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Resveratrol alleviates diabetic cardiomyopathy in 
rats by improving mitochondrial function through 
PGC-1α deacetylation

Wei-jin FANG#, Chun-jiang WANG#, Yang HE, Yu-lu ZHOU, Xiang-dong PENG, Shi-kun LIU*

Department of Pharmacy, the Third Xiangya Hospital of Central South University, Changsha 410013, China

Abstract 
Recent evidence shows that resveratrol (RSV) may ameliorate high-glucose-induced cardiac oxidative stress, mitochondrial 
dysfunction and myocardial fibrosis in diabetes. However, the mechanisms by which RSV regulates mitochondrial function in diabetic 
cardiomyopathy have not been fully elucidated. Mitochondrial dysfunction contributes to cardiac dysfunction in diabetic patients, 
which is associated with dysregulation of peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α). In this study 
we examined whether resveratrol alleviated cardiac dysfunction in diabetes by improving mitochondrial function via SIRT1-mediated 
PGC-1α deacetylation. T2DM was induced in rats by a high-fat diet combined with STZ injection. Diabetic rats were orally administered 
RSV (50 mg·kg-1·d-1) for 16 weeks. RSV administration significantly attenuated diabetes-induced cardiac dysfunction and hypertrophy 
evidenced by increasing ejection fraction (EF%), fraction shortening (FS%), ratio of early diastolic peak velocity (E velocity) and late 
diastolic peak velocity (A velocity) of the LV inflow (E/A ratio) and reducing expression levels of pro-hypertrophic markers ANP, BNP and 
β-MHC. Furthermore, manganese superoxide dismutase (SOD) activity, ATP content, mitochondrial DNA copy number, mitochondrial 
membrane potential and the expression of nuclear respiration factor (NRF) were all significantly increased in diabetic hearts by RSV 
administration, whereas the levels of malondialdehvde (MDA) and uncoupling protein 2 (UCP2) were significantly decreased. Moreover, 
RSV administration significantly activated SIRT1 expression and increased PGC-1α deacetylation. H9c2 cells cultured in a high glucose 
(HG, 30 mmol/L) condition were used for further analyzing the role of SIRT1/PGC-1α pathway in RSV regulation of mitochondrial 
function. RSV (20 μmol/L) caused similar beneficial effects in HG-treated H9c2 cells in vitro as in diabetic rats, but these protective 
effects were abolished by addition of a SIRT1 inhibitor sirtinol (25 μmol/L) or by SIRT1 siRNA transfection. In H9c2 cells, RSV-induced 
PGC-1α deacetylation was dependent on SIRT1, which was also abolished by a SIRT1 inhibitor and SIRT1 siRNA transfection. Our 
results demonstrate that resveratrol attenuates cardiac injury in diabetic rats through regulation of mitochondrial function, which is 
mediated partly through SIRT1 activation and increased PGC-1α deacetylation.
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Introduction
Identification of new and improved treatment modalities for 
diabetes mellitus is urgently needed given its growing inci-
dence and increased mortality due to cardiovascular complica-
tions[1].  Among these complications, diabetic cardiomyopathy 
(DCM) develops in both type 1 and type 2 diabetes and is 
characterized by diastolic dysfunction in the early stage and 
systolic dysfunction in the advanced stage.  DCM contributes 
to the increased morbidity and mortality of heart failure in 
diabetic mellitus[2].
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Excess reactive oxygen species (ROS) production leading to 
oxidative stress has been widely implicated in both the onset 
of diabetes and many of its complications[3].  Mitochondria 
are major sites of superoxide radical generation, which is pro-
duced as a by-product of adenosine triphosphate (ATP) forma-
tion by oxidative phosphorylation.  Mitochondrial antioxida-
tive enzymes, such as manganese SOD (MnSOD), can detoxify 
ROS.  However, excess ROS generation can overwhelm these 
defense mechanisms and lead to mitochondrial damage.  
Mitochondria themselves, and in particular mitochondrial 
DNA (mtDNA), are susceptible to ROS, which may be regu-
lated by peroxisome proliferator-activated receptor gamma 
coactivator-1α (PGC-1α) and are vulnerable to oxidative dam-
age[4].  Growing evidence has indicated that diabetes impairs 
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heart mitochondrial function and contributes to DCM[5]; thus, 
preventing cardiac oxidative stress and mitochondrial dys-
function in diabetic patients can improve cardiac function and 
reduce hypertrophy[6].  Restoration of mitochondrial func-
tion also alleviates diabetic cardiomyopathy associated with 
contractile dysfunction in db/db mice[7], suggesting that mito-
chondrial dysfunction and related oxidative stress are major 
pathological factors in diabetic complications.  However, the 
mechanisms underlying these processes have not been investi-
gated in diabetic cardiomyopathy.

Resveratrol (RSV) is a polyphenolic flavonoid with pleo-
tropic activities that exerts a wide variety of beneficial effects 
in a SIRT1-dependent manner to slow or prevent the develop-
ment of many illnesses, including diabetes and cardiovascular 
diseases[8, 9].  Zhou et al found that RSV regulates mitochon-
drial reactive oxygen species homeostasis in human vascular 
endothelial cells via increased SOD2 activity and enhanced 
PGC-1α expression[10].  Recent studies have suggested that 
RSV may ameliorate high-glucose-induced cardiac oxidative 
stress, mitochondrial dysfunction and myocardial fibrosis in 
diabetes[6, 11–13].  However, the mechanisms by which RSV regu-
lates mitochondrial function in diabetic cardiomyopathy have 
not been fully elucidated.  

In the present study, we hypothesized that RSV has a pro-
tective effect by improving mitochondrial dysfunction in 
diabetic cardiomyopathy through SIRT1-mediated PGC-1α 
deacetylation.  We investigated the effect of resveratrol on 
mitochondrial function and oxidative stress in the hearts of 
diabetic rats induced by streptozotocin (STZ) combined with a 
high-fat diet and in H9c2 cells cultured in high-glucose condi-
tions.  The role of the SIRT1/PGC-1α pathway in resveratrol-
mediated regulation of mitochondrial function was identified 
using in vitro experiments.

Materials and methods
Reagents
Streptozotocin (STZ), insulin, resveratrol (RSV) and sirtinol 
were purchased from Sigma-Aldrich (St Louis, MO, USA).  
Serum triglyceride (TG), total cholesterol (TC), low-density 
lipoprotein cholesterol (LDL-C), and high-density lipoprotein 
cholesterol (HDL-C) assay kits were obtained from Dongou 
Co, LTD (Wenzhou, China).  The glycosylated hemoglobin 
assay kit was obtained from Jiancheng Bioengineering Institute 
(Nanjing, China).  RIPA lysis buffer, the BCA protein assay kit, 
the BeyoECL Plus kit, JC-1 and 2’,7’-dichloro-fluorescin diace-
tate (DCFH-DA) were acquired from Beyotime Biotechnology 
(Shanghai, China).  The primers for atrial natriuretic peptide 
(ANP), brain natriuretic peptide (BNP), β-myosin heavy chain 
(β-MHC), PGC-1α, nuclear respiratory factor (NRF), uncou-
pling protein 2 (UCP2) and cytochrome c oxidase 1 (COX 1) 
were synthesized by Invitrogen Life Technologies (Carlsbad, 
NY, USA).  The reverse-transcription assay kit was obtained 
from TaKaRa (Shiga, Japan). 

