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Abstract
Mitochondrial dysfunction is essential in the development and prognosis of diabetic cardiomyopathy (DCM).
Resveratrol (RES) is thought as a mitochondrial protector. In this study, we hypothesized that RES may ameliorate
mitochondrial function and consequently improve cardiac function in diabetic rats, and uncoupling protein 2 (UCP2)
was involved in the protective effects of RES on DCM. Thirty rats were divided into three groups: normal control,
DCM, and DCM+RES groups. DCM was induced by high-fat diet and streptozotocin (STZ) intraperitoneal injection, the
rats in DCM+RES group received RES gavage for 16 weeks. RES improved the insulin resistance, and reduced the level
of triglyceride, cholesterol, and low density lipoprotein cholesterol (LDLc) in DCM rats (all P < 0.05).
Echocardiographic and hemodynamic studies revealed that RES treatment reversed the impaired diastolic and systolic
cardiac function in DCM rats. Meanwhile, RES improved myocardial structural disorder and fibrosis, reserved mito-
chondrial membrane potential level (P < 0.05), and suppressed myocardial apoptosis in DCM rats (P < 0.05). Myocardial
mitochondrial respiratory enzyme activities were improved by RES treatment in DCM rats (P < 0.05), accompanied with
attenuated reactive oxygen species (ROS) generation (P < 0.05). The expression of UCP2 was further increased by RES
treatment both in the myocardium of DCM rats (P < 0.05) and in the H9c2 cardiomyocytes incubated with high-glucose
(P < 0.05). The protective effects of RES on high glucose-induced ROS generation, MPTP opening, Cyto c release, and
cell apoptosis were all blunted by inhibiting the expression of UCP2 (all P < 0.05). In conclusion, RES treatment
improved cardiac function and inhibited cardiomyocyte apoptosis, involving in ameliorating mitochondrial function in
diabetic rats. UCP2 mediated the protective effects of RES on diabetic hearts.
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Abbreviations
COX Cytochrome c oxidase
EF Ejection fraction
FS Fractional shortening
GLUT4 Glucose transporter 4

HG High-glucose
LDLc Low density lipoprotein cholesterol
LVEDd Left ventricular end-diastolic dimension
LVEDv Left ventricular end-diastolic volume
LVESd Left ventricular end-systolic dimension
LVESv Left ventricular end-systolic volume
LVEDP Left ventricular end-diastolic pressure
LVSP Left ventricular systolic pressure
MMP Mitochondrial membrane potential
MPTP Mitochondrial permeability transition pore
NC Normal control
ROS Reactive oxygen species
SDH Succinate dehydrogenase
Sir2 Silent information regulatory 2
STZ Streptozotocin
UCP2 Uncoupling protein 2
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Introduction

Diabetic cardiomyopathy (DCM) is a complex complication
in diabetes patients with adverse prognosis [9, 27]. DCM is
characterized by left ventricular hypertrophy and interstitial
fibrosis, with early diastolic dysfunction, accompanied with
or without systolic dysfunction [14, 18]. However, the patho-
logical mechanism of DCM has not been completely under-
stood, and the effects of current therapeutic approaches on
DCM are unsatisfied [15].

Mitochondria play an essential role in maintaining normal
heart function, as the center of energy metabolism and the
major source of reactive oxygen species (ROS) generation
[24]. In diabetic hearts, mitochondrial abnormalities, includ-
ing altered energymetabolism, oxidative stress, mitochondrial
calcium imbalance, and increased apoptosis were proved in
previous studies [1, 12, 21]. Emerging evidences suggested
that mitochondrial dysfunction seemed as a key contributor to
the diabetes-induced cardiac damage [22, 38]. The approaches
targeting mitochondria are promising for the treatment and
prevention of DCM.

In recent years, medicinal plants with hypoglycemic prop-
erties for the management of diabetic complications have be-
come increasingly attractive. Resveratrol (RES) is a group of
polyphenolic compounds found mainly in plants, including
grapes, blue berries, giant knotweed, and polygonum
nigrumis, and is known as its antioxidant, anti-inflammation,
and anti-tumor activities [3, 4, 16]. RES can promote mito-
chondrial biosynthesis and inhibit mitochondrial excessive di-
vision, and is considered as a protective agent for mitochon-
dria [7]. Accordingly, RES may have a therapeutic potential
for DCM by ameliorating mitochondrial function.

