadened and it should
be considered as an attractive drug for the treatment of pathological cardiac hypertrophy
and heart failure.
Methods: Using the phenylephrine (PE)-induced neonatal rat cardiomyocytes (NRCMs) en-
largement model, the potent protection of Sop against cardiomyocytes enlargement was
evaluated. The function of Sop was validated in mice received transverse aortic coarctation
(TAC) or sham surgery. At 1 week after TAC surgery, mice were treated with Sop for the
following 4 weeks, the hearts were harvested after echocardiography examination.
Results: Our study revealed that Sop significantly mitigated TAC-induced heart dysfunction,
cardiomyocyte hypertrophy and cardiac fibrosis. Mechanistically, Sop treatment induced a
remarkable activation of AMPK/mTORC1-autophagy cascade following sustained hyper-
trophic stimulation. Importantly, the protective effect of Sop was largely abolished by the
AMPKα inhibitor Compound C, suggesting an AMPK activation-dependent manner of Sop
function on suppressing pathological cardiac hypertrophy.
Conclusion: Sop ameliorates cardiac hypertrophy by activating AMPK/mTORC1-mediated
autophagy. Hence, Sop might be an attractive candidate for the treatment of pathological
cardiac hypertrophy and heart failure.

Introduction
Heart failure is defined as the inability of heart to supply the peripheral tissues with the required amount
of blood and oxygen to meet their metabolic demands, and is an epidemic disease in the modern world
affecting approximately 1–2% of adult population [1]. Meanwhile, heart failure is a syndrome with symp-
toms and signs caused by cardiac dysfunction, resulting in reduced longevity [2]. The pathogenesis of
heart failure is complex and diverse, which leads to little effect of current interventions.

Heart failure is usually accompanied by cardiac hypertrophy and fibrosis [3]. Under numerous hy-
pertrophic stimuli, such as chronic inflammatory response, pressure overload, ischemia, valvular heart
disease and excess neurohormonal activation, cardiac hypertrophy eventually develops into maladaptive
cardiac remodeling and heart failure [4]. The main pathological features of cardiac hypertrophy includes
cardiomyocyte enlargement, overexpression of fetal genes, protein synthesis increase, myocardial fibrosis,
cell signal dysfunction and autophagy inhibition [5,6]. A great deal of signaling pathways have been well
validated in the progression of cardiac hypertrophy [7]. Therefore, pharmacological therapies that modu-
late these signaling pathways might embody great promise for treating pathological cardiac hypertrophy.

Cardiomyocyte is finely orchestrated upon extracellular challenge via a complex molecular network,
where autophagy functions as a key switcher from compensation to decompensation during a chronic
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stimulation [6]. In terms of cardiac hypertrophy, autophagy has been reported to alleviate intracellular oxidative in-
jury and maintain cardiac function by maintaining ATP level [8]. Under normal conditions, low level of constitutive
autophagy is essential for cell growth, development and homeostasis, while either insufficient or excessive autophagy
triggers cell death, indicating dual roles of autophagy in both pathological and physiological conditions [9]. Genetic
or pharmacological interventions of autophagy could reverse pressure overload-induced cardiac remodeling and con-
tractile dysfunction [10]. These findings elucidate that targeting autophagy might represent a promising therapeutic
strategy for pathological cardiac hypertrophy.

Sophoricoside (Sop) is an isoflavone isolated from the dried fruit of Sophora japonica L. [11]. Since first isolation
and identification, Sop is gradually known to possess the capacity of protecting against fertility, tumor and dermatitis
[11–13]. Sop plays an important role in inhibiting inflammatory response. For example, Sop improved the acute and
chronic contact dermatitis by blocking NF-κB signal activation in B cells [14]. In human mast cells, Sop could also in-
hibit the production of inflammatory cytokines [15]. Meanwhile, Sop inhibited lipid accumulation in HepG2 cells and
stimulated glucose consumption in C2C12 myotubes in cases of obesity and type II diabetes [12]. Sop also protected
against fructose-induced liver injury via regulating lipid metabolism, oxidation in non-alcoholic fatty liver disease
[11]. These results revealed potent pharmacological effects of Sop in the treatment of various diseases. However, the
role of Sop in pathological cardiac hypertrophy remains unknown.

In the present study, we examined the anti-cardiac hypertrophy potential of Sop in vitro and in vivo. At first, Sop
administration significantly mitigated cardiomyocyte enlargement, improved cardiac hypertrophy and suppressed a
long-term heart remodeling. Further investigations of molecular mechanisms revealed that the prevention of patho-
logical myocardial hypertrophy by Sop depends largely on the activation of AMPK/mTORC1-mediated autophagy.