Antibodies
The antibodies used for Western blot and immunoprecipita-

tion were as follows: anti-PGC-1α, anti-SIRT1, anti-UCP2 and 
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
antibodies were obtained from Santa Cruz (Texas, USA); anti-
Akt, anti-phosphor-Akt (Ser473), and anti-acetylated-lysine 
antibodies were obtained from Cell Signaling Technology 
(Massachusetts, USA).

Animals
All animal experiments were performed according to the 
Guidelines of Animal Experiments from the Committee of 
Medical Ethics at the National Health Department of China 
and were approved by Central South University.  Specific 
pathogen-free (SPF) male SD rats, weighing 150±20 g at 8 
weeks of age, were obtained from the Center of Laboratory 
Animal Science of Guangdong (Guangzhou, China).  Animals 
were housed in plastic cages with well-ventilated stainless 
steel grid tops at 22 °C with a 12-h light/dark cycle[14].  Upon 
arrival, the rats were acclimatized for one week and fed nor-
mal chow ad libitum.  A model of type 2 diabetes mellitus 
(T2DM) was established by feeding the rats a high-fat diet 
(60% chow, 10% egg yolk powder, 10% lard, 1.5% cholesterol 
and 0.1% sodium cholate) and injecting them with low-dose 
STZ (35 mg/kg intraperitoneally in a 0.1 mol/L citrate buffer, 
pH 4.5) as reported previously [15].  The control groups received 
normal chow and the same volume of citrate buffer.  Diabetes 
onset was confirmed by 2 consecutive observations of blood 
glucose levels ≥16 mmol/L by random measurement every 
other day.  After confirmation of diabetes, the rats were fed the 
high-fat diet for an additional 16 weeks.  During this period, 
the diabetic rats were given resveratrol (RSV, 50 mg/kg) by 
oral gavage.  Age-matched control rats were fed normal chow 
and received equivalent volumes of resveratrol by intragastric 
administration for 16 weeks.  At the end of the study, the rats 
were anesthetized with 10% chloral hydrate (30 mg/kg, ip).  
Plasma (8–10 mL) was immediately collected from the carotid 
artery and processed to yield serum.  After washing in ice-
cold saline solution, rat hearts were weighed and carefully 
examined for morphological changes.  The remaining cardiac 
samples were frozen and stored at -80 °C.

H9c2 cell cultures and treatment
The H9c2 cell line is a subclone of the original clonal cell line 
derived from embryonic BD1X rat heart tissue and there-
fore was used to mimic cardiac myocytes to explore various 
underlying mechanisms in the present study.  H9c2 cells were 
obtained from the Institute of Biochemistry and Cell Biology 
(Shanghai Institute for Biological Science, the Chinese Acad-
emy of Sciences, Shanghai, China) and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, Eggenstein, Ger-
many) containing 5.5 mmol/L D-glucose supplemented with 
10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin 
at 37 °C in a humidified atmosphere of 5% CO2

[14, 16].  The cells 
were divided into the following groups after they reached 
70% confluency: (1) the high-glucose group, in which car-
diomyocytes were incubated with DMEM medium contain-
ing 30 mmol/L glucose[17]; (2) the RSV+HG group, in which 
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20 μmol/L resveratrol was added to the DMEM medium 
with 30 mmol/L glucose; (3) the sirtinol group, in which 25 
μmol/L sirtinol was added to the DMEM medium; (4) the 
sirtinol+HG group, in which 25 μmol/L sirtinol was added 
to DMEM medium with 30 mmol/L glucose; and (5) the 
RSV+sirtinol+HG group, in which 20 μmol/L resveratrol and 
25 μmol/L sirtinol were added to the DMEM medium with 30 
mmol/L glucose.  All cell cultures were maintained at 37 °C in 
a humidified incubator containing 5% CO2 for 48 h and then 
harvested and stored at -80 °C for further analysis.  

SiRNA transfection
The H9c2 cells were transfected with siRNA as previously 
described[18].  In brief, H9c2 cells were transfected transiently 
with SIRT1 or control siRNA (GenePharma, Shanghai, China) 
using Lipofectamine 2000 (Invitrogen).  The sequences of 
siRNA for SIRT1 were as follows: forward primer, 5’-CAC-
CUGAGUUGGAUGAUAUTT-3’  and reverse primer, 
5’-AUAUCAUCCAACUAGGUGTT-3’.  The cells were incu-
bated with RSV or HG after siRNA transfection.  

Echocardiography
Transthoracic two-dimensional and M-mode echocardiograms 
were performed using a Vevo 2100 (VisualSonics Inc, Canada) 
equipped with a 30-MHz transducer at 16 weeks after the dia-
betic rat model was established[19].  The rats were anesthetized 
with a constant inflow of 3% isoflurane mixed with pure oxy-
gen.  They were placed on a heated platform with embedded 
ECG contact pads to maintain their body temperatures above 
36 °C.  Ultrasound gel was placed on the chest after removal of 
all the hair on the thorax with hair removal solution before the 
30 MHz scan head was utilized[20].

Two-dimensionally targeted M-mode echocardiographic 
images were obtained in both long- and short-axis views at 
the level of the papillary muscles and recorded at a speed of 
66 mm/s.  LV internal diameters and wall thicknesses were 
obtained from cross-sectional short-axis views.  Heart rate 
was also recorded[21].  The shortening fraction (LVFS%) and 
ejection fraction (LVEF%) were calculated from the M-mode 
tracing to reflect systolic function.  Measurements of diastolic 
dysfunction, such as mitral valve E/A ratios, were made from 
2D parasternal short axis views in diastole[22].  

Heart weight to body weight (HW/BW) ratios
At the end of the experiment, the rats were sacrificed, and the 
hearts were harvested, dried and weighed.  In addition, total 
body weight (BW) was obtained before initiation of treatment 
and at the time of sacrifice.  Cardiac hypertrophy was detected 
by determining the heart dry weight to total body weight 
(HW/BW) ratio.  The hearts were then frozen in liquid nitro-
gen and stored at -80 °C until use.

Hematoxylin and eosin (H&E) staining
To determine whether diabetes mellitus altered the cardiac 
morphology, the hearts were harvested at the end of the 
study.  These hearts were photographed and fixed in 4% para-

formaldehyde[23].  Then, tissues were dehydrated, embedded 
in paraffin blocks, cut into 5-μm sections, and mounted on 
3-aminopropyltriethoxysilane-coated slides.  The sections were 
deparaffinized, rehydrated, washed with H2O and stained 
with hematoxylin-eosin (H&E) for assessment of myocardial 
hypertrophy by measuring cardiomyocyte diameter using 
an Olympus fluorescent microscope (Olympus, Japan) under 
×200 magnifications.  