Uncoupling protein 2 (UCP2) is a proton transporter, which
is located in the mitochondrial inner membrane. UCP2 can
cause H+ leakage from mitochondrial membrane spaces into
the matrix, and reduce the generation of ROS, thereby regulate
mitochondrial function [5, 19]. These features of UCP2
strongly suggested that UCP2 may improve mitochondrial
function by suppressing ROS production in diabetic hearts.
And the expression of UCP2 can be up-regulated by RES in
diabetic liver and skeletal muscle [10]. But there is no data
about whether UCP2 is involved in the effects of RES.

Therefore, in the present study, we hypothesized that RES
may regulate UCP2, and have protective effects on mitochon-
drial and cardiac function in diabetic rats.

Methods

Animals

All animal experimental procedures were approved by the
Institutional Animal Research and Ethics Committee of

Xi’an Jiaotong University (SCXK2007-001). Thirty male
Sprague-Dawley rats (100–150 g) obtained from the Animal
Center of Xi’an Jiaotong University were used in the experi-
ments. All applicable international and national guidelines for
the care and use of animals were followed.

Diabetes induction

Diabetic rats were induced by high-fat diet and streptozotocin
(STZ, Sigma-Aldrich, St. Louis, MO, USA) intraperitoneal
injection. After adaptive feeding for 1 week, diabetic rats re-
ceived high-fat diet with 40% fat, 13% protein, 40% carbohy-
drate, and 7% others. After high-fat feeding for 4 weeks, STZ
were intraperitoneally injected at a dose of 30 mg/kg body
weight. Age-matched control rats received only standard diet
(10% fat, 22% protein, 60% carbohydrate, and 8% others) and
sodium-citrate buffer injection. Blood glucose levels were
measured in tail vein blood 1 week after STZ or sodium-
citrate buffer injection. The rats with high-fat diet and STZ
injection were considered as diabetic with fasting blood glu-
cose over 200 mg/dl.

Experimental protocol

Thirty rats were randomly divided into three groups according
to treatments as follows (ten rats per group): (1) control; (2)
DCM; and (3) DCM+RES. Four weeks after STZ injection,
the rats in DCM+RES group received 10 mg/kg/d of RES.
RES was dissolved with dimethyl sulfoxide and administered
via gavage once a day for eight consecutive weeks, at a vol-
ume less than 0.1 mL/100 g rat weight. While the rats in the
control and DCM groups received saline gavage.

Blood glucose, plasma insulin, and lipid
measurements

Rats were fasted for 8 h, and tail vein blood samples were
collected. Blood glucose levels were measured with animal
micro blood glucose detector (Alpha-TRAK, Abbott
Laboratories, USA). Plasma insulin and triglyceride, choles-
terol, and low density lipoprotein cholesterol (LDLc) contents
were determined by using ELISA kits (Alpco Diagnostic,
USA). The insulin resistance index was calculated as (fasting
glucose × fasting insulin) / 22.5.

Echocardiographic study

Echocardiographic study was performed by an investigator
blinded to the animal treatments. The two-dimensional echo-
cardiographic system, equipped with a 12- to 4-MHz trans-
ducer (Philips iE33, Netherlands), was used to evaluated the
cardiac structure and function. The cardiac parameters
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including left ventricular systolic and diastolic index were
measured and calculated.

Hemodynamic studies

After anesthetizing with intraperitoneal injection of chloral
hydrate, a PE-50 catheter, which connected with a pressure-
electricity transducer, was inserted into the left ventricle (LV)
through the right carotid artery of rats. LV systolic and dia-
stolic pressures, as well as the maximum and minimum rates
of LV pressure development (dP/dt), were measured and re-
corded with the Power Lab 4.12 system (AD instrument,
Sydney, Australia) using Chart 5.0 software.

Cardiac hematoxylin-eosin (HE) and Masson’s staining

The LV myocardium was fixed in 10% neural buffered for-
malin for histology analysis. Sectioning of paraffin-embedded
myocardial blocks at 3 μm was performed. To detect the re-
modeling and fibrosis in the LV myocardium, the paraffin
sections were stained with HE and Masson’s trichrome, re-
spectively, and were observed using optical microscopy
(Olympus, Bx 43, Tokyo, Japan).

