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Abstract. Resveratrol (Res) serves a protective role in 
hepatic, cardiovascular and autoimmune hypertrophic 
disease. However, the mechanisms by which Res ameliorates 
cardiac hypertrophy have not yet been fully elucidated. In the 
present study, network pharmacology was used to construct 
a network and perform enrichment analysis to evaluate 
the effect of Res on cardiac hypertrophy. Experimental 
validation was performed using 40 Sprague‑Dawley 
rats administered intragastric 80  mg/kg/day Res and 
20  mg/kg/day 3‑methyladenine (3‑MA) for 4  weeks. A 
total of 444 targets associated with cardiac hypertrophy 
and 229 potential disease‑associated targets of Res were 
identified, from which 8 overlapping genes were demon‑
strated. Gene Ontology function and ‘Kyoto Encyclopedia 
of Genes and Genomes’ pathway enrichment analysis 
demonstrated that Res affected STAT3 and was associated 
with autophagy signaling pathways, including ‘negative 
regulation of autophagy for hypertrophic cardiomyopathy’. 
Furthermore, Res ameliorated isoprenaline‑induced cardiac 
hypertrophy, significantly improving cardiac dysfunc‑
tion in vivo experiment (echocardiography, the degree of 
ventricular hypertrophy, etc.); this effect may be associated 
with regulation of autophagy and apoptosis. The autophagy 
inhibitor 3‑MA markedly reversed the anti‑cardiac hyper‑
trophy effects of Res. In conclusion, Res inhibited cardiac 
hypertrophy via downregulation of the apoptosis signaling 
pathway and upregulating the autophagy pathway.

Introduction

Myocardial hypertrophy is an independent risk factor for 
cardiovascular disease and a key cause of heart failure (1). 
The condition may be caused by valvular disease, hyperten‑
sion, myocardial infarction and cardiomyopathy amongst 
other pathological mechanisms (1). Cardiomyocyte hyper‑
trophy is an indicator of myocardial remodeling and induces 
decreased myocardial contractility, which progresses to heart 
failure (2). Therefore, it is necessary to determine factors 
offering a protective effect against cardiac hypertrophy 
to decrease the incidence of heart failure and subsequent 
mortality. Resveratrol (Res) is a natural non‑flavonoid 
polyphenol with anti‑inf lammatory, cardioprotective, 
neuroprotective, antioxidant and anti‑aging properties that 
is abundant in food such as grapes, mulberries and blueber‑
ries (3,4). Preclinical studies have reported the potential of 
Res as a treatment for severe cardiomyopathy (5,6). However, 
mechanisms underlying the cardioprotective action of Res 
remain unknown.

Network pharmacology is a powerful multi‑component, 
multi‑target tool which has been used to study therapeutic 
mechanisms of herbal medicines (7,8). The approach has 
been employed in mechanistic studies associated with 
numerous types of chronic disease, including obesity, 
diabetes, chronic obstructive pulmonary and cardio‑cere‑
bral vascular disease  (9,10). Therefore, evaluation of the 
mechanistic actions of multi‑target drugs in the treatment 
of complex diseases draws on abundant datasets to inform 
preliminary investigation.

The present study evaluated the pharmacological action 
of Res in cardiac hypertrophy using network pharmacology 
and animal experiments. Potential Res targets were predicted 
and cross‑referenced with therapeutic targets associated 
with cardiomyopathy. Res targets associated with cardiac 
hypertrophy were integrated to establish a multi‑target 
network. Cytoscape and Metascape were used to analyze 
significant genes in the Gene Ontology (GO) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases. 
Significant targets and pathways obtained from network 
pharmacology were verified using western blotting. The 
process of network pharmacology and animal experiments 
is presented in Fig. 1.
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Materials and methods

Construction of Res target library. The chemical structure 
of Res was downloaded from Pubchem (pubchem.ncbi.nlm.
nih.gov) and Res targets were predicted and downloaded 
from the Traditional Chinese Medicine Systems (TCMSP; 
https://tcmsp‑e.com/) and Swiss Target Prediction (swis‑
stargetprediction.ch) databases (the default parameters of 
the websites were utilized), using the inclusion criteria of 
P≤0.5 (11). Genes corresponding to targets were identified 
from UniProt (12).