Myocardial ATP content assay
The ATP contents in the heart tissue or H9c2 cells were 
measured using a bioluminescence method as previously 
described[24, 25] and an ATP-dependent bioluminescence assay 
kit (#S0026, Beyotime, China)[26].  The assay included lucifer-
ase, which generates a stable luminescent signal proportional 
to the amount of ATP present[27].  Briefly, at the end of the 
experiment, the myocardial tissue homogenate was harvested 
from 30 mg myocardial tissue and fully lysed by adding 300 
μL ATP lysis buffer in a mechanical homogenizer.  The cul-
tured H9c2 cardiomyocytes were collected in 1.5-mL tubes 
after different treatments.  The appropriate volume of lysis 
solution was added to each tube, and the tubes were centri-
fuged at 12 000 r/min for 10 min at 4 °C.  The supernatants 
were collected for further analysis.  According to the manu-
facturer’s instructions, 100 μL of the sample homogenate was 
added to 100 μL ATP detection working solution and gently 
mixed.  A microplate luminometer (BioTek, USA) was then 
used to determine the OD of the samples with an integration 
time of 10 s per well[28].  The standard curve was generated 
using the same method and concentrations of ATP in myocar-
dial tissue or H9c2 cells.

Evaluation of mitochondrial membrane potential (Δψm)
Changes in Δψm were detected using a mitochondrial staining 
kit that uses 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimid-
azolylcarbocyanine iodide (JC-1) according to the user manual.  
JC-1 is a fluorescent probe that concentrates in the mitochon-
drial matrix to form J-aggregates when Δψm is high, emitting 
red fluorescence.  JC-1 cannot concentrate in the mitochondrial 
matrix when Δψm is low, and the JC-1 monomer produces 
green fluorescence.  The relative proportion of red and green 
fluorescence is commonly used to measure the degree of mito-
chondrial depolarization[29].  A decrease in red/green ratio is 
indicative of a reduced Δψm.  For this assay, H9c2 cells were 
grown in 96-well plates and treated with or without HG (30 
mmol/L), RSV (20 μmol/L) and sirtinol (25 μmol/L).  After a 
48 h exposure, the cells were washed with PBS and incubated 
with 2 μmol/L of JC-1 dye in DMEM at 37 °C for 20 min.  The 
images were then taken by a High Content Screening System 
(PerkinElmer, Massachusetts, USA), and the mitochondrial 
depolarization patterns of cells were examined using an Oper-
etta® High Content Imaging System (PerkinElmer, Massachu-
setts, USA).  

Determination of intracellular reactive oxygen species (ROS)
Intracellular ROS contents were detected utilizing 2’,7’- 
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dichloro-fluorescin diacetate (DCFH-DA)[30].  Briefly, 5×105 
cells were plated on a 96-well plate, allowed to attach over-
night, and then treated with or without HG (30 mmol/L), RSV 
(20 μmol/L) and sirtinol (25 μmol/L) for 48 h.  Cells were 
washed with PBS and stained with 40 μmol/L DCFH-DA 
at 37 °C for 30 min in the dark.  The DCFH-DA-fluorescence 
intensities (representing the intracellular ROS levels) were 
determined using a High Content Screening System (Perki-
nElmer, Massachusetts, USA).  The average fluorescence inten-
sities of DCFH-DA in the cells in 12 randomly chosen fields 
were analyzed using the Operetta® High Content Imaging 
System (PerkinElmer, Massachusetts, USA).

Immunoprecipitation
For immunoprecipitation experiments, total homogenates 
from H9c2 cells were treated with RIPA lysis buffer (P0013B, 
Beyotime Biotechnology, China), vortexed for 30 s and cen-
trifuged for 10 min at 12 000 r/min.  A total of 500 μg of the 
cell extracts was subjected to immunoprecipitation with 1 μg 
PGC-1α primary antibody at 4 °C overnight.  The antibody-
bound proteins were precipitated with 15 μL protein G mag-
netic beads (Cell Signaling Technology, #8740) and rotated for 
1–2 h at 37 °C.  The beads were then gently centrifuged for 30 
s at 1000 r/min.  After three RIPA buffer washes, the immu-
noprecipitates were diluted with 40 μL of 5× sodium dodecyl 
sulfate (SDS) loading buffer and boiled at 95–100 °C for 5 min 
to separate complexes from the protein G magnetic beads[31].  
The samples were then subjected to 10% SDS-polyacrylamide 
agarose gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, USA).  
After blocking with 5% skim milk, the membranes were incu-
bated with an anti-acetylated-lysine antibody (Cell Signaling 
Technology, #9441) overnight at 4 °C, washed in TBST three 
times and incubated with a secondary goat anti-rabbit poly-
clonal antibody at room temperature for 1 h (A0208, Beyotime, 
China).  Finally, the signals were tested by an ECL kit (P0018A, 
Beyotime Biotechnology, China).

RNA extraction and RT-PCR
To extract total RNA, the heart tissues (30 mg) or cultured 
cardiomyocytes were homogenized in 500 μL TRIzol® reagent 
(Invitrogen, USA) in a homogenizer.  All procedures were 
completed according to previously reported protocols[32, 33].  
The total RNA pellet was dissolved in diethylpyrocarbonate 
(DEPC) water.  The quality and quantity of total RNA were 
detected by ultraviolet absorption (optical density, 260 nm/280 
nm) using a NanoDrop 2000 (Thermo Scientific, USA).  An 
equal amount of total RNA (500 ng) were reverse transcribed 
to cDNA using the PrimeScript™ 1st Strand cDNA Synthesis 
Kit (TaKaRa, Shiga, Japan).  PCR amplification was performed 
using primers specific for rat RNA (Table 1) in a PCR amplifier 
(Applied Biosystems, Singapore).  The cDNAs were ampli-
fied for 22–28 cycles.  The reaction condition of amplification 
was performed at 95 °C for 5 s, 56 °C for 30 s and 72 °C for 
30 s (TaKaRa, Japan).  The reaction products (20 μL) were 
resolved on 1% agarose gels in 1× TAE buffer (40 mmol/L  

Tris acetate and 1 mmol/L EDTA) and 6× loading buffer 
(Thermo scientific, USA).  The reaction products were visual-
ized using ethidium bromide staining and a Molecular Imag-
erR ChemiDocTM XRS+System (Bio-Rad Laboratories, Hercules, 
CA, USA).  GAPDH served as an internal control.