TUNEL staining

Myocardial apoptosis in situ was detected by terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL, Promega Bitotech Co., Ltd., Madison,
USA). Briefly, the paraffin sections were incubated with pro-
teinase K at room temperature for 10 min, and subsequently
permeabilized in 0.25% Triton X-100 for 10 min and incubat-
ed with TUNEL reaction mixture for 90 min and 4′,6-
diamidino-2-phenylindole (DAPI, Boster, Wuhan, China) for
5 min at 37 °C in the dark. All the steps above were separated
by sufficiently washing with phosphate buffer saline (PBS).
Finally, six sections from each groups, and three high power
fields from each section were randomly chosen and
photographed. TUNEL-positive cells were calculated for ev-
ery section by fluorescence microscope (Olympus, Bx 50-
FLA, Japan).

Western-blot

Myocardium and cell samples were lysed with RIPA lysis
buffer (Beyotime Biotechnology Co., Hangzhou, China).
The homogenates of the lysates were centrifuged at
16,000g for 20 min at 4 °C. Supernatants for protein con-
centration assessment were collected. Equal amounts of
protein were electrophoresed on sodium dodecyl sulfate-
polycrylamide gel electrophoresis and then transferred on-
to an equilibrated polyvinylidene fluoride (PVDF) mem-
brane. The PVDF membrane was incubated with 5%

skimmed milk in PBS-Tween-20 for 2 h and then with
the primary antibodies against UCP2 (1:1000), Bcl-2
(1:1000), cytochrome c (1:1000), β-actin (1:2000), and
COX IV (1:2000) overnight at 4 °C. The membrane was
washed with PBST three times and incubated with the
secondary antibodies (peroxidase-conjugated goat anti-
r abb i t I gG) a t a d i l u t i on o f 1 : 2000 fo r 2 h .
Subsequently, blots were visualized with the enhanced
chemiluminescence detection system. Finally, the digital
images were analyzed using Image-Pro Plus software 6.0
(Olympus, 12119-987). In these experiments, β-actin and
COX IV were used as internal control. The antibody
against UCP2 was purchased from Cell Signaling
Technology (Danvers, USA). The antibodies against Bcl-
2, Cyto c, β-actin, and COX IV were purchased from
Proteintech (Rosemont, USA).

Respiratory enzyme activity measurement
in myocardium

Succinate dehydrogenase (SDH) and cytochrome c oxidase
(COX) activities were measured using a SDH assay kit
(Jiancheng Bioengineering Ins., Nanjing, China) and COX
assay kit (Jiancheng) following the manufacturer’s instruc-
tions. For SDH activity measurement, the homogenized myo-
cardiumwas centrifuged at 1600g for 10min. The supernatant
was mixed with 37 °C SDH working liquid for 5 min, then
SDH activity was quantitatively determined due to the chang-
es of absorbance from 5 s to 65 s under the spectrophotometer
(TianPu 722, Shanghai, China) at 600 nm. For COX activity
measurement, the supernatant was mixed with COX working
liquid at room temperature for 3 min, COX activity was quan-
titatively determined due to the changes of absorbance from
0 s to 60s under the spectrophotometer (TianPu 722) at
550 nm.

Cardiac mitochondria isolation

Mitochondria were isolated by using tissue mitochondria iso-
lation kit (Beyotime). According to the manufacturer’s in-
structions, the myocardium was incubated with PBS on the
ice for 3 min, then centrifuged at 600g for 10 s. The precipi-
tation was collected and digested with pancreatic enzyme for
10 min on ice, then centrifuged at 600g for 10 s. Collect the
precipitation and centrifuge it with mitochondria-separating
agent at 600g for 10 s. Then, the precipitation was homoge-
nized with separating agent on ice. Next, the homogenate was
centrifuged at 4 °C at 600g for 5 min. Finally, mitochondria
fraction was obtained by centrifugation of supernatant at
11,000g for 10 min at 4 °C. The precipitation, mitochondria
fraction, was stored with storage fluid at − 80 °C.
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Mitochondrial membrane potential (MMP)
measurement

MMP level was detected by using the lipophilic cationic
p r o b e , 5 9 , 6 , 6 9 - t e t r a c h l o r o - 1 , 1 9 , 3 , 3 9 -
tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
(Beyotime). Once after the isolated fresh mitochondria mixed
with JC-1 staining, a fluorescence microplate reader (Tecan
Infinite M200, Switzerland) was used to assess the level of
MMP according to the intensity of green and red JC-1
fluorescence.