Methods
Mouse studies
All the experiments that involved animals were approved by the Animal Care and Use Committee of Renmin Hospital
of Wuhan University and were organized in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All animals received humane care and the acclimatization period was at least 1 week.

Animal feeding and environmental conditions
All the experimental mice were raised in the SPF level of Animal Experiment Center of Wuhan University. They were
alternately illuminated for 12 h per day, with temperature of 24 +− 2◦C, humidity of 40–70%, and free feed and water.

Transverse aortic constriction
The pressure overload-induced cardiac hypertrophy model in mice was established via transverse aortic constriction
(TAC) surgery. The male mice weighing 25.5–27 g (8–10 weeks) were subjected to TAC or sham operation as pre-
viously described [16]. All operations were conducted under sterile conditions and anesthetized by intraperitoneal
injection of pentobarbital sodium inhalation (Sigma–Aldrich #P3761, St. Louis, Missouri, U.S.A.). Then, mice were
subjected to a midline incision to expose the aortic arch. The aortic arch was banded against 26-G needle with 7-0
silk suture. The needle was subsequently removed before abdominal closure. Similar procedures without aortic con-
striction were conducted in the sham group mice.

Intragastric administration of Sop
Sop (80 or 160 mg/kg per day dissolved in 0.9% NaCl) was continuously gavaged to TAC group mice for 4 weeks.
TAC or sham surgery treated mice that were subjected to the same volume of Saline served as infusion controls.

Echocardiographic measurements
Echocardiography measurements were implemented at the indicated times to evaluate the cardiac function of the
mice [17,18]. First, the surviving mice were anesthetized using isoflurane (1.5–2%). For echocardiography measure-
ments, M-mode tracings derived from the short axis at the papillary muscle level were recorded using a Small Ani-
mal Ultrasound Imaging System (VEVO2100, FUJIFILM VISUALSONICS, Canada) equipped with a 30-MHz probe
(MS400). In M-mode echocardiography, left ventricular volume and wall thickness were measured in three consecu-
tive cycles. Then we measured the left ventricular end-systolic diameter (LVESd) and the left ventricular end-diastolic
diameter (LVEDd). LV fractional shortening (LVFS) was calculated using the following formula: LVFS = (LVEDd -
LVESd)/LVEDd × 100%
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Figure 1. Sop inhibits PE-induced cardiomyocyte hypertrophy

(A) Representative images of α-actinin (green) and DAPI (blue) stained NRCMs. Cells treated by PE or PBS in parallel and co-incu-

bated with Sop or Saline treatment for 48 h, (scale bar, 20 μm), n=3 independent experiments. (B) Statistical quantification surface

area of the NRCMs and length and width of NRCMs in the indicated groups, n=60 cells per group. (C,D) Real-time PCR analysis

of mRNA expression levels of hypertrophic marker genes (Anp, Myh7), n=3 independent experiments. (E) Western blot analysis of

protein levels and statistical quantification of the hypertrophy marker proteins (ANP, MYH7), n=3 independent experiments. The

GAPDH level was used as the internal control in C–E. *, P<0.05; **, P<0.01; n.s., no significance, P>0.05.

Histological analysis
Five weeks after the induced cardiac hypertrophy model, animals were anesthetized with 80 mg/kg.bw pentobarbital
sodium by intraperitoneal injection. Many indicators were recorded, such as body weight, heart weight (HW), lung
weight, and tibial length. The hearts were fixed in 10% formalin and embedded in paraffin by standard histological
protocols [19]. Several sections (5-μm-thick) obtained from the mid-papillary muscle level of each heart were stained
with Hematoxylin and Eosin (H&E) to assess histopathology or with Picrosirius Red (PSR) to evaluate collagen con-
tent. The cross-sectional areas (CSAs) of myocytes and fibrotic areas were measured using a digital image analysis
system (Image-Pro Plus, version 6.0).

Primary rat cardiomyocytes culture and phenylephrine stimuli
Primary cultures of neonatal rat cardiomyocytes (NRCMs) were performed as described previously [20,21]. NRCMs
were isolated from 1–2 days old Sprague–Dawley rats. Briefly, cardiac cells were isolated in PBS containing 0.125%
trypsin from the hearts of neonatal rats. Subsequently, NRCMs were purified by removing cardiac fibroblasts. Then,
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Figure 2. Sop improves pressure overload-induced cardiac dysfunction

(A–D) Comparison of the (A) HW, (B) HW/BW, (C) HW/TL, and (D) LW/BW ratios in different treatment mice after sham or TAC

surgery, n=10 mice per group. (E–G) Echocardiography results for the measurement of myocardial function (LVEDd, LVESd and

FS) in the indicated groups, n=10 mice per group. *, P<0.05; **, P<0.01; n.s., no significance, P>0.05.