Western blotting analysis
Heart tissue lysates were homogenized with RIPA buffer 
as described previously[34].  In brief, the cardiac tissue was 
homogenized in RIPA buffer (P0013B, Beyotime Biotechnol-
ogy, China) containing the protease inhibitor phenylmethane-
sulfonyl fluoride (PMSF).  Total protein concentrations were 
tested by a BCA protein assay kit (P0012, Beyotime Biotechnol-
ogy, China).  All samples were adjusted to the same volume 
with 5×SDS-PAGE sample buffer.  Equal amounts of total 
proteins from rat hearts (30 μg) were separated by 10% SDS-
PAGE at 100 V for 2 h and then electrophoretically transferred 
to PVDF membranes.  The membranes were blocked using 
1×PBS containing 5% skim milk for 1 h and then incubated 
with polyclonal antibody against PGC-1α, SIRT1, UCP2 and 
GAPDH overnight at 4 °C.  After washing in TBST (1× TBS and 
0.05% Tween-20), the membrane was incubated with second-
ary polyclonal antibodies for 1 h at room temperature.  After 
the membrane was washed again in TBST, the immune com-
plexes were detected using the ECL-Plus™ chemiluminescent 
detection reagent (P0018A, Beyotime Biotechnology, China) 
and visualized with a Molecular ImagerR ChemiDocTM XRS+ 
System (Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis
Data were analyzed using Student’s t-test and multiple-com-
parison ANOVA with SigmaPlot 12.0 statistical software.  All 
values are presented as the mean±standard error of the mean 
(SEM) from at least 3 separate experiments or determinations.  
A difference of P<0.05 was considered to be statistically sig-
nificant.

Results
Animal characterization
In our study, a high-fat diet (HFD) combined with a single 
injection of STZ (35 mg/kg) in SD rats led to high plasma glu-
cose levels (>16 mmol/L) for 95% of the animals tested, while 
plasma glucose levels remained within the normal range in 
vehicle-injected control animals (Table 1).  After 16 weeks, 
hyperglycemic rats developed type 2 diabetes characterized 
by polydypsia, polyurea, elevated HbA1c and dyslipidemia.  
The results showed that fasting plasma glucose (FBG) and 
HbA1c levels were both significantly increased in diabetic rats.  
However, RSV treatment inhibited rapid elevation of FBG and 
HbA1c levels, although these values were not within the nor-
mal ranges.  Moreover, we also measured TG, TC, LDL and 
HDL levels in serum of different animals.  The data in Table 2 
show that HFD combined with a single injection of STZ sub-
stantially increased TG, TC and LDL levels and reduced HDL 
levels.  RSV treatment significantly improved these param-
eters, although these values in the T2DM+RSV group were 
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still higher than those in the control group.  RSV administra-
tion had a small and insignificant effect on HDL levels.  These 
results indicate that RSV has the potential to improve hyper-
glycemia and lipid disorders in type 2 diabetic rats.

Resveratrol alleviated cardiac dysfunction and hypertrophy in 
diabetic hearts
To determine whether cardiac function was improved by RSV 
treatment in long-term diabetes, echocardiography was per-
formed in all groups at 16 weeks after STZ injection.  After 16 
weeks post-STZ injection, echocardiography revealed poor 
values for cardiac performance, including LVIDs, LVIDd, 
E/A, LVEF and LVFS (Figure 1A, 1C–1G).  The cardiac func-
tional parameters examined were lower in diabetic rats than 
in control rats as follows: E/A ratios (0.76±0.11 vs 1.40±0.03, 
P<0.01, Figure 1E), LVFS (32.20±3.80 vs 42.11±5.00, P<0.01, 
Figure 1F) and LVEF (55.60±5.50 vs 70.30±9.10, P<0.01, Fig-
ure 1G).  Compared with vehicle groups, RSV treatment for 
16 weeks improved the attenuated E/A ratios (1.23±0.12 vs 
0.76±0.11, P<0.01, Figure 1E), LVFS (41.50±4.10 vs 32.20±3.80, 
P<0.01, Figure 1F) and LVEF (68.11±4.21 vs 55.60±5.50, P<0.01, 
Figure 1G) in diabetic rats.  To determine whether hyperglyce-
mia and hyperlipidemia induced cardiac hypertrophy, LVIDs 
and LVIDd were investigated.  LVIDs and LVIDd were both 
significantly increased in diabetic rats (5.14±0.54 vs 3.10±0.71, 
P<0.01, Figure 1C or 7.70±0.41 vs 5.52±0.87, P<0.01, Figure 
1D), whereas RSV treatment for 16 weeks restored structural 
abnormalities (3.70±0.21 vs 5.14±0.54, P<0.01, Figure 1C or 

6.20±0.50 vs 7.70±0.41, P<0.01, Figure 1D).  Moreover, histo-
logical analysis by H&E staining of cardiac sections showed 
disordered cardiac muscle fibers and increased cross-sectional 
areas (CSAs) in cardiomyocytes from diabetic rats (Figure 
1B), which was concomitant with significantly increased heart 
weight to body weight ratios (HW/BW, 3.85±0.56 vs 2.32±0.23, 
P<0.01, Figure 1H), suggesting cardiac hypertrophy and 
remodeling.  RSV treatment decreased heart weight to body 
weight ratios (2.98±0.35 vs 3.85±0.56, P<0.05, Figure 1H) and 
reversed cardiac hypertrophy induced by a high-fat diet and 
STZ injection.  These histological changes were further con-
firmed by molecular marker analysis.  The cardiac transcrip-
tion levels of genes related to myocardial hypertrophy, includ-
ing ANP, BNP and β-MHC, were substantially elevated in 
diabetic rats (Figure 1I, 1J).  However, expression of all these 
genes was decreased upon RSV treatment compared with that 
in diabetic hearts.  Taken together, these results indicate that 
RSV treatment blocked diabetes-induced cardiac dysfunction 
and hypertrophy.  

Resveratrol attenuates diabetes-induced oxidative stress in 
hearts
The redox status was assessed by the endogenous antioxidant 
enzymes and lipid peroxidation products using biochemical 
measurements.  SOD enzyme activity is decreased under oxi-
dative stress conditions.  As expected, we found dramatically 
reduced activities of antioxidant SOD enzymes in diabetic 
hearts (Figure 2A) accompanied by significantly increased 

Table 1.  PCR primer sequences. 

           Genes                                          Sense strand                                       Anti-sense strand  
 

PGC-1α 5′-CGCAACATGCTCAAGCCAAA-3′ 5′-GCGGTCTCTCAGTTCTGTCC-3′
NRF 5′-ACGGCAGCTGAGGTAC-3′ 5′-TGAGTTCCGAAGCAACCGT-3′
UCP2 5′-TCTTCTGGGAGGTAGCAGGA-3′ 5′-GCTCTGAGCCCTTGGTGTAG-3′
COX 1  5′-GCCTAGATGTAGACACCCGAGCC-3′ 5′-CGACGAGGTATCCCTGCTAATCC-3′
ANF 5′-CTCCTTCTCCATCACCAAG-3′ 5′-AAGAAGGCAGATCTATCG-3′ 
BNP 5′-GAGAGAGCAGGACACCATCG-3′ 5′-AAAACAACCTCAGCCCGTCA-3′ 
β-MHC 5′-CCAACACCAACCTGTCCAA-3′ 5′-ACTCTTCATTCAGGCCCTTG-3′
GAPDH 5′-AACTTTGGCATTGTGGAAGG-3′ 5′-TGTGAGGGAGATGCTCAGTG-3′
β-Actin 5′-TAAAGACCTCTATGCCAACACAGT-3′ 5′-CACGATGGAGGGGCCGGACTCATC-3′ 

Table 2.  Changes in fasting plasma glucose, glycohemoglobin and lipid profiles in diabetic rats.  Data are presented as mean±SEM of at least 5 ani-
mals in each group.  Animals were unanesthetized to obtain these variables.  *P<0.05, **P<0.01 vs control group.  #P<0.05 vs T2DM group. 