ROS measurement in myocardium

ROS generation in myocardium was measured with
dihydroethidium (DHE) labeling (Sigma-Aldrich).
According to the manufacturer’s instructions, DHE staining
was dissolved in Krebs solution with the concentration of
0.04 M. Then, the surface of frozen sections with DHE stain-
ing was covered. After that, the samples were incubated for
30 min at 37 °C in the dark. Finally, wash the samples with
fresh Krebs for three times. The red fluorescence was ob-
served immediately under a fluorescence microscope
(Olympus) with excitation wavelength of 510 nm and emis-
sion wavelength of 610 nm. Six sections from each groups,
and three high power fields from each section were randomly
chosen and photographed. Image-Pro Plus6.0 image analysis
software was used to analyze the fluorescence results, and the
intensity of red fluorescence represented the level of ROS in
myocardium.

Cell culture and treatments

The H9c2 cardiomyocytes were obtained from the Cell Bank
of Shanghai Institute of Bio-chemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China), cultured
in 90% DMEM (Hyclone, Logan, USA) with 10% FBS at
37 °C. When they reached confluence, the cells were divided
to four groups based on experimental need: normal control
group (NC), cells were incubated with glucose 5.5 mM;
high-glucose group (HG), cells were incubated with glucose
33 mM for 48 h; HG+RES group, cells were pretreated with
25μMRES for 6 h, and then incubated with HG for additional
48 h; and HG+RES+UCP2siRNA group, cells were
transfected with UCP2siRNA, and pretreated with 25 μM
RES for 6 h, then incubated with HG for additional 48 h.

siRNA transient transfection

UCP2siRNA was synthesized from GenePharma (Shanghai,
China). The sequences of UCP2siRNA were as follows: 5′-
GCCUGUAUGAUUCUGUCAAACTT-3′ (forward) and 5′-
GUUUGACAGAAUCAUACAGGCTT-3′ (reverse). The

UCP2siRNA was introduced into H9c2 cells using
Lipofectamine 2000. The cells were seeded in 12-well plates
24 h before transfection. Then, the cells were transfected with
the mixture of 100 μL siRNA and 100 μL Lipofectamine
2000. Forty-eight hours after transfection, the cells were
harvested.

Mitochondrial permeability transition pore (MPTP)
measurement in H9c2 cells

The opening of MPTP was detected by Calcein-AM la-
beling (Genmed Scientifics, USA). First, add 37 °C
preheated cleaning liquid to wash cells in 12-well plates.
Then, add 500 μL staining solution to each well, shake
the culture plate gently. The cells were incubated under
37 °C for 20 min in the dark. Finally, wash the cell in
plates with 37 °C preheated cleaning liquid for three
times. The green fluorescence was observed immediately
under a fluorescence microscope (Olympus). Six sections
from each groups, and three fields from each section were
randomly chosen and photographed. Image-Pro Plus6.0
image analysis software was used to analyze the fluores-
cence results; the decreased intensity of green fluores-
cence indicates that the opening of MPTP is enhanced.

ROS measurement in H9c2 cells

The ROS generation in H9c2 cells was detected by DHFH-
DA labeling (Beyotime). First, wash cells in 12-well plates
with PBS. Then, add 500 μL DCFH-DA staining solution to
each well. The cells were incubated under 37 °C for 30 min in
the dark. Finally, wash the cells with serum-free medium for
three times. The green fluorescence was observed immediate-
ly under a fluorescence microscope (Olympus). Six sections
from each group and three fields from each section were ran-
domly chosen and photographed. Image-Pro Plus6.0 image
analysis software was used to analyze the intensity of green
fluorescence which indicates the level of ROS generation.

Apoptosis measurement in H9c2 cells

Apoptosis cells were identified by Annexin V-FITC
Apoptosis Detection Kits (Beyotime). 1 × 106 cells were har-
vested from 6-well plate, and washed at 4 °C PBS twice. Cells
were suspended in 500 μL Bingding Buffer (1×), then added
5 μL Annexin V-FITC and 10 μL PI, and incubated at room
temperature for 15 min in the dark. FACSCalibur flow cytom-
etry (Becton, Dickinson and Company, USA) was used to
analyze the level of cardiomyocyte apoptosis by containing
Annexin V+ cell population.
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Statistical analysis

Data were expressed as means ± standard deviation, and sta-
tistical analysis was performed using SPSS 18.0. Data are
represented by mean ± standard deviation. Comparisons be-
tween groups were evaluated using a single factor analysis of
variance (one-way, ANOVA), the differences between two
groups was used of LSD-t test. A value of P < 0.05 was con-
sidered as statistically significant.