NRCMs were seeded in six-well culture plates coated with gelatin at a density of 3 × 105 cells/well in Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F12 medium including 10% (v/v) FBS and penicillin/streptomycin for 24
h. Subsequently, NRCMs were cultured with a serum-free maintenance medium for another 12 h. Different con-
centrations of Sop (10 or 50 μM) were used in different treatment groups for 1 h before being co-incubated with
phenylephrine (PE; 50 μM) for 48 h.

Immunofluorescence analysis
The cell surface area of NRCMs was assessed by immunofluorescent staining. Briefly, NRCMs were treated with PE or
PBS coincubated with Saline or Sop (10 or 50 μM) for 48 h. The cells were then fixed with 4% paraformaldehyde for
at least 30 min, then saturated into PBS with 0.2% Triton X-100 for 5 min. Subsequently, slides containing cells were
incubated with α-actinin antibody (A7811, Sigma, 1:100 dilution) at 4◦C for overnight, then slides were incubated
with fluorescent secondary antibody for 1 h. Subsequently, the slides were sealed with DAPI. Images were captured
using OLYMPUS DP72 fluorescence microscope (model BX51TRF). The surface areas and the length and width of
cardiomyocytes were measured using a digital image analysis system (Image-Pro Plus, version 6.0).

Western blotting
Hearts tissues and NRCMs were first lysed in lysis buffer (20 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS) containing the complete Protease Inhibitor (no.
04693132001, Roche) and PhosStop phosphatase inhibitor (no. 4906837001, Roche). Tissues or NRCMs were in-
cubated on ice for 15 min, followed by centrifugation at 14000×g for 30 min at 4◦C. The protein concentrations were
determined using the BCA Protein Assay Kit (Pierce). Then the lysates (50 μg) were resolved by SDS/PAGE (Invit-
rogen) and transferred on to PVDF membranes (Millipore). After blocking with 5% (w/v) skim milk for 1 h at room
temperature, membranes were incubated with the primary antibodies overnight at 4◦C. After incubation with the
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secondary antibodies for 1 h at room temperature, immunoblots were revealed by the ChemiDoc™ XRS+ (Bio-Rad
Laboratories). The expression levels of proteins were normalized to GAPDH. Original gels of representative Western
blot images relating to indicated figures was shown in Supplementary Figure S7. The information of corresponding
antibodies was shown in Supplementary Table S1.

Quantitative real-time PCR
TRIzol® reagent (Invitrogen) was applied to extract total RNA from cultured cardiomyocytes and heart tissues as
provided by the manufacturer. Then, RNA was reverse-transcribed into cDNA using the Transcriptor First Strand
cDNA Synthesis Kit (Roche). Quantitative real-time PCR (qRT-PCR) amplification was operated in the SYBR Green
PCR Master Mix (Applied Biosystems). The expression levels of mRNAs were normalized to GAPDH. The informa-
tion of primer sequences was shown in Supplementary Table S2.

Statistical analysis
All data statistics of this subject were presented as the mean +− s.d. Student’s two-tailed t test was used to compare the
means of two-group samples and a one-way analysis of variance (ANOVA) was applied for comparison of multiple
groups, followed by the least significant difference (equal variances assumed) or Tamhane’s T2 (equal variances not
assumed) tests. All statistical analyses were performed with Statistical Package for the Social Sciences (SPSS) 21.0.
software. P- value less than 0.05 was considered significant.

Results
Sop inhibits PE-induced cardiomyocyte hypertrophy
To examine whether Sop protects cardiomyocytes against stress-induced hypertrophy, we isolated and subjected NR-
CMs to PE challenge, a well-recognized in vitro model to mimic cardiac hypertrophy. We first tested the role of Sop
in cardiac hypertrophy. Immunofluorescence staining showed that Sop at different concentrations (10, 20, 50 μM)
had no effect on cardiac hypertrophy (Supplementary Figure S1A,B), Meanwhile, the mRNA levels of cardiac markers
A-type natriuretic peptide (Anp), myosin heavy chain 7 (Myh7)) had no changes after Sop treatment (Supplemen-
tary Figure S1C). Then, we treated NRCMs with PBS or PE and co-incubated with Saline or Sop at the indicated
concentrations (10 or 50 μM) for 48 h. Results showed that PE induced a dramatic enlargement of NRCMs, which
was effectively alleviated by treatment with Sop, as supported by quantified cell surface area and measurement of cell
length and width of NRCMs (Figure 1A,B). Furthermore, the up-regulation of both mRNA levels and protein levels of
hypertrophic marker genes (ANP, MYH7) triggered by PE was significantly blunted by Sop treatment (Figure 1C–E).
These results indicate that Sop may be a negative regulator in PE-induced cardiomyocyte hypertrophy.

