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A B S T R A C T

Aims: Resveratrol is a polyphenolic compound that has received much attention for its use in ameliorating
various systemic pathological conditions. The present study was performed to investigate whether the resver-
atrol alleviated cardiac hypertrophy and functional remodelling by regulating autophagy.
Materials and methods: Male rats were exposed to CIH 8 h/day for five weeks and/or intragastric administration
of resveratrol daily. The morphological and echocardiography were used to evaluate the cardiac protective
effects. The apoptosis was detected by TUNEL staining. The biochemical assessments were used to evaluate
oxidative stress. Further, the effect of resveratrol on autophagy and PI3K/AKT/mTOR pathway was investigated.
Key findings: The CIH group exhibited increased heart weight/body weight and left ventricle weight/body
weight ratios, which was accompanied by left ventricular remodelling. Echocardiography analysis showed that
CIH-treated rats had significantly higher left ventricular posterior wall thickness, ejection fraction and fractional
shortening than those of controls. In addition, the apoptosis index and oxidative markers were significantly
elevated in the CIH group versus the control. The autophagy marker Beclin-1 was elevated, while p62 was
decreased by CIH treatment. Resveratrol treatment significantly improved cardiac function and alleviated car-
diac hypertrophy, oxidative stress, and apoptosis in CIH rats. Further results indicated that PI3K/AKT pathway-
mediated inhibition of the mammalian target of rapamycin (mTOR) pathway played a role in the activation of
autophagy by resveratrol after CIH stimulation.
Significance: In conclusion, resveratrol supplementation during CIH upregulates autophagy by targeting the
PI3K/AKT/mTOR pathway, which appears to be beneficial for resisting cardiac hypertrophy.

1. Introduction

Obstructive sleep apnoea (OSA), with the associated chronic inter-
mittent hypoxia (CIH), is a disorder in which the upper airways relax
and collapse during sleep to interrupt normal breathing. Untreated
sleep apnoea can lead to increased cardiovascular abnormalities, such
as hypertension [20], heart failure [1], atrial fibrillation [10], ar-
rhythmia [34] and coronary artery disease [7]. Additionally, recent
studies have shown that OSA is an independent risk factor for severe
cardiovascular disease [40]. The pathomechanism of OSA-related car-
diovascular injury includes sustained sympathetic activation, vascular
endothelial dysfunction, hypercapnia, cytokine dysregulation, systemic
inflammation, oxidative stress and metabolic dysregulation [8]. Con-
tinuous positive airway pressure (CPAP) treatment is reported to im-
prove left ventricular ejection fraction and reduce systolic blood pres-
sure [26]. However, previous studies have also reported that CPAP may

improve sleep metrics and the mental component quality of life but
could not reduce cardiovascular disease in patients with OSA [4]. Thus,
more effective therapies are needed to improve survival and prevent
cardiovascular disease in adults with OSA.

Cardiac hypertrophy has been considered to be independently as-
sociated with OSA [29]. Pathological cardiac hypertrophy character-
ized by increased cardiomyocyte size and accelerated rate of global
protein synthesis continues to be a global public health problem leading
to contractile dysfunction, arrhythmia, and sudden death. The activa-
tion of mammalian target of rapamycin (mTOR) signalling is both in-
dispensable and sufficient for an increase in protein synthesis and the
hypertrophy that occurs in response to external stimuli [39]. mTOR is a
short-term energy sensor of both amino acids and glucose for the rapid
regulation of autophagy [23]. Blocking mTOR signalling can induce
autophagy and is beneficial for the heart in order to reduce energy
expenditure and misfolded protein accumulation [28]. mTOR
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inhibition was also shown to reduce age-related heart inflammation and
fibrosis [30]. These results indicate that pharmacological inhibition of
mTOR signalling can reactivate cardiac autophagy and may be a viable
target for therapy of CIH-induced cardiac injury.