Acquisition of cardiac hypertrophy gene dataset. Target genes 
associated with cardiac hypertrophy were downloaded from 
the Gene Expression Omnibus database (GEO; ncbi.nlm.nih.
gov/geo). The gene expression profiles of myocardial tissue 
removed surgically from 54 male and 52 female patients with 
hypertrophic cardiomyopathy were downloaded from the 
GSE36961 dataset (P<0.05; log2 fold change >1).

Molecular docking and enrichment analysis. The struc‑
ture of the signal transducer and activator of transcription 
(STAT3) protein was downloaded from the Protein Data 
Bank (rcsb.org/) and molecular docking performed using 
AutoDock Vina (version, 1.2.0) (13). The online Database for 
Annotation, Visualization and Integrated Discovery (david.
ncifcrf.gov/home.jsp) enrichment analysis service was used to 
analyze enriched genes using GO terms and KEGG pathways. 
Venn diagrams were generated using Venny 2.1.0 (bioinfogp.
cnb.csic.es/tools/venny/) to demonstrate potential associa‑
tions between datasets. Functional GO and KEGG analysis 
of potential targets of Res for cardiac hypertrophy treatment 
was performed using Metascape (version, 3.5) (metascape.org) 
and pathways with P≤0.05 were considered to be statistically 
significant for cardiac hypertrophy treatment. A diagram of 
Res‑associated signaling pathways based on GO and KEGG 
analyses was generated using the ‘Pathview’ package in the 
Toolkit for Biologists software (version, 1.098667) (14).

Protein‑protein interaction (PPI) network. Interactions 
between potential Res targets associated with hypertrophic 
cardiomyopathy in both males and females were evaluated 
using a PPI network generated using the BisoGenet 1.0 plugin 
(apps.cytoscape.org/apps/bisogenet) for Cytoscape 3.9 (15). 
The Molecular Complex Detection (MCODE) plugin (version 
2.0.2, apps.cytoscape.org/apps/mcode) for Cytoscape 3.9 was 
used to visualize protein‑protein interactions with topology 
parameters evaluated using the Cytoscape network analyzer 
tool. Compound‑target associations were presented in a phar‑
macological network map constructed using Cytoscape 3.9 
(the default parameters were utilized). Core gene‑encoding 
proteins were screened for using MCODE score >5.

Animal experiments. A total of 20 healthy adult female and 
20 male Sprague Dawley rats (eight weeks of age, 200‑250 g) 
were supplied by the Animal Center of Qiqihar Medical 
University. Rats were housed with temperature and humidity 
at 22±2˚C and 45±15%, respectively, under a 12 h light‑dark 
cycle, with free access to food and water. Rats were acclimated 
for 7 days prior to the experiment. Rats were randomly divided 

into four groups (each group contained 5 male and 5 female 
rats) as follows: i) Control; ii) isoprenaline (ISO); iii) Res and 
iv) Res + 3‑Methyladenine (3‑MA). Rats in the ISO group were 
administered 0.9% saline by gavage (in equal volume to Res 
group, about 2 ml) for 4 weeks and subcutaneous ISO injection 
(5 mg/kg/day) on days 22‑28. The Res group were admin‑
istered Res (80 mg/kg/day) by gavage for 4 weeks (16) and 
subcutaneous ISO injections (5 mg/kg/day) from day 22‑28. 
The Res + 3‑MA group was administered Res (80 mg/kg/day) 
by gavage, 3‑MA (20 mg/kg/day) by intraperitoneal injection 
for 4 weeks and subcutaneous ISO injection (5 mg/kg/day) 
on days 22‑28. Rats in the control group were administered 
0.9% saline (in equal volume to Res group, about 2 ml) by 
gavage for 4 weeks and subcutaneous 0.9% saline (in equal 
volume to ISO, about 0.5 ml) injections on days 22‑28. Rats 
were euthanized using intraperitoneal injection of 3% sodium 
pentobarbitone (240 mg/kg) following echocardiography and 
the ventricular myocardia was excised. The present study 
was approved by the Committee on the Ethics of Animal 
Experiments of Qiqihar Medical University (Qiqihar, heil‑
ingjiang, approval no. QMU‑AECC‑2019‑53).

Echocardiography. Echocardiography was performed 24 h after 
the final treatment. Briefly, rats were anaesthetized with intra‑
peritoneal injection of 3% sodium pentobarbitone (80 mg/kg) 
and the thoracic area was shaved. M‑mode recording of the 
short‑axis view was performed on the shaved chest wall. Left 
ventricular end‑systolic dimension (LVESd), LV end‑diastolic 
dimension (LVEDd), LV fractional shortening (FS) and ejec‑
tion fraction (EF) were assessed by echocardiography using a 
V6 imaging system [VINNO Technology (Suzhou) Co., Inc.] 
with high‑frequency ultrasound transducer.