          Groups                                    Control                                   T2DM                               T2DM+RSV                                  RSV
 

FBG (mmol/L)   4.47±0.21 26.07±1.85** 16.89±3.58**# 4.31±0.62
HbA1c 10.16±0.50 25.99±3.97** 16.37±3.87*# 9.68±1.20
TG (mmol/L)   0.45±0.09   2.89±0.68**   1.76±0.65**# 0.42±0.09
TC (mmol/L)   1.39±0.20   7.89±1.90**   4.10±1.56*# 1.42±0.60
LDL (mmol/L)   0.23±0.04  3.86±0.79**   1.69±0.98**# 0.21±0.06
HDL (mmol/L)   0.55±0.05  0.22±0.03**   0.30±0.10* 0.51±0.08

FBG: fasting blood glucose; TC: cholesterol; TG: triglyceride; HDL: high density lipoprotein; LDL: low density lipoprotein.



64
www.nature.com/aps

Fang WJ et al

Acta Pharmacologica Sinica

Figure 1.  Resveratrol ameliorates cardiac dysfunction and hypertrophy in type 2 diabetic hearts. (A) Transthoracic echocardiography in rats at 16 
weeks.  (B) H&E-stained longitudinal sections (LS), transverse sections (TS) of rat left ventricles; scale bar, 100 μm; (C–H) Assessments of LV internal 
dimension at systole (LVIDs) (C), left ventricular internal dimension at diastole (LVIDd) (D), ratio of peak E to peak A (E/A) (E), Left ventricular fraction 
shortening (LVFS%) (F), left ventricular ejection fraction (LVEF%) (G) and heart weight to body weight (HW/BW) (H).  (I, J) Heart tissues from rats were 
individually processed for mRNA extraction and RT-PCR, GAPDH was used as loading control.  The mRNA transcriptions of ANP, BNP and β-MHC were 
determined (n=4 per group).  Data are presented as mean±SEM.  *P<0.05, **P<0.01 vs control group. #P<0.05, ##P<0.01 vs T2DM group.
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MDA formation compared with the control group (Figure 2B).  
However, RSV treatment for 16 weeks abolished these altera-
tions (Figure 2A, 2B).  

We also measured uncoupling protein 2 (UCP2) expres-
sion, which is primarily expressed in inner mitochondrial 
membrane to regulate fatty acid oxidation, mitochondrial 
biogenesis and reactive oxygen species (ROS)[35].  A previous 
study reported that down-regulation of UCP2 is associated 
with increased oxidative stress and impaired cardiovascular 
function[36].  However, in our study, significantly elevated lev-
els of UCP2 mRNA transcription and protein expression were 
observed in type 2 diabetic rats, indicating a feedback mech-
anism involving UCP2 regulation of cardiac oxidative stress 
or increased ROS production.  RSV treatment diminished 
these effects (Figure 2C, 2D).  These results suggest that 
RSV has an anti-oxidant effect on diabetes-induced oxidative 
stress.

Resveratrol improved mitochondrial function and biogenesis in 
diabetic hearts
Cardiac mitochondrial dysfunction contributes to diabetic 

cardiomyopathy, as shown by impaired ATP synthesis and 
mitochondrial biogenesis.  We examined the ATP levels 
and mitochondrial copy number as determined by the ratio 
of cytochrome c oxidase subunit І gene to β-actin (COX 1/
β-actin) to estimate mitochondrial function and biogenesis in 
heart tissues.  The data in Figure 3 show a substantial reduc-
tion in ATP levels and COX 1/β-actin ratios of diabetic rats 
compared with those in age-matched controls, although RSV 
administration for 16 weeks reversed diabetes-induced cardiac 
mitochondrial dysfunction. These data were also confirmed 
by substantially decreased protein and transcript levels of sev-
eral genes, such as PGC-1α and NRF, which were reported to 
regulate mitochondrial biogenesis and function.  The RT-PCR 
results showed that the transcription levels of PGC-1α and 
NRF were sharply reduced in diabetic rats.  However, RSV 
treatment significantly enhanced PGC-1α and NRF transcrip-
tion.  At the protein level, SIRT1 and PGC-1α expression were 
both downregulated, whereas these alterations were restored 
by RSV treatment for 16 weeks.  These data strongly indicate 
that resveratrol has beneficial effects on diabetes-induced car-
diac mitochondrial dysfunction.  

Figure 2.  Resveratrol ameliorates oxidative stress in diabetic hearts.  Biochemical measurement was performed guided by manipulation instructions 
to detect the myocardial levels of SOD activity (A) and lipid peroxidation product (MDA) (B), RSV rescued the reduced SOD activity and increased MDA 
levels in diabetic hearts.  (C) Total mRNA was extracted from heart tissues of rats and RT-PCR was performed to examine UCP2 transcriptions (n=4 
per group).  GAPDH was used as loading control.  RSV therapy prevented the increased UCP2 mRNA levels in diabetes.  (D) Western blotting was used 
to detect UCP2 protein expressions.  Representative radiograms obtained from all groups of animals.  GAPDH was used as a loading control.  ImageJ 
software were used to measure band intensity and each band intensity was normalized to GAPDH.  Data are expressed as mean±SEM of 4–5 rats.  
**P<0.01 vs control group.  ##P<0.01 vs T2DM group.
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High glucose induces insulin resistance in H9c2 cells
To determine whether high-glucose-incubated cardiomyo-
cytes show insulin resistance and are therefore representative 
for T2DM as in an in vivo setting, we detected expression of 
Akt phosphorylation at Serine 473 in cardiomyocytes incu-
bated with 30 mmol/L glucose at different time points (0, 24, 
48, 72, and 96 h), and 10 nmol/L insulin was added 10 min 
before cells were harvested to reflect cardiac insulin signaling 
pathways (Figure 4).  The data showed that high glucose (30 
mmol/L) suppressed phosphorylation of Akt S473 in cardio-
myocytes in a time-dependent manner, suggesting impaired 
cardiac insulin signal transduction in high glucose-cultured 
cardiomyocytes, which is consistent with the in vivo setting.  