Resveratrol is a polyphenolic compound with excellent antioxidant,
anti-inflammatory, insulin-sensitizing, and anti-senescence properties
[9]. Significant concentrations of resveratrol have been detected in
grapes, blueberries, bilberries, peanuts and in the fruits of other plant
species [15]. Several studies have indicated that resveratrol plays an
antioxidant role by activating autophagy. Sabe et al. [27] reported that
resveratrol prevented harmful cardiac remodelling in chronically
ischaemic myocardium through the induction of autophagy. Gu et al.
[12] showed that resveratrol-induced autophagy attenuated

doxorubicin-induced cardiotoxicity. Resveratrol has also been sug-
gested to improve cardiomyopathy in Duchenne muscular dystrophy
mice by ameliorating autophagic flux [18]. Based on these findings, our
aim is to investigate whether the resveratrol alleviated cardiac hyper-
trophy and functional remodelling by regulating autophagy.

2. Materials and methods

2.1. Animals

All animal procedures and experimental protocols were approved by
the Hebei University of Chinese Medicine Animal Care and Use
Committee. Male SD rats (Beijing Vital River Company, Beijing, China)

Fig. 1. Histomorphometric data. A. Representative images of H&E and Masson's trichrome stained sections. B. Myocardial fibrosis area. C. HW/BW ratios. D. LVW/
BW ratios. E. Representative images of WGA-stained sections. F. The shortest diameters of myocardiocytes. G. Cross-sectional areas of myocardiocytes. n=6.
**p < 0.01 vs. control group; #p < 0.05 vs. CIH group; ##p < 0.01 vs. CIH group.
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weighing 200–210 g were used to perform all experiments. Rats were
given food and water ad libitum.

Rats were randomly assigned to four groups: the control (CON)
group, CIH group, CIH+ resveratrol (CIH+Res) group, or CON+Res
group. CIH rats were placed daily in hypoxia chambers as described
previously [13]. Hypoxic chambers (OxyCycler, BioSpherix Ltd., USA)
were used to establish OSA rat models. In the chambers, the O2 con-
centration was reduced from 21% to 9% by pure N2 injection, followed
by 15 s at 9% O2, and then O2 was increased to 21% for 90 s. The cycle
was repeated for 8 h daily for five weeks. A similar sham exposure was
performed for rats in the CON and Res groups. Both the CIH+Res and
CON+Res groups were treated by gavage with Res at a dose of 30mg/
kg body weight daily for five weeks. The same volume of saline was
used in the CON and CIH groups.

2.2. Histopathological examination

After carefully excising the heart, the ratios of heart weight/body
weight (HW/BW) and left ventricle weight/body weight (LVW/BW)
were used to estimate cardiac hypertrophy and left ventricular hyper-
trophy. Then, the isolated left ventricles were cleaned with PBS. Part of

the myocardium of each heart was fixed in 4% paraformaldehyde for
further histological study, and the rest of the myocardium was prepared
as myocardial homogenate for assessment of markers of oxidative
stress.

The hearts were removed from 4% paraformaldehyde, washed with
tap water and dehydrated with serial dilutions of alcohol. Specimens
were cleared in xylene and embedded in paraffin for 24 h. Paraffin-
embedded tissue blocks were cut cross-sectionally into 4-μm-thick
sections. The sections were stained with haematoxylin and counter-
stained with eosin (H&E) following standard procedures. Masson's tri-
chrome staining for fibrosis was also performed in heart sections. After
mounting, the sections stained with H&E were imaged by a TissueFAXS
viewer (TissueGnostics, Vienna, Austria), while the sections stained
with Masson's trichrome were imaged using a DM3000 microscope
(Leica, Solms, Germany). ImageJ was used to identify the degree of
fibrosis.