Sop improves pressure overload-induced cardiac dysfunction
The function of Sop in cardiac hypertrophy and cardiac function was further detected in vivo based on pressure
overload-induced mice model. One week after sham surgery, Sop was subjected to mice at 80 and 160 mg/kg/d or
Saline for another 4 weeks. After 5 weeks of sham treatment, the ratio of HW to body weight (HW/BW), the ra-
tio of lung weight to body weight (LW/BW), and the ratio of HW to tibia length (HW/TL) showed no significant
change between Sham Sop group and Sham Saline group (Supplementary Figure S2A–C). To elucidate the function
of Sop in cardiac hypertrophy, after TAC surgery, Sop solution was subjected to mice at 80 and 160 mg/kg/d for 4
weeks in mice. After 5 weeks of TAC surgery, pressure overload significantly induced cardiac hypertrophy, as evi-
denced by increased HW, HW/BW and HW/TL, compared with the sham Saline group. Remarkably, Sop treatment
decreased HW, HW/BW and HW/TL ratios (Figure 2A–D). Furthermore, our echocardiography assay clarified that,
after 5 weeks of sham surgery, LVEDd, LVESd and FS had no significant changement after Sop treatment, compared
with the Sham Saline group (Supplementary Figure S2D–F). Compared with the sham cohorts, mice exhibited sig-
nificantly increased chamber diameter and depressed systolic function and diastolic function after 5 weeks of TAC
surgery as evidenced by increased LVEDd, LVESd and decreased FS. The heart dysfunction was effectively improved
by treatment with Sop (Figure 2E–G).

Sop alleviates pressure overload-induced cardiac hypertrophy
To further determine the effect of Sop on cardiac hypertrophy, we performed histological analysis from gross heart
examinations and H&E staining. In line with the improved heart function, the visible heart enlargement was decreased
by Sop treatment in the TAC mice (Figure 3A). Additionally, histological examination revealed decreased CSA of
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Figure 3. Sop alleviates pressure overload-induced pathological cardiac hypertrophy

(A) Gross hearts from the indicated groups at 5 weeks after sham or TAC surgery, n=5-6 mice per group, scale bar, 2 mm. (B)

Representative image of H&E staining from the indicated groups, n=6 mice per group, (scale bar, 25 μm). (C) Comparison of the

CSA of cardiomyocytes from the indicated groups. (D–F) Real-time PCR analysis of mRNA expression levels of hypertrophic marker

genes (Anp, Bnp, Myh7), n=4 mice per group. (G,H) Protein expression levels (G) and statistical quantification (H) of the hypertrophy

marker proteins (ANP, BNP, MYH7), n=4 mice per group. The GAPDH level was used as the internal control in (D–H). *, P<0.05; **,

P<0.01; n.s., no significance, P>0.05.
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cardiomyocytes in Sop-treated, compared with the control group (Figure 3B,C). At the molecular level, TAC-induced
up-regulation of hypertrophic markers including ANP, B-type natriuretic peptide (BNP) and MYH7, were strikingly
suppressed by Sop treatment compared with vehicle controls (Figure 3D–H). Consistent with previous results, no
significant changes were observed in the sham-operated mice treated with SOP (Supplementary Figure S3).

Sop attenuates pressure overload-induced cardiac fibrosis
Chronic pressure overload induces a number of structural alterations, not only hypertrophy of cardiomyocytes but
also an increase in extracellular matrix (ECM) proteins in the interstitium and perivascular regions of the myocardium
[3]. To further determine the effect of Sop on maladaptive cardiac remodeling, PSR staining and quantitative analysis
were performed. As expected, hearts subjected to chronic pressure overload developed notably increased fibrosis
in the perivascular and interstitial spaces compared with the sham group after 5 weeks of TAC surgery, and the
degree of fibrosis was remarkably limited in Sop-treated hearts (Figure 4A,B). Consistently, the expression levels of
the markers related to cardiac fibrosis, including Collagen I, Collagen III and connective tissue growth factor (CTGF),
decreased significantly in the hearts of Sop-treated mice than those in vehicle group after TAC surgery (Figure 4C–G).
Meanwhile, Sop treatment in Sham group had little role in cardiac fibrosis compared with the Sham Saline group
(Supplementary Figure S4).