SIRT1 is essential for resveratrol amelioration of high-glucose-
induced oxidative stress in H9c2 cells
SIRT1 is ubiquitously expressed in multiple cell types in the 

cardiovascular system, including cardiomyocytes.  To further 
evaluate whether the cardioprotection of RSV in the in vivo 
model is due to a direct effect on cardiomyocytes through 
SIRT1, we pretreated H9c2 cells with RSV (20 μmol/L) for 2 h 
and then incubated them with high concentrations of glucose 
(HG, 30 mmol/L) or sirtinol (a SIRT1 inhibitor, 25 μmol/L) 
for 48 h.  HG stimulation for 48 h reduced SOD activity by 
approximately threefold (Figure 5A) and increased MDA con-
tent by approximately fourfold (Figure 5B) in H9c2 cells, as 
well as sharply elevated ROS levels (Figure 5D, 5E).  However, 
RSV treatment reversed these changes.  Moreover, sirtinol, a 
SIRT1 inhibitor, abolished RSV-mediated protection in H9c2 
cells.  In addition, the inhibition of HG-induced oxidative 
stress by RSV pretreatment was further confirmed by down-
regulation of UCP2 protein expression via Western blot assay 
(Figure 5C); sirtinol also abrogated the effects of RSV on UCP2 
expression.  These data suggest that RSV treatment directly 

Figure 3.  Resveratrol improved mitochondrial function and biogenesis in diabetic hearts.  (A) Cardiac ATP levels were measured by ATP Assay Kit pur-
chased from Beyotime after diabetic rat’s model established and RSV treatment for 16 week.  (B) Heart tissues from rats were individually processed 
for DNA extraction and then PCR, β-actin was used as loading control.  The mtDNA levels of COX 1 was determined (n=4 per group).  (C, D) Heart tissues 
from rats were individually processed for mRNA extraction and RT-PCR, GAPDH was used as loading control.  The mRNA levels of PGC-1α (C) and NRF (D) 
were determined (n=4 per group).  (E) Western blotting; representative radiograms obtained from all groups of animals.  GAPDH was used as a loading 
control.  ImageJ software were used to measure band intensity and each band intensity was normalized to GAPDH.  Data are expressed as mean±SEM 
of 4–5 rats.  **P<0.01 vs control group.  #P<0.05, ##P<0.01 vs T2DM group.
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acts on cardiomyocytes to exert the antioxidant effect in a 
SIRT1-dependent manner.  

SIRT1 is essential for resveratrol amelioration of high-glucose-
induced mitochondrial dysfunction in H9c2 cells
We also tested the potential role of SIRT1 in resveratrol-
modulated mitochondrial function and biogenesis in cultured 
H9c2 cells treated with high glucose.  RSV augmented myo-
cardial ATP levels and mtDNA content (COX 1) (Figure 6A, 
6B), whereas in the presence of sirtinol, these responses were 
partially blocked.  Moreover, RSV also induced the expression 
of mitochondrial biogenesis factors, such as PGC-1α and NRF 
in vitro (Figure 6C, 6D), which were inhibited following treat-
ment with sirtinol.  In addition, high-glucose-treated H9c2 
cells exhibited depolarized mitochondrial membrane potential 
(Δψm), which was shown by a significant decrease in the JC-1 
aggregate (red fluorescence)/JC-1 monomer (green fluores-
cence) ratio (Figure 6E, 6F).  Resveratrol protected against 
mitochondrial membrane potential depletion caused by high-
glucose treatment, and this effect was also antagonized by the 
SIRT1 inhibitor sirtinol.  

To further evaluate the requirement of SIRT1 in mitochon-
drial biogenesis in response to RSV, H9c2 cells were trans-

Figure 5.  SIRT1 is essential for RSV ameliorates HG-induced oxidative stress in H9c2 cells.  (A, B) Biochemical analysis of anti-oxidant enzyme  activity 
(SOD) and lipid peroxidation products (MDA) levels in H9c2 cells with or without glucose (30 mmol/L), RSV (20 μmol/L) and Sirtinol (25 μmol/L) for 48 h.  
(C) UCP2 and GAPDH protein levels were detected by Western blotting in H9c2 cells.  (D) Intracellular ROS levels were detected in H9c2 cells by stain-
ing with DCFH-DA after treated with high glucose (30 mmol/L), RSV (20 μmol/L) and Sirtinol (25 μmol/L) for 48 h; Scale bar, 100 μm.  (E) The results 
of the statistical analysis of the relative intracellular ROS levels (represented by the mean intensity of DCFH-DA fluorescence).  Data are expressed as 
mean±SEM of three independent measurements.  *P<0.05, **P<0.01 vs non-treated H9c2 cells.  ##P<0.01 vs HG treated H9c2 cells, $P<0.05, $$P<0.01 
vs HG+RSV treated with H9c2 cells.

Figure 4.  High glucose induces insulin resistance in H9c2 cells.  H9c2 
cells were incubated with 30 mmol/L glucose in different time courses (0, 
24, 48, 72, and 96 h), and then 10 nmol/L insulin were added before 10 
min cells harvested.  Western blotting was performed to detect p-Akt (Ser 
473) and total Akt expressions.  GAPDH was used as a loading control.  
High glucose (30 mmol/L) suppressed phosphorylation of Akt S473 in 
a time-dependent manner, suggesting cardiac insulin resistance in high 
glucose cultured H9c2 cells.  Data are expressed as mean±SEM of three 
independent measurements.  *P<0.05, **P<0.01 vs control group.
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fected with SIRT1-specific siRNA and control (scramble) 
siRNA.  The effectiveness of SIRT1 knockdown on SIRT1 pro-
tein levels was confirmed by Western blotting analysis (Figure 
6G).  Suppression of SIRT1 by siRNA knockdown abolished 
RSV-mediated (20 μmol/L) induction of mitochondrial bio-
genesis.  In SIRT1 knockdown cells, there was a significant 
reduction in ATP and mtDNA content (Figure 6H, 6I), as well 
as decreased NRF mRNA expression (Figure 6J) elicited by 
RSV.  These results demonstrate the involvement of SIRT1 
during high-glucose-induced cardiomyocyte mitochondrial 
dysfunction and in mediating the RSV protective effects in 
mitochondria during diabetic cardiomyopathy.  

Resveratrol ameliorates hypertrophy in H9c2 cells through SIRT1
The protective role of RSV in cardiac remodeling in vivo was 
supported by the observations of improved morphologic 
abnormalities and suppressed pro-hypertrophy markers.  To 
determine whether RSV modifies hypertrophy in vitro under 
high-glucose conditions, ANP, BNP and β-MHC, markers 
of cardiac hypertrophy, were detected in H9c2 cells by RT-
PCR.  The results showed that incubation with high glucose 
augmented transcription levels of ANP, BNP and β-MHC, 

whereas in the presence of RSV, these responses were ame-
liorated.  However, this beneficial effect was blocked by addi-
tion of sirtinol, indicating that SIRT1 mediated RSV’s anti-
hypertrophic effects (Figure 7A).  To further confirm these 
results, we used small interfering RNA-mediated knockdown 
of SIRT1 in H9c2 cells to examine the effect of reduced SIRT1 
on RSV treatment (Figure 7B).  A similar effect to that of sirti-
nol was observed, as SIRT1 knockdown diminished the RSV-
mediated reduction in transcription levels of ANP, BNP and 
β-MHC.  Collectively, these data suggest that RSV is capable 
of blocking the high-glucose-induced hypertrophy in H9c2 
cells in a SIRT1-dependent manner.