2.3. Immunofluorescence

Heart slices were deparaffined and rehydrated. After permeabiliza-
tion, an immunofluorescent assay was performed on the heart slices to

Fig. 2. Effects of resveratrol on LV function assessed by echocardiography in CIH rats. A. Representative recordings obtained from rats following exposure to CIH
and/or resveratrol. B. There was no significant change in LV anterior wall thickness in systole among the groups. C. Treatment with resveratrol−modified the CIH-
induced LV posterior wall thickness increase. D. Resveratrol administration preserved contractile function as evidenced by improved ejection fraction. E. Similarly,
resveratrol improved fractional shortening. n=6. **p < 0.01 vs. control group; #p < 0.05 vs. CIH group; ##p < 0.01 vs. CIH group; ns, not significant.
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examine myocardial cell hypertrophy by staining with FITC-labelled
wheat germ agglutinin (WGA, 1:100, Invitrogen, Carlsbad, CA, USA),
followed by incubation with DAPI. Photoshop (Adobe Photoshop 7.0,
Adobe Systems Incorporated, San Jose, CA, USA) and ImageJ (ImageJ,
National Institutes of Health, Bethesda, MD, USA) were used to identify
the shortest diameter and cross-sectional area of a single myocardial
cell, respectively.

Rabbit polyclonal anti-mTOR (phospho S2448) antibody (1:100,
Abcam, USA) was used as the primary antibody to detect the p-mTOR
content in the heart slices. Cy3-labelled anti-rabbit IgG (Zhongshan
Golden Bridge Biotechnology, Beijing, China) was used to detect the
primary antibody. Afterward, the slices were stained with 4′,6-diami-
dino-2-phenylindole (DAPI) and observed under a fluorescence micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). The level of p-
mTOR expression was calculated using ImageJ.

2.4. Echocardiography

At the end of the experimental period, echocardiographic mea-
surements of the left ventricular anterior wall in systole, left ventricular
posterior wall in systole, ejection fraction (EF) and fractional shortening

(FS) were determined by biplane echocardiography in the rats via an
imaging system (Vevo 2100, VisualSonics Inc., Toronto, Canada) with
an MS250 ultrasound transducer as described previously [13]. Briefly,
the rats were anaesthetized, and their chests were shaved. M-mode
recording of the short-axis view was performed on the shaved chest
wall.

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

TUNEL was performed to identify apoptosis in the heart by a com-
mercial kit (Roche Diagnostics GmbH, Mannheim, Germany). Briefly,
the sections were covered with equilibration buffer at room tempera-
ture. Fifty microliters of TUNEL reaction mixture was blotted around
the equilibrated areas for 60min at 37 °C. After labelling the tissue
sections with DAPI and mounting, images were taken under a fluores-
cence microscope (Leica Microsystems GmbH, Wetzlar, Germany).

2.6. Oxidative stress assays

Malondialdehyde (MDA), superoxide dismutase (SOD), catalase

Fig. 3. Cell apoptosis in cardiac tissues. A. Representative images of TUNEL-stained sections. B. TUNEL-positive sections. C. Bax and bcl-2 expression levels de-
termined by western blot. D. The bax/bcl-2 ratio was analysed. n= 6. **p < 0.01 vs. control group; ##p < 0.01 vs. CIH group.
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(CAT) and glutathione peroxidase (GSH-Px) levels were determined in
the heart homogenate by commercial kits (Nanjing Jiancheng
Bioengineering Institute, China). Protein content was detected with a
bicinchoninic acid protein assay kit (CWBio, Beijing, China). The MDA,
SOD, CAT, and GSH-Px parameters were recorded on a microplate
reader (Thermo Fisher, Waltham, MA, USA) at wavelengths of 550nm,
550nm, 405 nm, and 412 nm, respectively.