Tissue collection and analysis. The heart and left ventricle 
of euthanized rats were isolated. The ratio of left ventricle 
weight:body weight (LVW/BW) and heart weight:BW 
(HW/BW) were calculated to evaluate the degree of ventricular 
hypertrophy.

Measurement of malondialdehyde (MDA) and lactate 
dehydrogenase (LDH). MDA and LDH levels in heart homog‑
enate was assessed using MDA assay kit and LDH assay kit 
(Nanjing Jiancheng Bioengineering Institute) according to the 
manufacturer's protocol and optical density at 530 and 450 nm 
was quantified using a microplate reader (Thermo Fisher 
Scientific, Inc.).

Measurement of atrial natriuretic peptide (ANP) mRNA 
expression levels. Total RNA was isolated from left ventricle 
tissue with TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) .According to the manufacturer's protocols, 
total RNA was reverse transcribed with mRNA reverse tran‑
scription kit (cat. no. RR037A, Takara Bio, Inc.).The resulting 
cDNA was used as template for RT‑qPCR using SYBR‑Green 
Master Mix (cat. no. A 25742, Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions, the PCR 
program was as follows: 95˚C for 30 sec, followed by 40 cycles 
at 95˚C for 5 sec and 60˚C for 30 sec. Melting curves were 
used to ensure that only the correct product was amplified. 
Primer sequences were as follows: ANP forward (F), 5'‑GGG​
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AAG​TCA​ACC​CGT​CTC​A‑3' and reverse (R), 5'‑GGG​CTC​
CAA​TCC​TGT​CAA​T‑3' and GAPDH F, 5'‑GAG​ACA​GCC​
GCA​TCT​TCT​TG‑3' and R, 5'‑ATA​CGG​CCA​AAT​CCG​
TTC​AC‑3'. Data were normalized to expression of GAPDH 
mRNA as endogenous control and quantified using the 2‑ΔΔCq 
method (17).

Western blotting. Myocardial tissue was homogenized with 
cold RIPA buffer with 1% phenylmethylsulfonyl fluoride 
(P0013C, Beyotime Institute of Biotechnology), Total protein 
concentrations were measured by a BCA kit (Beyotime 
Institute of Biotechnology). Equal amounts of protein 
(30  µg) was separated using 8 or 10% SDS‑PAGE and 
electro‑transferred to PVDF membranes (MilliporeSigma). 

Membranes were blocked with 5% blocking buffer for 1 h at 
room temperature and incubated with primary antibodies as 
follows: Anti‑ANP (1:1,000; cat. no. sc‑515701, Santa Cruz 
Biotechnology, Inc.), anti‑Bcl‑2 (1:1,000; cat. no. sc‑7382, Santa 
Cruz Biotechnology, Inc.), anti‑Bax (1:1,000; cat. no. sc‑20067, 
Santa Cruz Biotechnology, Inc.), anti‑cytochrome C (CytC; 
1:1,000; cat. no. sc‑13156, Santa Cruz Biotechnology, Inc.) 
and anti‑autophagy‑related gene 5 (Atg5; 1:1,000; cat. no.
sc‑133158, Santa Cruz Biotechnology, Inc.) at 4˚C overnight. 
GAPDH (1:1,000; sc‑166545, Santa Cruz Biotechnology, Inc) 
was used as the internal control. Membranes were incubated 
with Secondary goat antimouse antibody were used (diluted 
1:5,000, cat. no. BA1050; Boster Biological Technology, Ltd.) 
for 1.5 h at room temperature. The membranes were washed 

Figure 1. Flowchart of our research. TCMSP, traditional Chinese medicine systems pharmacology database and analysis platform; GEO, Gene Expression 
Omnibus; HC, hypertrophic cardiomyopathy; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein‑protein interaction. 
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three times in Wash Buffer and proteins were detected using 
ECL reagent (Beyotime Institute of Biotechnology). Relative 
protein expression levels were semi‑quantified using ImageJ 
software (National Institutes of Health; version 1.48) and 
presented as fold‑change compared with control.