RSV treatment induces PGC-1α deacetylation in a SIRT1-
dependent manner in H9c2 cells
We next investigated the potential mechanisms of RSV in 
protecting mitochondrial function during hyperglycemia.  
We performed in vitro experiments using cultured H9c2 cells.  
After 2 d of culture in normal medium, we exposed H9c2 cells 
with high-glucose conditions (30 mmol/L) with or without 
RSV (20 μmol/L) and sirtinol (25 μmol/L) and found that 
H9c2 cells showed a significant HG-induced downregulation 

Figure 7.  Resveratrol ameliorates hypertrophy in H9c2 cells depending on SIRT1.  (A) Total mRNA was extracted from H9c2 cells, which were separately 
incubated with or without glucose (30 mmol/L), RSV (20 μmol/L) and Sirtinol (25 μmol/L) for 48 h.  RT-PCR was performed to examine pro-hypertrophy 
markers ANP, BNP and β-MHC transcriptions.  (B) RT-PCR were performed in H9c2 cells after SIRT1 siRNA transfection and treated with or without glu-
cose (30 mmol/L) and RSV (20 μmol/L) for 48 h.  GAPDH was used as loading control.  Data are expressed as mean±SEM of three independent mea-
surements.  *P<0.05, **P<0.01 vs non-treated H9c2 cells.  #P<0.05, ##P<0.01 vs HG treated H9c2 cells.  $P<0.05, $$P<0.01 vs HG+RSV treated with 
H9c2 cells.  ▲P<0.05 vs HG+RSV treated with H9c2 cells transfected with non-targeting SIRT1 siRNA.



70
www.nature.com/aps

Fang WJ et al

Acta Pharmacologica Sinica

of SIRT1 protein expression.  Resveratrol augmented the SIRT1 
expression in high-glucose conditions, whereas in the presence 
of sirtinol, this response was partially blocked (Figure 8A).  
SIRT1 is a multifaceted NAD+-dependent protein deacetylase 
that acts on a variety of proteins and regulates mitochondrial 
function, stress resistance and genomic integrity.  PGC-1α has 
been reported as a target of SIRT1.  Therefore, we hypoth-
esized that the protective effects of RSV on cardiac mitochon-
drial function under high-glucose conditions may be associ-
ated with SIRT1-regulated PGC-1α deacetylation.  To test this 
hypothesis, immunoprecipitation was performed to determine 
the acetylation levels of PGC-1α, and the results showed 
that PGC-1α acetylation was significantly higher in the high-
glucose medium than in the normal medium.  In contrast, RSV 

protected against the increased HG-induced hyperacetylation 
of PGC-1α, and this effect was blocked by sirtinol (Figure 8B).  
To confirm that these effects were due to SIRT1 inhibition, 
we knocked down SIRT1 expression using siRNA in cultured 
H9c2 cells.  Similar to the results observed following addi-
tion of sirtinol, SIRT1 knockdown abrogated the deacetylation 
effects of RSV on PGC-1α in HG-treated H9c2 cells.  Further-
more, we also unexpectedly found that SIRT1 knockdown 
enhanced PGC-1α acetylation levels in H9c2 cells under nor-
mal conditions, indicating that SIRT1 participates in regulating 
PGC-1α activity not only when cells are exposed to pathologic 
conditions but also under physiological conditions (Figure 
8C).  Taken together, these data suggested that signaling via 
SIRT1 and PGC-1α deacetylation may be responsible for the 

Figure 8.  RSV induces PGC-1α deacetylation in a SIRT1-dependent manner in H9c2 cells.  (A) Western blotting to detect SIRT1 expression in H9c2 cells 
and quantification of band density showing significant reduction of SIRT1 expression after treatment with HG (30 mmol/L) and sirtinol (25 μmol/L), 
while RSV (20 μmol/L) augmented SIRT1 expression.  (B) Acetylation level of PGC-1α was evaluated by performing immunoprecipitation in H9c2 cells 
after treatment with HG (30 mmol/L), RSV (20 μmol/L) or sirtinol (25 μmol/L), and quantification of band density supported that HG induced hyperacet-
ylation of PGC-1α and RSV reduced PGC-1α acetylation level depending on SIRT1.  (C) Acetylation level of PGC-1α was evaluated by performing immuno-
precipitation after SIRT1 siRNA transfection in H9c2 cells with or without HG (30 mmol/L) and resveratrol (20 μmol/L) for 48 h.  Data are presented as 
mean±SEM of three independent measurements.  *P<0.05, **P<0.01 vs non-treated H9c2 cells.  #P<0.05, ##P<0.01 vs HG treated H9c2 cells.  $P<0.05 
vs HG+RSV.  ▲▲P<0.01 vs HG+RSV cells transfected with non-targeting sirt1 siRNA.
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protective effects of RSV during diabetic cardiomyopathy.

Discussion
Overall, our in vivo and in vitro experiments recapitulate the 
essential features of clinical diabetic cardiomyopathy.  The 
therapeutic effects of RSV prevented STZ- and HFD-induced 
myocardial oxidative stress and mitochondrial dysfunction 
and eventually rescued the impaired cardiac function and 
hypertrophy.  Notably, diabetes- or high-glucose-induced 
oxidative stress and mitochondrial dysfunction in myocardial 
tissues or cardiomyocytes were mostly prevented by RSV 
through SIRT1-mediated PGC-1α deacetylation, thereby 
suggesting possible therapeutic applications in patients with 
diabetic cardiomyopathy.

In the present study, diabetes induced cardiac dysfunction 
and hypertrophy successfully, as shown by the increased heart 
weight-to-body weight ratio; decreased LVEF, LVFS, E/A 
ratio and increased left ventricular chamber diameters.  How-
ever, all cardiac injuries were attenuated by administration of 
RSV.  A recent study revealed that sucrose feeding for 8 weeks 
induced insulin resistance that was not affected by cardiomyo-
cyte cross-sectional area according to H&E staining[37]; these 
controversial results may be attributed to the fact that the 
sucrose-enriched dietary model is in the early stages of devel-
opment of type 2 diabetes and metabolic syndrome.  Further-
more, cardiac hypertrophy was also confirmed by increased 
levels of pro-hypertrophic markers, such as ANP, BNP and 
β-MHC, in cardiac tissues.  Similarly, all of these parameters 
were decreased by RSV treatment.  A direct role for RSV in 
remodeling is also supported by the observation that RSV 
attenuated high glucose-induced expression of ANP, BNP and 
β-MHC in cultured H9c2 cells.  These findings, consistent with 
those of a previous study[38, 39], demonstrate that RSV treatment 
might represent a realistic strategy to block the progression of 
cardiac dysfunction and hypertrophy.  