2.7. Western blotting

Myocardial tissues were homogenized with RIPA buffer (Thermo
Fisher Scientific, USA) containing a protease inhibitor cocktail (R&D
Systems Inc., Minneapolis, MN, USA). The extracted proteins were
electrophoresed in SDS-PAGE and transferred onto polyvinylidene
fluoride or polyvinylidene difluoride (PVDF) membranes (Millipore Co,
Bedford, MA). The proteins were probed with the following primary
antibodies: anti-bcl-2 (1:1000) from Immunoway; anti-tubulin
(1:1000), anti-bax (1:1000), anti-LC3 I/II (1:1000), anti-beclin-1
(1:1000), anti-p62 (1:1000) and anti-mTOR (1:1000) from Servicebio;
anti-AKT (1:1000), anti-p-AKT (1:3000), and anti-PI3K (1:500) from
Proteintech; and anti-p-mTOR (1:1000) from Abcam. Tubulin was used
as the internal control. After blocking, the membranes blotted for tu-
bulin, bax, and p-AKT were incubated with a horseradish peroxidase-
conjugated goat anti-mouse IgG (1:5000, Servicebio, Wuhan, China).
Other membranes were incubated with a horseradish peroxidase-con-
jugated goat anti-rabbit IgG at a 1:3000 dilution (Servicebio, Wuhan,
China). The signals were visualized by enhanced chemiluminescence
detection (Vilber Fusion FX5 Spectra, Paris, France). Protein expression
was represented as a fold change versus control.

2.8. Immunohistochemistry

Immunohistochemistry was employed to detect LC3 expression.
Briefly, sections were deparaffinized and rehydrated, and heat-induced
antigen retrieval was performed after blocking. The sections were

treated with anti-LC3 rabbit IgG antibody (1:200, Servicebio, Wuhan,
China) overnight, followed by goat anti-rabbit IgG-HRP (Zhongshan
Biotechnology, Beijing, China). Finally, the chromogenic substrate 3,3′
diaminobenzidine (DAKO, Glostrup, Denmark) was used to visualize
the positive immunocytochemical reaction. ImageJ software was used
to measure the level of semi-quantitative LC3 expression by average
optical density analysis.

2.9. Statistical analysis

analysed with Prism version 7.0 (GraphPad Software, Inc., La Jolla,
CA, USA) and presented as the mean ± standard error of the mean
(SEM). Comparisons between groups were made using one-way analysis
of variance (ANOVA) followed by a Bonferroni-Dunn test. A probability
value p < 0.05 was considered significant.

3. Results

3.1. Resveratrol reverses CIH-induced myocardial hypertrophy

As shown in Fig. 1A, the width of the left ventricular wall showed a
significant increase, while the ventricular chamber was smaller than
that of the control group. Structure deteriorated improved by treatment
with resveratrol. Exposure to CIH caused significant collagen deposition
in the myocardial interstitial space, while deposition was obviously
inhibited by treatment with resveratrol (Fig. 1B). The HW/BW ratio was
significantly increased by CIH treatment (p < 0.01). Resveratrol sig-
nificantly reversed this effect (Fig. 1C, p < 0.05). Compared with CIH-
treated rats, rats treated with resveratrol showed a significant decrease
in the LVW/BW ratio, indicating that resveratrol could alleviate CIH-
induced left ventricular hypertrophy (Fig. 1D). Cell size quantification
of WGA-stained sections with ImageJ was used to evaluate cardiac
myocyte hypertrophy (Fig. 1E). We showed that both the shortest
diameter (Fig. 1F, p < 0.01) and cross-sectional area (Fig. 1G,
p < 0.01) of cardiac myocytes in the CIH group were higher compared

Fig. 4. Oxidative stress in cardiac tissues. A. MDA content. B. SOD activity. C. CAT activity. D. GSH-Px activity. n= 6. *p < 0.05 vs. control group; **p < 0.01 vs.
control group; #p < 0.05 vs. CIH group; ##p < 0.01 vs. CIH group.
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with those of control rats. These increases were largely ameliorated by
resveratrol (p < 0.01 in the shortest diameter and p < 0.05 in the
cross-sectional area).