Statistical analysis. All data are presented as mean ± SEM and 
represent at least three independent experiments. Statistical 
comparisons were made one‑way ANOVA followed by a 
post hoc analysis (Tukey test) and GraphPad Prism software 
(GraphPad Software, Inc.,version 7.0). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Res target characteristics for hypertrophic cardiomyopathy. 
The molecular structure of Res (C14H12O3) is presented in 
Fig. 2A. A total of 230 potential Res targets from the TCMSP 
and Swiss Target Prediction databases and 444 cardiac hyper‑
trophy‑associated targets from the GSE36961 dataset, in the 
form of differential gene expression profiles for male and female 
patients with hypertrophic cardiomyopathy, were screened to 
characterizing the potential association between Res and cardiac 
hypertrophy (Fig. 2B and C). A total of 8 proteins overlapped 
in the intersection of Res and cardiac hypertrophy‑associated 
targets, of which 3 were identified in females only (Fig. 2D).

Bioinformatics analysis of target genes. Molecular docking 
analysis demonstrated the binding of Res to STAT3 (Fig. 3). 
Enrichment analysis demonstrated a further 10 pathways, 
including ‘IL‑4 and IL‑13 signaling’ and ‘TGF‑β signaling 
pathway’, that were associated with Res treatment of cardiac 
hypertrophy. Further analysis demonstrated that Res inter‑
vening pathways, including ‘IL‑5 signaling pathway’ and 
‘lipid metabolism in senescent cells’ were associated with 
‘apoptosis’, whereas ‘TGF‑β signaling pathway’ and ‘posi‑
tive regulation of glycolytic process’ were associated with 
‘autophagy’. Therefore, apoptosis and autophagy may be 
potential therapeutic mechanistic targets of Res in hypertro‑
phic cardiomyopathy.

PPI network of target genes. The BisoGenet 1.0 plugin for 
Cytoscape 3.9 was used to analyze the 129 Res targets associ‑
ated with male patients with hypertrophic cardiomyopathy 
and a network of PPI associations with 1,206 nodes and 
21,105 connections was constructed (Fig. 4A). A total of four 
modules of the core gene‑encoded proteins had an MCODE 
score >5 as predicted using the MCODE plugin (version 2.0.2) 
in Cytoscape 3.9 (Fig. 4B). Analysis of the 215 Res targets 
associated with female patients with hypertrophic cardiomy‑
opathy generated a PPI network with 3,350 nodes and 63,783 
connections (Fig. 4C). A total of eight modules of the core 
gene‑encoded proteins had an MCODE score >5, predicted 

Figure 2. Target characteristics of resveratrol for HC. (A) Molecular structure of resveratrol. (B) A total of 129 differential gene expression profiles for 
male HC, demonstrating 43 up‑ and 86 downregulated genes. (C) A total of 215 differential gene expression profiles in female HC, demonstrating 140 
up‑ and 75 downregulated genes. (D) Common targets of resveratrol and HC illustrated using a Venn diagram. HC, hypertrophic cardiomyopathy; CDKN1A, 
cyclin‑dependent kinase inhibitor 1A; ALOX5, arachidonate 5‑lipoxygenase; APP, amyloid β precursor protein; CA3, carbonic anhydrase 3; FOS, Fos 
proto‑oncogene; NFKBIA, NFκB inhibitor α.
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using the MCODE plugin (version 2.0.2) in Cytoscape 3.9 
(Fig. 4D). The female PPI network was more complex than the 
male network and featured more core proteins.

Res reverses ISO‑induced myocardial hypertrophy. The 
cardiac index and ANP mRNA and protein expression levels 
were assessed as cardiac hypertrophy indicators. HW/BW, 
LVW/BW, the levels of ANP mRNA and protein expression 
were increased in ISO group. Treatment with Res significantly 
decreased HW/BW and LVW/BW values and decreased the 
levels of ANP mRNA and protein expression compared with 
the ISO group. Moreover, Res + 3‑MA significantly increased 
the levels of ANP mRNA and protein expression compared 
with Res‑alone (Fig. 5A‑D).