Sop enhances the decreased autophagy in pathological cardiac
hypertrophy
PE signaling pathway plays an important role in cardiac hypertrophy, which activates a series of downstream
signal events, including activation of NFAT3 nuclear translocation and activation of the three best-characterized
mitogen-activated protein kinase (MAPK) subfamilies, namely p38, JNKs and ERKs [22,23]. In order to detect the
effect of Sop on MAPK or NFAT3 signal pathway, we treated NRCMs with Sop at different concentrations (10 or 50
μM) for 48 h. Immunoblotting indicated that Sop had no effect on phosphorylation levels of (p38, JNK, ERK) and
NFAT3 nuclear translocation (Supplementary Figure S5A,B). Furthmore, Sop treatment under PE stimulation also
showed no changes in the phosphorylation levels of (p38, JNK, ERK) and NFAT3 nuclear translocation, compared
with corresponding controls, respectively (Figure 5A,B), indicating that Sop did not alleviate cardiac hypertrophy via
MAPK or NFAT3 signaling.

Considering the core regulation of autophagy in cardiac hypertrophy, we explored whether Sop rendered cardio-
protective function involves autophagy activity and thus measured the protein expression of LC3B-II, p62 and Beclin1.
Our results revealed that the protein level of LC3B-II and Beclin1 were largely suppressed in both PE-challenged car-
diomyocytes and TAC-insulted mice heart tissues, while p62 was up-regulated in the indicated groups. Notably, Sop
treatment significantly increased the expression of LC3B-II and Beclin1, but reduced the accumulation of p62 in NR-
CMs (Figure 5C,D). In order to detect the effect of Sop on autophagy flux, autophagosome inhibitors Bafilomycin
A1 (BafA1) was used in cardiac hypertrophy model in vitro [24]. NRCMs were incubated with or without Sop treat-
ment following PE stimulation, BafA1 (100 nM) were added 2 h before harvesting the cells. Immunoblotting showed
that Sop promoted the autophagy flux (Figure 5E). The regulation of Sop on autophagy markers (LC3B-II, p62 and
Beclin1) was further confirmed in mice after 5 weeks of TAC surgery (Figure 5F,G).

Sop activates AMPK and inhibits mTORC1 signal pathway
AMPK-mTORC1 signaling pathway has been considered as an important mechanism in regulating cardiac hyper-
trophy with the involvement of autophagy [25]. Meanwhile, it is well-known that activation of AMPK significantly
decreases the phosphorylation of mTORC1 in heart diseases [26,27]. To further explore the mechanism underly-
ing Sop function on autophagy, we examined the AMPK-mTORC1 signaling pathway by detecting the phosphory-
lation of AMPK and its downstream targets, including mTORC1, p70S6K and 4E-BP1 in NRCMs and mice heart
tissues. Western blots analysis revealed that the compromised AMPK phosphorylation was robustly increased by
Sop-treated in both NRCMs and heart tissues (Figure 6A,B). Consistently, the phosphorylation level of mTORC1,
p70S6K and 4E-BP1 were remarkably increased after 5 weeks of TAC surgery, which was blunted by Sop treatment
(Figure 6C,D). These data suggest that the pro-autophagy effect of Sop may be mediated by the activation of the
AMPK/ mTORC1/p70S6K/4E-BP1 axis.
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Figure 4. Sop attenuates pressure overload-induced cardiac fibrosis

(A) Histological analyses of heart sections stained with PSR (scale bar, 50 μm) from the indicated groups 5 weeks after sham or TAC

surgery, n=6 mice per group. (B) Comparison of the LV-collagen volume in the indicated groups. (C–E) Transcript levels of fibrotic

marker genes (col1a1, col3a1, ctgf) in the indicated groups, n=4 mice per group. (F,G) Protein levels and statistical quantification

of the fibrotic markers’ proteins (Collagen I, Collagen III and CTGF) in the indicated groups, n=4 mice per group. GAPDH was used

as the internal control in (C–F). *, P<0.05; **, P<0.01; n.s., no significance, P>0.05.
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Figure 5. Sop enhances the decreased autophagy in pathological cardiac hypertrophy

(A,B) Western blot analysis of the phosphorylation levels of (p38, JNK, ERK) and NFAT3 nuclear translocation in indicated group.

(C,D) Western blot analysis of protein levels and statistical quantification of the autophagy marker proteins (LC3B-II, Beclin-1 and

p62) in the NRCMs. Cells treated by PE or PBS in parallel and co-incubated with Sop or Saline treatment for 48 h, n=3 independent

experiments. (E) Protein levels of the autophagy markers proteins (LC3B-II and p62) in the NRCMs. Cells treated by PE or PBS in

parallel and co-incubated with Sop or Saline treatment for 48 h in the presence or absence of BafA1. (F) Protein levels and statistical

quantification of the autophagy marker proteins (LC3B-II, Beclin-1 and p62) from the indicated groups after sham or TAC surgery

for 5 weeks, n=4 mice per group. GAPDH was used as the internal control in (A–G). *, P<0.05; **, P<0.01; n.s., no significance,

P>0.05. Abbreviation: BafA1, Bafilomycin A1.
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Figure 6. Sop activates AMPK and inhibits mTORC1 signal pathway

(A) Protein levels and statistical quantification of the phosphorylation of AMPK in the NRCMs. Cells treated by PE or PBS in

parallel and co-incubated with Sop or Saline treatment for 48 h, n=3 independent experiments. (B) Protein levels and statistical

quantification of the phosphorylation of AMPK from the indicated groups at 5 weeks after sham or TAC surgery, n=4 mice per group.