3.2. Resveratrol reverses CIH-induced cardiac dysfunction

A representative M-mode parasternal short-axis view is presented in
Fig. 2A. The LV anterior wall thickness in systole presented no note-
worthy change among all the groups (Fig. 2B). Increased posterior wall
thickness in systole was observed in CIH-treated rats, indicating that
CIH could promote cardiac hypertrophy. Treatment with resveratrol
improved ventricular remodelling as evidenced by the reduction in LV
posterior wall thickness (Fig. 2C). Lower EF (Fig. 2D) and FS (Fig. 2E)
values indicated cardiac systolic dysfunction in the CIH rat model.
Resveratrol improved cardiac systolic function, as shown by increased
EF and FS. Gastric perfusion of resveratrol alone resulted in no sig-
nificant change in cardiac function compared with that of control rats.

3.3. Resveratrol inhibits CIH-induced myocardial apoptosis

TUNEL staining was performed to evaluate the inhibitory effect of
resveratrol on CIH-induced cardiomyocyte apoptosis. The TUNEL po-
sitive index was higher in the CIH group than in the control group.
Resveratrol obviously decreased apoptosis induced by CIH (Fig. 3A and
B). The bax/bcl-2 ratio obtained from the western blot analysis revealed
that apoptosis of cardiomyocytes was also increased in the CIH group
(p < 0.01). The Bax/bcl-2 ratio decreased significantly after resvera-
trol administration (Fig. 3C and D, p < 0.01).

3.4. Resveratrol reduces CIH-induced heart oxidative stress

CIH-induced oxidative stress may be involved in the pathogenesis of
myocardial hypertrophy. The effect of resveratrol treatment on the le-
vels of oxidative stress markers is shown in Fig. 4. The data showed that
the MDA level in the heart was significantly increased in the CIH group
(p < 0.01). However, the presence of resveratrol significantly miti-
gated this increase (Fig. 4A, p < 0.01). SOD (Fig. 4B, p < 0.01), CAT
(Fig. 4C, p < 0.01) and GSH-Px (Fig. 4D, p < 0.05) activities were

Fig. 5. The expression of LC3 I, LC3 II, p62 and beclin-1. A. Representative immunohistochemical images of LC3 staining. B. Semi-quantitative analysis of LC3
expression. C. Representative western blot images of LC3 I, LC3 II, p62 and beclin-1 levels. D. LC3 II/I ratio. E. Beclin-1 expression. F. p62 expression. n= 6.
*p < 0.05 vs. control group; **p < 0.01 vs. control group; ##p < 0.01 vs. CIH group; ns, not significant.
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decreased by CIH, when compared with control rats. Lipid peroxidation
induced by CIH is counteracted by a free radical-scavenging me-
chanism, as shown by the increased SOD, CAT, and GSH-Px levels after
resveratrol administration.

3.5. Resveratrol increases autophagy

The modulatory effect of resveratrol on autophagy in hearts of rats

exposed to CIH was examined. LC3 staining experiments (Fig. 5A) in-
dicated that LC3 expression was decreased in the CIH group, but the
difference was not significant (p=0.1517). In contrast, resveratrol
caused a significant 3.32-fold increase in LC3 expression in the rats in
the CIH group (Fig. 5B, p < 0.01). The levels of autophagy-related
proteins (LC3, beclin-1, and p62) were assessed further by western blots
(Fig. 5C). The data showed that there was no statistically significant
difference in the ratio of LC3II/LC3I (Fig. 5D), and the expression of

Fig. 6. The expression of mTOR, PI3K and AKT. A. Representative immunofluorescent images of p-mTOR staining. B. Semi-quantitative analysis of p-mTOR ex-
pression. C. Representative western blot images of p-mTOR and mTOR levels. D. p-mTOR/mTOR ratios. E. Representative western blot images of p-AKT, AKT and
PI3K levels. F. p-AKT/AKT ratios. G. PI3K expression. n= 6. *p < 0.05 vs. control group; **p < 0.01 vs. control group; ##p < 0.01 vs. CIH group.
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beclin-1 was significantly decreased in the CIH group (Fig. 5E,
p < 0.05) when compared with the control rats. However, the ex-
pression of these markers was significantly elevated after resveratrol
administration (both p < 0.01). The results revealed that the autop-
hagic flux was blocked by CIH as p62 expression showed a significant
increase (Fig. 5F, p < 0.01). However, resveratrol caused a significant
decrease in p62 expression compared with that in the CIH group.