Results

The effect of RES on blood glucose, plasma insulin,
and lipids in diabetic rats

After 16 weeks of treatment with high-fat diet and STZ intra-
peritoneal injection, a DCM model was successfully induced.
At the end of the experimental period, the body weight in
DCM group was lower compared to that in control group
(P < 0.05, Fig. 1a), but there was no difference of body weight
between DCM and DCM+RES groups (P > 0.05, Fig. 1a).
Fasting blood glucose and insulin levels in DCM group were
both much higher than those in control group, respectively
(both P < 0.05, Fig. 1b, c). RES treatment lowered the glucose
and insulin levels in DCM rats (both P < 0.05, Fig.1b, c).
Thus, RES improved the insulin resistance in DCM rats,
which was indicated by insulin resistance index (P < 0.05,
Fig. 1d). Plasma triglyceride, cholesterol, and LDLc contents
were all significantly higher in DCM group compared to those
in control group (all P < 0.05, Fig. 1e–g). Meanwhile, RES
lowered the triglyceride, cholesterol, and LDLc levels in
DCM rats (all P < 0.05, Fig. 1e–g).

The effect of RES on cardiac function
and histopathology in diabetic rats

As shown in Table 1, the echocardiographic study revealed
significant dilation of left ventricle chambers in the DCM
group, which was characterized by significantly increased left
ventricular end-diastolic dimension (LVEDd), left ventricular
end-diastolic volume (LVEDv), left ventricular end-systolic
dimension (LVESd), and left ventricular end-systolic volume
(LVESv) compared with control group. In addition, ejection
fraction% (EF%) and fractional shortening% (FS%) were sig-
nificantly reduced in DCM group. The hemodynamic studies
showed marked decrease of left ventricular systolic pressure
(LVSP) and first derivative of pressure (dp/dt), but significant
increase of left ventricular end-diastolic pressure (LVEDP) in
DCM group, which indicated that the systolic function of the
heart was impaired. In comparison with the DCM group,
LVEDd, LVEDv, LVESd, and LVESv were all lower in the
DCM+RES group; EF%, FS%, LVSP, and dp/dt were signif-
icantly higher in the DCM+RES group. Consequently, RES
treatment could ameliorate the impaired cardiac systolic and
diastolic functions in DCM rats.

Under optical microscopic observation, the significant de-
generation and disorganization of myocardial fibers,
cardiomyocytes vacuole degeneration, and myocardial inter-
stitial edema were obvious in the DCM rats. While in the
control and DCM+RES groups, the myocardial fibers were
arranged regularly, and little cardiomyocyte vacuole and inter-
stitial edema have been observed (Fig. 2a). Myocardial colla-
gen tissue was obviously increased and disarranged in the
DCM group, but were sparse with regular array in the control
and DCM+RES groups (Fig. 2A). Further quantitative analy-
sis showed that collagen volume fraction in the DCM group

Fig. 1 RES improved insulin resistance and lowered the plasma lipid
levels in DCM rats. a RES treatment had no effect on the body weight
in DCM rats. RES reduced blood glucose (b) and insulin (c) levels, and
improved insulin resistance (d) in DCM rats. RES lowered the levels of

plasma triglyceride (e), cholesterol (f), and LDLc (g) in DCM rats. LDLc,
low density lipoprotein cholesterol. * P < 0.05 versus the control group; #
P < 0.05 versus the DCM group
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Table 1 RES ameliorated
impaired systolic and diastolic
cardiac function in DCM rats

Parameter Control (n = 10) DCM (n = 10) DCM+RES (n = 10)