Res reverses  ISO ‑ induced cardiac dysf unct ion. 
Echocardiographic parameters were assessed in M‑mode 
(Fig.  6A); treatment with Res produced significant 
increases in EF% and FS% compared with the ISO group 
(Fig. 6B and C). These results demonstrated the importance 
of Res in cardiac hypertrophy. Furthermore, both LVESd 
and LVEDd were significantly decreased in the Res group 
compared with the ISO group. No significant differences 
were demonstrated for EF%, FS% and LVEDd between the 
Res and Res + 3‑MA groups; however, LVESd exhibited 
a significant increase in the Res + 3‑MA group compared 
with the Res group (Fig. 6D and E). In summary, ISO and 
3‑MA treatment both led to progressive cardiac enlargement, 
however, Res improved cardiac function.

Res decreases ISO‑induced oxidative stress in the heart. The 
effect of Res on oxidative stress was investigated. Treatment 
with ISO significantly increased cardiac MDA and LDH levels 
compared with the control and these increases were signifi‑
cantly reversed by treatment with Res (Fig. 7). However, levels 
of MDA (Fig. 7A) were markedly higher and levels of LDH 
(Fig. 7B) significantly higher in the Res + 3‑MA compared 
with the Res group.

Res downregulates apoptosis and upregulates autophagy. The 
protein expression levels of Bcl‑2 and Atg5 were significantly 
decreased by ISO treatment compared with the control. Res 
caused significant upregulation of Bcl‑2 and Atg5 expres‑
sion compared with the ISO group. Expression levels of 
pro‑apoptosis proteins Bax and CytC significantly increased 
in the ISO group compared with control. However, this effect 
was significantly decreased by Res treatment (Fig. 8A‑E). 
However, Res + 3‑MA treatment significantly reversed changes 
in protein expression levels of CytC, Bcl‑2 and Atg5 compared 
with the Res group (Fig. 8A‑E).

Discussion

Cardiac hypertrophy is an adaptive response to pathological 
stimuli but prolonged hypertrophy results in cardiac dysfunc‑
tion and heart failure. Volume overload or elevated pressure 
is a key cause and pathological remodeling is characterized 
by hypertrophied cardiomyocytes, interstitial fibrosis, peri‑
vascular fibrosis and decreased cardiac compliance leading 

Figure 3. Molecular docking model and biological functions of targets. (A) Molecular docking model and interaction residues of the binding of Res to STAT3 
(docking score, ‑4.9; interaction residues, Glu612 and Ser613). (B) Enrichment analysis of 8 overlapping targets. (C) Association of pathways regulated by Res 
with apoptosis and/or autophagy. Res, resveratrol; PDGF, platelet‑derived growth factor; SARS, severe acute respiratory syndrome; FDR, false discovery rate. 

https://www.spandidos-publications.com/10.3892/mmr.2022.12840


REN et al:  MECHANISM OF RESVERATROL IN TREATMENT OF CARDIAC HYPERTROPHY6

Figure 4. Network of protein‑protein interactions of Res on hypertrophic cardiomyopathy with screening of core proteins. (A) Protein interaction network of 
Res in male patients with hypertrophic cardiomyopathy generated using the BisoGenet 1.0 plugin for Cytoscape 3.9, with node area and font size positively 
associated with protein degree value. (B) With regard to the effect of Res in male patients with HC, proteins encoded by core genes were screened using the 
CytoScape 3.9 MCODE plugin, with node area, font size and color intensity positively associated with the core protein degree values. (C) Protein interaction 
network of Res in female patients with hypertrophic cardiomyopathy generated using the BisoGenet 1.0 plugin for Cytoscape 3.9, with node area and font size 
positively correlated with protein degree value. (D) With regard to the effect of Res in female patients with HC, proteins encoded by core genes were screened 
using the CytoScape 3.9 MCODE plugin, with node area, font size and color intensity positively associated with the core protein degree values. Res, resveratrol. 
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to malignant arrhythmia, heart failure and potential sudden 
cardiac death (18‑20). A previous study demonstrated asso‑
ciations between cardiac hypertrophy and apoptosis, oxidative 
stress, autophagy and aging (21). These connections highlight 
the importance of elucidating the precise mechanism of 
cardiac hypertrophy.

Res is a plant‑derived polyphenol present in grape skin, 
peanut, cranberries and veratrum (22). Numerous biological 
activities have been ascribed to Res, including potent 
anti‑inflammatory, antioxidant, anti‑aging, insulin sensitiza‑
tion and cardioprotective activities, which are reported to 
protect of nerve and heart tissue (16). Furthermore, anti‑aging 
activity has been suggested due to upregulation of hydrogen 
peroxide‑dependent autophagy (23). Res has also been reported 
to inhibit vascular smooth muscle remodeling and growth 
and proliferation of cardiac fibroblasts (24). Res (80 mg/kg) 
via intragastric administration has been reported to protect 
against L‑arginine‑induced ANP, which may be associated 
with enhancement of sirtuin 1‑mediated deacetylation of p53 
and heat shock transcription factor 1 (16). To the best of our 
knowledge, however, little detailed information regarding Res 
protective mechanisms has been reported.