The beneficial effects of RSV treatment were also reported 
to control hyperglycemia in short-term type 1 diabetes (2 
weeks after STZ injection) rather than long-term type 1 diabe-
tes, which may be related to its ability to induce anti-oxidant 
enzymes and its insulin-like activity.  However, RSV treatment 
has been shown to prevent glucose-induced insulin secre-
tion and improve insulin sensitivity in type 2 diabetes[40, 41].  
Indeed, in the present study, RSV treatment for 16 weeks 
improved insulin sensitivity to some extent as shown by 
decreases in fasting blood glucose, HbA1c, and serum TG and 
TC.  However, these levels did not reach the normal range.  
That is to say, all diabetic rats after RSV treatment were still in 
the diabetic range, although the data in Figure 1 indicate that 
RSV treatment blocked diabetes-induced cardiac dysfunction 
and hypertrophy.  These data indicate that the cardioprotec-
tive effects of RSV are not completely dependent on improved 
hyperglycemia and dyslipidemia.  Furthermore, disorders of 
glucose and lipid metabolism are known to be closely related 
to impaired mitochondrial function.  Interestingly, we found 
impaired cardiac mitochondrial function in our present study 
as shown by decreased ATP content, mtDNA content, PGC-1α 

and NRF expression, as well as increased oxidative stress.  
These results indicate that lowered blood glucose is more 
likely a consequence of mitochondrial function improvement 
after RSV administration rather than the hypothesis that low-
ered blood glucose is the cause of cardiac function improve-
ment.

The roles of mitochondrial dysfunction in regulating gluco-
lipid metabolism and mediating cardiac dysfunction in dia-
betes have become increasingly evident.  Recent studies have 
suggested that mitochondria are major sites of intracellular 
ROS production, and mitochondrial dysfunction has been con-
sidered the chief culprit in triggering cytosolic oxidative stress 
and cell death[42].  A previous report demonstrated that incu-
bation under high-glucose conditions increased mitochondrial 
superoxide generation in cultured cardiomyocytes.  Mitochon-
drial oxidative stress and ROS generation were also induced in 
both type-1 and type-2 diabetic mouse hearts, contributed to 
myocardial hypertrophy and dysfunction and were prevented 
by the mitochondria-targeted antioxidant mito-TEMPO[43].  
Overexpression of catalase reduced H2O2 levels at least three-
fold in mice fed a high-fat diet, which was concomitant with 
rescued cardiac function[44].  Consistent with these results, we 
observed significantly increased levels of lipid peroxidative 
products, such as MDA, and reduced SOD activity both in dia-
betic hearts and high-glucose-cultured cardiomyocytes.  More-
over, we found severely impaired mitochondrial dysfunction 
as evidenced by reduced ATP content, mtDNA content, and 
PGC-1α and NRF expression, which indicated that cardiac oxi-
dative damage and mitochondrial injury occurred in the dia-
betic model.  In addition, we observed significantly elevated 
levels of UCP2 mRNA and protein expression both in type 2 
diabetic rats and cardiomyocytes in accordance with a study 
that reported that UCP2 can be activated by superoxide anion 
(O2

∙−) as a feedback mechanism[45].  However, some conflicting 
evidence has also been observed in previous studies showing 
that UCP2 is associated with reduced oxidative stress and pro-
tection of cardiovascular function[36].  Thus, it would be inter-
esting to evaluate the effect of UCP2 in a model of diabetic car-
diomyopathy; however, this experiment is beyond the scope 
of this study.  RSV appears to counter mitochondrial ROS 
production by inducing antioxidant gene expression, thereby 
maintaining the cytosolic redox states and exhibiting cardio-
protective effects[46].  Das et al found that dietary intake of 
RSV prevents the progression of iron overload-induced injury 
and cardiomyopathy by correcting oxidative stress and myo-
cardial fibrosis as shown by reduced SOD1 and glutathione 
levels and increased levels of myocardial disease markers[47].  
Resveratrol also ameliorates myocardial fibrosis by inhibiting 
the ROS/ERK/TGF-β/periostin pathway in STZ-induced dia-
betic mice[12].  In our present study, RSV treatment suppressed 
lipid peroxidation and increased cardiac SOD contents, thus 
rescuing mitochondrial function and restoring normal UCP2 
expression.  These results illustrate a key anti-oxidant effect of 
RSV against diabetes-induced oxidative stress in type 2 dia-
betic myocardial tissues.  Meanwhile, a direct role for SIRT1 in 
oxidative stress and mitochondrial dysfunction is supported 
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by the observation that a SIRT1 inhibitor or si-SIRT1 sup-
pressed diabetes- or high-glucose-induced downregulation of 
SOD activity, ATP and COX 1 contents and PGC-1α and NRF 
expression in cultured H9c2 cells.

The SIRT1/PGC-1α signaling pathway is an important regu-
lator of cardiac mitochondrial function in normal or patho-
logical conditions, including diabetes and ischemia reperfu-
sion.  SIRT1 deacetylates a variety of proteins and regulates 
mitochondrial function, inflammatory responses and stress 
resistance[48, 49], and PGC-1α is considered a major downstream 
target of SIRT1[50] , which is responsible for regulating multiple 
genes involved in oxidative phosphorylation and mitochon-
drial function[51].  Although Lagouge et al showed that RSV 
predominantly relies on SIRT1 activation to achieve its effects 
on PGC-1α-dependent gene expression, these conclusions 
were all based on muscle, brown adipose tissues and C2C12 
cells, not cardiomyocytes or hearts, let alone a diabetic cardio-
myopathy model[40].  SIRT3 was also reported to be a crucial 
deacetylase that regulates PGC-1α to exert cardioprotective 
effects in insulin resistance-induced cardiac injury[37, 52], while 
RSV possesses the unique ability to activate SIRT1 to regulate 
anti-oxidant and metabolic properties[12, 47].  Thus, although 
previous studies have focused on the SIRT1-PGC-1α pathway, 
it is unclear whether RSV-ameliorated diabetic cardiomyopa-
thy is dependent on the SIRT1-PGC-1α pathway; additionally, 
how RSV regulates PGC-1α and whether SIRT1 is required for 
RSV to regulate PGC-1α are unknown.  In the present study, 
our in vivo and in vitro experiments, which both showed low 
levels of SIRT1, exhibited prompt hypertrophic responses and 
PGC-1α acetylation, whereas RSV administration reversed 
these phenomena.  Additionally, treatment with the SIRT1 
inhibitor sirtinol or si-SIRT1 abolished the effects of RSV and 
induced hyperacetylation of PGC-1α and cardiac dysfunc-
tion.  These results provided direct evidence that RSV therapy 
activated SIRT1 to reduce acetylation of myocardial PGC-1α in 
response to high glucose and oxidative stress, supplying a key 
molecular basis for RSV therapeutic action.  Taken together, 
the innovations of this study are as follows: (1) RSV prevents 
diabetic cardiomyopathy through the SIRT1-PGC-1α pathway.  
(2) RSV regulates PGC-1α by deacetylation.  (3) SIRT1 is neces-
sary for RSV to deacetylate PGC-1α.  

Conclusion
In summary, these results provide compelling evidence for 
RSV protection during diabetic cardiac dysfunction by ame-
liorating oxidative stress and mitochondrial dysfunction and 
supply a deeper understanding of the regulatory role of SIRT1 
on PGC-1α deacetylation in diabetic heart mitochondrial 
dysfunction.  These results confirm that the SIRT1/PGC-1α 
pathway is a therapeutic target for treating diabetic cardiomy-
opathy.
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