Echocardiographic analysis

LVEDd (mm) 6.58 ± 0.34 7.64 ± 0.62* 7.03 ± 0.21#

LVESd (mm) 4.83 ± 0.14 5.61 ± 0.11* 5.08 ± 0.09#

LVEDv 270 ± 11.6 328.6 ± 20.4* 284.5 ± 16.1#

LVESv 86.1 ± 7.9 121.3 ± 11.5* 104.7 ± 9.4#

EF (%) 76.5 ± 1.48 61.2 ± 2.45* 68.6 ± 1.82#

FS (%) 41.2 ± 1.61 34.6 ± 1.19* 38.1 ± 0.96#

Hemodynamic analysis

dp/dtmax (mmHg/s) 8653 ± 433 5362 ± 341* 6969 ± 353#

dp/dtmin (mmHg/s) 7684 ± 561 5016 ± 382* 6541 ± 546#

LVSP (mmHg/s) 140 ± 7.68 113 ± 11.26* 129 ± 13.6#

LVEDP (mmHg/s) − 1.42 ± 0.35 2.31 ± 0.84* − 0.68 ± 0.57#

LVEDd left ventricular end-diastolic dimension, LVEDv left ventricular end-diastolic volume, LVESd left ven-
tricular end-systolic dimension, LVESv left ventricular end-systolic volume, EF ejection fraction, FS fractional
shortening, dp/dt first derivative of pressure, LVSP left ventricular systolic pressure, LVEDP left ventricular end-
diastolic pressure

Data are represented by mean ± standard deviation. * P < 0.05 versus the control group; # P < 0.05 versus the
DCM group

Fig. 2 RES improved left ventricular remolding and fibrosis in DCM
rats. a Representative photomicrographs showed myocardial sections
stained with HE (upper) and Masson’s trichrome (bottom). b

Quantitative analysis of collagen volume fraction in the control group,
DCM group, and DCM+RES group. * P < 0.05 versus the control group;
# P < 0.05 versus the DCM group
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was significantly greater than that in the control and DCM+
RES groups (P < 0.05, Fig. 2b).

The effect of RES on cardiomyocyte apoptosis in DCM
rats

Reduction of MMP was thought as a sign of cell early apo-
ptosis. The level of MMP in DCM group was notably de-
creased compared with the control group; While, RES treat-
ment suppressed the decrease ofMMP level in DCM rat hearts
(P < 0.05, Fig. 3a).

Then, we assessed the myocardial apoptotic rate by
TUNEL labeling. The myocardial apoptotic rate was higher
in DCM group than that in control group, and it was lower in
DCM+RES group than that in DCMgroup (P < 0.05, Fig. 3b).

Bcl-2 is one of the ultimate pathways of apoptosis, as an
anti-apoptosis factor. The expression of Bcl-2 in DCM group
was significantly decreased compared with the control group;
while RES increased the Bcl-2 expression in DCM rat hearts
(P < 0.05, Fig. 3c).

All the results indicated that RES treatment suppressed
cardiomyocyte apoptosis in DCM.

The effect of RES on mitochondrial respiratory
function and the generation of ROS in DCM rat hearts

We evaluated the mitochondrial function by assessing the ac-
tivities of respiratory enzymes and the generation of ROS.

As shown in Fig. 4a, the activities of respiratory enzymes,
SDH, and COX were both significantly decreased in DCM
group compared with that in control group (both P < 0.05).
RES treatment improved the activities of both SDH and
COX in DCM rat hearts (both P < 0.05).

We detected the generation of ROS in myocardium by
DHE labeling. The level of ROS was much higher in DCM
group than in control group. In DCM+RES group, the gener-
ation of ROS was attenuated compared with DCM group
(P < 0.05, Fig. 4b).

Together, RES ameliorated the mitochondrial respiratory
function in DCM rat hearts, and reduced the generation of ROS.

The effect of RES on expression of UCP2
in cardiomyocytes

UCP2 plays an important role in regulating mitochondrial
functions, based on suppressing ROS generation. In the rat
hearts as shown in Fig. 5a, the expression of UCP2 was in-
creased in DCM group compared with that in control group,
RES treatment improved the expression of UCP2 in DCM rats
further (P < 0.05).

In H9c2 cardiomyocytes, high-glucose incubation in-
creased the expression of UCP2 compared with the NC group,
and RES improved the expression of UCP2 further with a
dose-dependent manner (P < 0.05, Fig. 5b).

UCP2 mediated the effects of RES on mitochondrial
function in H9c2 cells

RES improved the cardiac function and up-regulated the ex-
pression of UCP2 in DCM rats. But whether UCP2 mediated
the protective effects of RES on DCM is unknown. And what
is the role?