(C,D) Protein levels and statistical quantification of the phosphorylation of mTORC1, p70S6K and 4E-BP1 from the indicated groups

at 5 weeks after sham or TAC surgery, n=4 mice per group. GAPDH was used as the internal control in (A–C). *, P<0.05; **, P<0.01;

n.s., no significance, P>0.05.
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Figure 7. Sop attenuates PE-induced NRCMs hypertrophy depends on AMPK activation

(A) Protein level and statistical quantification of the phosphorylation of AMPK in the NRCMs. Cells treated by PE and co-incubated

with Sop or Saline in the presence or absence of Compound C treatment for 48 h. n=3 independent experiments. (B) Protein levels

and statistical quantification of LC3B-II, Beclin-1, p62 in NRCMs from the indicated groups, n=3 independent experiments. (C) Rep-

resentative images of α-actinin (green) and DAPI (blue) stained NRCMs. Cells treated by PE and co-incubated with Sop or Saline

in the presence or absence of Compound C treatment for 48 h, (scale bar, 20 μm), n=3 independent experiments. (D) Statistical

quantification of the cell surface area and length and width of NRCMs in the indicated groups, n>30 cells per group.n=3 indepen-

dent experiments (E,F) mRNA levels of cardiac hypertrophic marker genes (Anp, Myh7) in the indicated groups, n=3 independent

experiments. GAPDH was used as the internal control in (A,B). *, P<0.05; **, P<0.01; n.s., no significance, P>0.05.
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Sop-attenuated PE-induced NRCMs hypertrophy depends on AMPK
activation
To evaluate whether the cardioprotective function of Sop on cardiac hypertrophy is AMPK-dependent, we treated
NRCMs with Sop in the presence or absence of AMPK inhibitor compound C. First, we tested the role of compound
C in cardiac hypertrophy in vitro. NRCMs were treated with compound C at concentrations of (10 and 20 μM) or
PBS for 48 h. The results showed that the phosphorylation level of AMPK was decreased significantly by the treatment
of compound C in vitro (Supplementary Figure S6A). Meanwhile, immunofluorescence staining, cell surface area,
cell length and width showed that compound C had no obvious effect on cardiac hypertrophy under base condition
(Supplementary Figure S6B,C). However, compound C significantly inhibited AMPK and autophagy activation in
both Saline and Sop groups under PE stimulation (Figure 7A,B). Importantly, compound C treatment completely
abrogated the effect of Sop on inhibiting cardiomyocyte hypertrophy and the activation of fetal genes (Anp, Myh7)
(Figure 7C–F). Thus, our findings suggest that Sop negatively modulates pathological cardiac hypertrophy, at least
partially, by activating AMPK signaling.

Discussion
In the present study, we demonstrated that Sop possesses a potent cardioprotective function on pathological cardiac
hypertrophy, remodeling and the resultant heart dysfunction. The underlying mechanism of Sop function was largely
attributed to the activation of AMPK-mediated autophagy. Considering the wide benefits of Sop on the biological
process after AMPK activation and the inhibition of pathological cardiac remodeling, our present data firmly support
a clinical translational potential of Sop as an attractive drug for the treatment of pathological cardiac hypertrophy and
heart failure.

Traditional Chinese medicines have been widely used in treating cardiovascular diseases [28,29]. Sop is
an isoflavone glycoside found in many plant species, which has recently attracted attention because of its
anti-inflammation, anti-tumor, anti-obesity, anti-fertility and anti-oxidation activities [30]. Isoflavones are classified
as both phytoestrogens and selective estrogen receptor modulators [31]. Additionally, increasing evidences demon-
strate that phytoestrogens were considered to protect against several cardiovascular diseases, such as ischemic injury
and atherosclerosis [32,33]. Therefore, as an isoflavone, Sop may play a protective role in heart disease.