Network pharmacology has allowed previous studies 
of the anti‑cardiac hypertrophy mechanism of Res to be 
performed (25-27) and may facilitate identification of potential 

drug treatments for complex disease (28,29). The present study 
demonstrated the presence of 230 Res targets in the Swiss Target 
Prediction and TCMSP databases and 444 sex‑specific targets 
associated with cardiac hypertrophy in the GSE36961 dataset. 
A total of 8 Res targets were also associated with cardiac 
hypertrophy, 5 in males and 8 in females. The intersection of 
Res and cardiac hypertrophy targets was visualized using the 
‘Res‑target‑disease’ network and GO functional and KEGG 
pathway enrichment analyses were performed. STAT3, Myc 
and apoptotic processes were keytargets of Res in hypertrophic 
cardiomyopathy. Molecular docking analysis demonstrated the 
potential regulatory effect of Res on STAT3, a protein which is 
known to inhibit apoptosis and numerous autophagy‑associated 
proteins (30). STAT3 is reported to be a suppressor of autophagy, 
which suggested that the Res therapeutic mechanism may 
involve autophagy in both male and female patients. Moreover, 
recent evidence suggests that STAT3 may promote cardio‑
myocyte metabolism and function by an effect on endothelial 
autophagy (31). The effect of STAT3 on autophagy has also 
been reported in cardiac fibrosis (32‑34). In summary, effects 
of Res on apoptosis and autophagy may underlie the potential 
mechanisms of Res in treating cardiac hypertrophy.

PPI networks demonstrated that Res action in female 
patients with hypertrophic cardiomyopathy was more 
complex and contained more core proteins than the 

Figure 5. Res reverses ISO‑induced myocardial hypertrophy. (A) HW/BW and (B) LVW/BW ratio. (C) mRNA expression levels of ANP were detected using 
reverse transcription‑quantitative PCR. (D) Protein expression levels of ANP were detected using western blotting and normalized to GAPDH. *P<0.05 and 
**P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. ISO; &P<0.05 and &&P<0.01 vs. Res. ISO, isoprenaline; Res, resveratrol; 3‑MA, 3‑methyladenine; HW, heart 
weight; BW, body weight; LVW, left ventricle weight; ANP, atrial natriuretic peptide. 
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equivalent action in male patients with hypertrophic cardio‑
myopathy. In both physiological and pathological scenarios 

and pre‑menopausal, females exhibit enhanced protection 
against cardiac hypertrophy compared with males. Such 

Figure 6. Res reverses ISO-induced cardiac dysfunction. Echocardiographic images of the left ventricle by the short-axis view and electrocardiography 
findings. (A) Representative M-mode echocardiograms in different groups. (B) EF and (C) FS were decreased in ISO group and were increased in Res group. 
(D) LVESd and (E) LVEDd were increased in ISO group and were decreased in Res group and LVESd was increased in Res+3‑MA group. **P<0.01 vs. control; 
#P<0.05 and ##P<0.01 vs. ISO; &&P<0.01 vs. Res. EF, ejection fraction; FS, fractional shortening; LVESd, left ventricular end systolic diameter; LVEDd, left 
ventricular end diastolic diameter; ISO, isoprenaline; Res, resveratrol; 3‑MA, 3‑methyladenine. 

Figure 7. Res decreases ISO‑induced oxidative stress of heart. (A) MDA and (B) LDH levels in heart tissues. **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. ISO; 
&P<0.05 vs. Res. MDA, malondialdehyde; LDH, lactate dehydrogenase; ISO, isoprenaline; Res, resveratrol; 3‑MA, 3‑methyladenine.
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protection disappears following the menopause; however it 
can be partially restored by estrogen replacement therapy. 
Estrogen antagonizes the pro‑hypertrophy signaling 
pathway, whereas androgens have the opposing effect (35). 
The network pharmacology approach, encompassing 
various pharmacological effects of traditional drugs and the 
interaction between chemical molecules and target proteins 
at the molecular level, demonstrates interactions which 
support the suggestion that Res achieves its cardioprotective 
role in inhibiting cardiomyocyte apoptosis by increasing 
autophagy (36).