3.6. Resveratrol attenuates CIH-induced PI3K/AKT/mTOR overactivation

It is generally accepted that hypertrophy is mediated by the phos-
phoinositide-3 kinase/protein kinase B/mammalian target of rapa-
mycin (PI3K/AKT/mTOR) signalling pathway [2]. According to the
immunofluorescence staining for p-mTOR (Fig. 6A), p-mTOR expres-
sion was obviously increased in the CIH group (p < 0.01). However,
that increase was significantly reversed after resveratrol administration
(Fig. 6B, C and D, p < 0.01). Furthermore, the expression of p-AKT and
PI3K was assessed by western blotting (Fig. 6E). The data revealed that
the p-AKT/AKT ratio in a heart of CIH-treated rats was significantly
higher than that of control rats (Fig. 6F, p < 0.05). Compared with that
in the CIH group, the ratio of p-AKT/AKT in the CIH+Res group was
significantly decreased (p < 0.01). Moreover, the expression of PI3K in
the heart was significantly higher in the CIH group (Fig. 6G, p < 0.01),
and PI3K expression was downregulated in the CIH+Res group
(p < 0.01).

4. Discussion

Previous studies have demonstrated that OSA has various co-
morbidities. As a cardiovascular complication induced by repetitive
obstructed breathing events, left ventricular cardiac hypertrophy has
attracted increasing attention. We found that CIH exposure led to
myocardial thickening and fibrosis. Moreover, both HW/BW and LVW/
BW ratios were increased under CIH. In addition, the shortest diameter
and cross-sectional area were significantly upregulated by CIH in car-
diomyocytes. These results are in line with other animal studies on CIH-
induced cardiac hypertrophy. Xie et al. reported that CIH exposure for
six weeks significantly increased the size and changed the geometrical
shape of the left ventricle in rats [35]. It was also reported by Imano
et al. that IH for 28 days caused an increase in cardiomyocyte cross-
sectional area and myofibre disarray [17]. A previous clinical study also
revealed that the LV posterior wall was relatively thick in OSA patients
[16]. The mechanism by which OSA induces cardiac hypertrophy is
complex. One explanation is the increased afterload from the negative
intrathoracic pressure generated by episodic apnoea [11]. Early cardiac
overloading stimuli can provoke adaptive physiological cardiac hy-
pertrophy with increased cardiac size and a normal and/or enhanced
cardiac function [25]. Even though physiological cardiac hypertrophy
can normalize wall tension, it would convert to pathological cardiac
hypertrophy and progress to heart failure if the primary cause is sus-
tained and quantitatively excessive [6]. In the current study, exposing
rats to CIH for five weeks resulted in cardiac hypertrophy and dys-
function, which was partially ameliorated by resveratrol supple-
mentation.

Apoptosis is considered a factor that links CIH with cardiac hyper-
trophy because apoptosis of cardiomyocytes can lead to increased
workload on the remaining cells as cardiomyocytes are non-dividing
[14]. Li et al. [19] identified that CIH induced increased expression of
pro-apoptotic cytokines and their receptors in CIH-induced cardiac
hypertrophy rats. Additionally, a cold-treated mouse trial showed that
resveratrol effectively ameliorated cold exposure-induced cardiac hy-
pertrophy and alleviated the damaged cardiac ultrastructure and
function in mice at least partially by inhibiting cardiomyocyte apoptosis
[38]. Some researchers have even proposed that cardiomyocyte apop-
tosis would promote the transition from compensated hypertrophy to
heart failure [21]. It thus appears that apoptosis is a contributing factor

for cardiac hypertrophy. Consistent with published results, we also
found that CIH-treated rats showed a significant increase in TUNEL-
positive cells and bax/bcl-2 ratio and that resveratrol treatment could
prevent CIH-induced apoptosis.