Our present study yielded several novel findings about the anti-hypertrophic effects of Sop. On one hand, this
is the first report that Sop significantly promotes autophagy in cardiac hypertrophy model. Autophagy is associ-
ated with a variety of stress reactions in many diseases, including inflammation disease [34], diabetes [35,36] and
non-alcoholic fatty liver disease [37,38]. Our study revealed that Sop promoted autophagy in cardiac hypertrophy,
which gives us novel insights into the pharmacological potential in previous diseases studies. On the other hand,
Sop promoted AMPK activation and negatively regulates mTORC1 signaling pathway. The results of up-regulation
of AMPK is consistent with the previous study that Sop increased the phosphorylation of AMPK and promoted lipid
metabolism in obesity and type II diabetes [12]. Many isoflavones with phytoestrogenic properties regulate AMPK
and play protective roles in cardiac hypertrophy, such as Asiatic acid [39], Geniposide [40] and Indole-3-carbinol
[41]. In our study, as an isoflavone with phytoestrogenic properties, Sop does play a protective role in cardiac hyper-
trophy by promoting the activation of AMPK. Furthermore, the inhibitor of AMPK (compound C) confirmed that
Sop promoted autophagy and protected against cardiac hypertrophy, which depended on the activation of AMPK
activity.

To date, there are no available pharmacological agents that have been verified to inhibit cardiac hypertrophic devel-
opment in patients [42,43]. Surgical myectomy and the implantable cardiac defibrillator (ICD) are the only interven-
tions methods in long-term prognosis [42]. Hence, it remains to find more appropriate drugs that can efficiently and
specifically inhibit cardiac hypertrophy. Our study reveals that Sop is a potential cardioprotective compound and ro-
bustly attenuates pathological cardiac hypertrophy by activating AMPK-mediated autophagy activation. Therefore,
our study expands the function and possible clinical application of Sop for cardiac hypertrophy and heart failure,
which also represents an advanced utilization of a natural product for more severe heart diseases.

Inevitably, the limitations of our study should be noted. First, we need to add more models of cardiac hypertrophy
to verify the protective effect of Sop. Second, the specific mechanism by which Sop activates AMPK remains to be
further explored; and finally, the molecular target by which Sop plays a protective role in cardiac hypertrophy remains
to be further confirmed.

12 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Perspectives
• The present study is the first time to demonstrate that Sop protects against pathological cardiac

hypertrophy.

• Sop treatment induced a remarkable activation of AMPK/mTORC1-autophagy cascade following
sustained hypertrophic stimuli.

• These findings broaden our understanding of the clinical translational potential of Sop and firmly
supported Sop as an attractive drug for the treatment of pathological cardiac hypertrophy and heart
failure.
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Supplementary Fig S1. The effect of Sop in different concentrations on cardiac hypertrophy 

in NRCMs in vitro. (A) Representative images of α-actinin (green) and DAPI (blue) stained 

NRCMs that were treated by Sop or PBS for 48 h. Scale bar, 20 µm. (B) Statistical quantification 

of surface area as well as the length and width of NRCMs in the indicated groups. n > 50 cells per 

group. (C) mRNA levels of hypertrophic marker genes (Anp, Myh7) in NRCMs in the indicated 

groups. n.s., no significance, P > 0.05. 

  



 

Supplementary Fig S2. The effect of Sop in different concentrations and cardiac function in 

mice in vivo. (A-C) Comparison of the (A) heart weight to body weight (HW/BW), (B) Lung weight 

to body weight (LW/BW) and (C) Heart weight to tibia length (HW/TL) ratios of mice in different 

groups after sham surgery. n=10 mice for per group. (D-F) Echocardiography results for the 

measurement of myocardial function (LVEDd, LVESd and FS) in the indicated groups. n=10 mice 

for per group. n.s., no significance, P > 0.05. 

  



 
Supplementary Fig S3. The effect of Sop in different concentrations on cardiac hypertrophy 
in mice in vivo. (A) Representative heart sections with H&E staining (scale bar, 25 µm) and 
quantification of the CSA of cardiomyocytes from the indicated groups. n=6 mice for per group. (B) 
mRNA levels of hypertrophic marker genes (Anp, Bnp, Myh7). n=4 mice for per group. n.s., no 
significance, P > 0.05. 
  



 
Supplementary Fig S4. The effect of Sop in different concentrations on cardiac fibrosis in mice 
in vivo. (A) Histological analysis of hearts sections with PSR staining (scale bar, 50 µm) and the 
quantification of the LV-collagen volume in the indicated groups. n=6 mice for per group. (B) 
mRNA levels of fibrotic marker genes (col1α1, col3α1, ctgf) in the indicated groups. n=4 mice for 
per group. n.s., no significance, P > 0.05. 
  