Pathological indicators, such as ANP, MDA and LDH, 
cardiac morphological indicators, such as HW/BW and 
LVW/BW, and cardiac structural indicators, such as EF%, 
FS%, LVESd and LVEDd, were analyzed in vivo to demon‑
strate the effects of Res. Res is demonstrated to reverse cardiac 
hypertrophy via complex mechanisms which remain to be 
clarified; however autophagy appears to be a key factor (37). 
However, the role of autophagy in myocardial hypertrophy 
is controversial. Previous studies have reported activation of 
general autophagy as having both protective and detrimental 
roles during cardiac hypertrophy and heart failure (38,39). 

Figure 8. Res downregulates the apoptosis pathway and upregulates the autophagy pathway. (A) Protein expression levels of CytC, Bcl‑2 and Bax. 
Semi‑quantification of the protein expression levels of (B) CytC, (C) Bcl‑2 (arrow) and (D) Bax normalized to GAPDH protein expression. (E) Protein expres‑
sion levels of Atg5. *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. ISO; &P<0.05 and &&P<0.01 vs. Res. CytC, cytochrome C; ISO, isoprenaline; 
Res, resveratrol; 3‑MA, 3‑methyladenine; Atg5, autophagy‑related gene 5. 
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Both Li et al (40) and Wang et al (41) reported that ISO‑induced 
cardiac hypertrophy is accompanied by a significant decrease 
in autophagy and that enhanced autophagy may attenuate 
cardiac hypertrophy. The network pharmacology in the 
present study identified autophagy as a potential therapeutic 
Res target in cardiac hypertrophy. Furthermore, hypertrophic 
responses induced by ISO were alleviated by Res treatment 
via regulation of autophagy in the present study. Moreover, the 
autophagy inhibitor 3‑MA stimulated hypertrophic responses 
in rats. However, HW/BW and LVW/BW, which demonstrated 
the therapeutic effect of Res on cardiac function, were not 
affected by 3‑MA. However, 3‑MA markedly decreased the 
reversal of Res‑induced cardiac dysfunction, which suggested 
that the regulation of autophagy was involved. Apoptosis was 
also associated with the therapeutic effect of Res. Autophagy 
is reported to be associated with apoptosis, which affects 
homeostasis of the intracellular environment, initiated by both 
exogenous and endogenous pathways (42,43). The results of 
the present study demonstrated that apoptosis significantly 
increased following ISO treatment; this effect was signifi‑
cantly reversed by Res treatment. It could be hypothesized that 
3‑MA decreased the therapeutic effect of Res by suppressing 
autophagy and promoting apoptosis, two forms of programmed 
cell death. Autophagy may be regarded as a double‑edged 
sword  (44). Interactions between apoptosis and autophagy 
are highly complex and environmentally dependent and it 
can be concluded that both are mechanisms involved in the 
treatment of cardiac hypertrophy by Ras (45). Mitochondrial 
cytochrome C release and apoptosis are both inhibited by 
Bcl‑2 binding to Bax (46). Bax is a proapoptotic member of 
the Bcl‑2 family activated by apoptotic signaling, leading to 
cytochrome C release (47). This is stimulated by proapoptotic 
Bax, Bad, BH3‑interacting domain death agonist and Bcl‑2 
antagonist/killer and inhibited by anti‑apoptotic Bcl‑xl and/or 
Bcl‑2 (48). Res significantly reversed ISO‑induced changes to 
Bcl‑2, Bax and cytochrome C expression in the present study. 
3‑MA markedly reversed the regulation of apoptosis‑associated 
proteins by Res, indicating that protection against myocardial 
hypertrophy involves autophagy and apoptosis. One potential 
limitation of this study would be that the mechanism of Res 
promoting the Atg5 require further study. Further investiga‑
tion is therefore needed to understand the association between 
autophagy and the cardiac function following treatment with 
Res.

In conclusion, the results of the integrated network phar‑
macological and animal experiments in the present study 
demonstrated that Res ameliorated myocardial hypertrophy 
via regulation of autophagy and apoptosis‑associated signaling 
pathways. These results may inform further studies on the use 
of Res in cardiac disease. Res may be an effective multi‑target 
anti‑myocardial hypertrophy drug.
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