Given the available evidence, oxidative stress resulting from re-
active oxygen species can directly induce apoptosis [36]; consequently,
oxidative stress markers in the cardiac homogenate were detected in the
present study. CIH induced significantly higher MDA content than that
in the control treatment. In addition, CIH decreased SOD, CAT, and
GSH-Px activities in cardiac tissue homogenates. Furthermore, resver-
atrol administration resulted in an improved antioxidation capability.
We inferred that increased propagation of oxidative stress plays a key
role in CIH-mediated myocardiocyte apoptosis and cardiac dysfunction,
while resveratrol may perform a beneficial role via the elimination of
oxidative stress.

Autophagy is an important self-cannibalizing, degradative process
in the pathogenesis of cardiac hypertrophy. However, the exact role of
autophagy in cardiac hypertrophy remains controversial. Basic autop-
hagy is acknowledged to be essential to maintaining cellular home-
ostasis by eliminating superfluous materials [37]. On the other hand,
autophagy induced myocardiocyte degeneration and resulted in cardiac
hypertrophy, suggesting that mitigating autophagy is beneficial to im-
prove cardiac function [3]. However, decreased autophagy is reported
to disturb energy and protein metabolism and induce severe cardiac
hypertrophy [41]. Li et al. found that rapamycin could inhibit cardiac
hypertrophy by restoring cardiac autophagy in miR-199a transgenic
mice [22]. Our data also showed similar results. The current study in-
dicated that CIH also induced impaired autophagy, while a high level of
autophagy may improve heart dysfunction. Rapamycin has been found
to protect against cardiac hypertrophy by restoring autophagy [31].
Administration of AMPK activators also mitigated transverse aortic
constriction-induced cardiac hypertrophy in mice [24]. Blocking an
autophagy-inhibiting miRNA increased autophagy and rescued pressure
overload-induced cardiac hypertrophy [33]. The results of the present
study revealed that resveratrol may improve heart function by restoring
autophagy.

Several studies have suggested that, by increasing protein synthesis,
mTOR is a positive regulator of cardiac hypertrophy [28]. Coin-
cidentally, mTOR has also been identified as a negative regulator of
autophagy. In this study, cardiac hypertrophy was alleviated by re-
sveratrol in rats exposed to CIH, and autophagy was restored. Inhibition
of mTOR by resveratrol might play a role in the process. We also de-
monstrated that CIH activates PI3K and AKT, a signalling pathway as-
sociated with mTOR activity. Downregulation of PI3K-interacting pro-
tein 1 by siRNA increased myocardiocyte hypertrophy through the
activation of the PI3K/AKT/mTOR pathway [32]. AKT is acknowledged
as an inducer of cardiac hypertrophy. AKT knock-down mice showed
alleviated cardiac hypertrophy induced by exercise [5]. Considering the
possible regulation of the PI3K/AKT/mTOR signalling pathway on
cardiac hypertrophy, negative regulation of the pathway may improve
cardiac hypertrophy. Resveratrol treatment inhibited the PI3K/AKT/
mTOR signalling pathway and restored autophagy levels in a heart of
CIH-exposed rats, exhibiting protective effects against cardiac hyper-
trophy.

Overall, our study demonstrated that CIH impaired myocardiocyte
autophagy and led to apoptosis, which resulted in the induction of
cardiac hypertrophy. Resveratrol could alleviate cardiac hypertrophy
and dysfunction by restoring autophagy and inhibiting apoptosis.
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