 
Supplementary Fig S5. The effect of Sop in different concentrations on PE signal pathway in 
NRCMs in vitro. (A) Protein levels of the phosphorylation levels of (p38, JNK, ERK) and NFAT3 
in NRCMs that were treated by Sop or Saline treatment for 48 h at baseline. GAPDH was used as 
the loading control. (B) The protein level of NFAT3 in cytoplasm and nuclear of NRCMs treated 
with saline or Sop for 48 h at baseline. 
  



 
Supplementary Fig S6. The effect of compound C in different concentrations on cardiac 
hypertrophy in NRCMs in vitro. (A) Protein levels and statistical quantification of the 
phosphorylation of AMPK in the NRCMs treated with compound C or saline treatment for 48 h. (B) 
Representative images of α-actinin (green) and DAPI (blue) stained NRCMs with PBS treatment in 
the presence or absence of compound C for 48 h. scale bar, 20 µm. (C) Statistical quantification of 
the cell surface area and length and width of NRCMs in the indicated groups. n > 50 cells per group. 
n.s., no significance, P > 0.05. 
  



Western blots for Fig.1E 

 
Supplementary Fig S7. Original uncropped gels of representative Western blot images relating to 
indicated Figures 
 
Western blots for Fig.3G 

 
Supplementary Fig S7. Original uncropped gels of representative Western blot images relating to 
indicated Figures 

  



Western blots for Fig.4F 
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Supplementary Fig S7. Original uncropped gels of representative Western blot images relating to 
indicated Figures 

  



Western blots for Fig.S5B 

 
Supplementary Fig S7. Original uncropped gels of representative Western blot images relating to 
indicated Figures 
 
Western blots for Fig.S6A 

 

Supplementary Fig S7. Original uncropped gels of representative Western blot images relating to 
indicated Figures 
  



Supplementary Table 1 The information of antibodies used in Western blotting 

Antibody Manufacturer Catalogue number Dilution ratio 

ANP ABclonal A1609 1:1000 

BNP Santa Cruz Biotechnology sc-271185 1:200 

MYH7 Santa Cruz Biotechnology sc-53090 1:200 

Collagen I Santa Cruz Biotechnology sc-293182 1:1000 

Collagen III Santa Cruz Biotechnology sc-271249 1:1000 

CTGF Santa Cruz Biotechnology sc-14939 1:200 

LC3B-II Cell signaling Technology 3868 1:1000 

p62 Cell signaling Technology 5114 1:1000 

Beclin1 Cell signaling Technology 3495 1:1000 

p-AMPK Cell signaling Technology 2535 1:1000 

AMPK Cell signaling Technology 2603 1:1000 

p-4EBP1 Cell signaling Technology 2855 1:1000 

4EBP1 Cell signaling Technology 9644 1:1000 

p-p70S6k Cell signaling Technology 9208 1:1000 

p70S6k Cell signaling Technology 2708 1:1000 

p-ERK Cell signaling Technology 4370 1:1000 

ERK Cell signaling Technology 4695 1:1000 

p-JNK Cell signaling Technology 4668 1:1000 

JNK Cell signaling Technology 9252 1:1000 

p-p38 Cell signaling Technology 4511 1:1000 

p38 Cell signaling Technology 9212 1:1000 

p-mTORC Cell signaling Technology 2971 1:1000 

mTORC Cell signaling Technology 2983 1:1000 

NFAT3 Sigma SAB4501982 1:1000 

LaminB1 ABCAM ab16048 1:1000 

GAPDH Cell signaling Technology 5174 1:1000 

  



Supplementary Table 2 The information of Primers used in Quantitative real-time PCR 

(qRT-PCR) 

Gene name Forward primer (mouse) Reverse primer (mouse) 

Anp TCGGAGCCTACGAAGATCCA TTCGGTACCGGAAGCTGTTG 

Bnp GAAGGACCAAGGCCTCACAA TTCAGTGCGTTACAGCCCAA 

Myh7 CAACCTGTCCAAGTTCCGCA TACTCCTCATTCAGGCCCTTG 

Collagen Iα TGCTAACGTGGTTCGTGACCGT ACATCTTGAGGTCGCGGCATGT 

Collagen IIIα ACGTAAGCACTGGTGGACAG CCGGCTGGAAAGAAGTCTGA 

Ctgf TGACCCCTGCGACCCACA TACACCGACCCACCGAAGACACAG 

Gapdh ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA 

   

Gene name Forward primer (rat) Reverse primer (rat) 

Anp AAAGCAAACTGAGGGCTCTGCT TTCGGTACCGGAAGCTGTTGCA 

Myh7 AGTGAAGAGCCTCCAGAGTTTG GTTGATGAGGCTGGTGTTCTGG 

Gapdh TGTGAACGGATTTGGCCCTA GATGGTGATGGGTTTCCCGT 

 