UCP2siRNAwas used to inhibit the expression of UCP2 in
cells with RES treatment. As shown in Fig. 6a, b, RES treat-
ment reserved the activities of respiratory enzymes, and sup-
pressed the generation of ROS in H9c2 cells incubated with

Fig. 3 RES suppressed cardiomyocyte apoptosis in DCM rats. a RES
reserved the MMP level in DCM rat hearts. b RES reduced
cardiomyocyte apoptotic rate in DCM rats. c RES increased Bcl-2

expression in DCM rat hearts. MMP, mitochondrial membrane potential.
* P < 0.05 versus the control group; # P < 0.05 versus the DCM group
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HG. But the effects of RES were blunted by inhibiting the
expression of UCP2 in HG+RES+UCP2siRNA group
(P < 0.05).

MPTP can be activated by ROS and sustained opening,
which facilitates apoptotic factor release from the mitochon-
dria. RES reduced the level of MPTP opening in H9c2 cells
incubated with HG. But the effect of RES on inhibitingMPTP
opening was reduced in HG+RES+UCP2siRNA group
(P < 0.05, Fig. 6c).

Cyto c release from mitochondria resulted from MPTP
opening is a sign of mitochondrial pathway apoptosis.

Western-blot results revealed that Cyto c expression in mito-
chondria is lower in HG group than that in NC group. RES
treatment restored the Ctyo c in mitochondria of cells incubat-
ed with HG, but the effect of RES was blunted by inhibiting
the expression of UCP2 in HG+RES+UCP2siRNA group
(P < 0.05, Fig. 6d).

Together, RES reduced the generation of ROS, lowered the
level of MPTP opening, and subsequently inhibited Cyto c
release from mitochondria in cardiomyocytes under high-
glucose condition. And the effects of RES on ameliorating
mitochondrial function are mediated by UCP2.

Fig. 5 RES improved the expression of UCP2 in the DCM rat hearts (a) and H9c2 cells incubated with high-glucose (b). NC: normal control; HG: high
glucose; * P < 0.05 versus the control group; # P < 0.05 versus the DCM group

Fig. 4 RES ameliorated the mitochondrial respiratory enzyme activities (a) and reduced the generation of ROS (b) in DCM rat hearts. SDH, succinate
dehydrogenase; COX, cytochrome c oxidase; ROS: reactive oxygen species. * P < 0.05 versus the control group; # P < 0.05 versus the DCM group
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Fig. 6 RES ameliorated mitochondrial function mediated by UCP2 in
cardiomyocytes. UCP2 mediated the effect of RES on reserving the
activities of respiratory enzymes (a), reducing the generation of ROS
(b), inhibiting the enhanced opening of MPTP (c), and the release of
Cyto c from mitochondria (d) in cardiomyocytes. NC, normal control;

HG, high glucose; SDH, succinate dehydrogenase; COX, cytochrome c
oxidase; ROS: reactive oxygen species; MPTP, mitochondrial
permeability transition pore; Cyto c, cytochrome c. * P < 0.05 versus
the NC group; # P < 0.05 versus the HG group; & P < 0.05 versus the
HG+RES group

Fig. 7 RES suppressed HG-induced apoptosis mediated by UCP2 in cardiomyocytes. NC, normal control; HG, high glucose. * P < 0.05 versus the NC
group; # P < 0.05 versus the HG group; and P < 0.05 versus the HG+RES group
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UCP2 mediated the effect of RES on cardiomyocyte
apoptosis

Finally, we assessed the apoptotic rate in cardiomyocytes be-
tween NC, HG, HG+RES, and HG+RES+UCP2siRNA
groups. The apoptotic rate was higher in HG group than that
in NC group, and it was lower in HG+RES group than that in
HG group (P < 0.05, Fig. 7). Notably, apoptotic rate was
raised up in HG+RES+UCP2siRNA group compared with
that in HG+RES group, which indicated that the protective
effect of RES on HG-induced apoptosis is mediated by UCP2.

Discussion

Previous studies suggested that RES could relieve diabetic
myocardial fibrosis, but the particular mechanism was incom-
pletely understood. In this study, we revealed that RES treat-
ment protected cardiac function in DCM rats via preventing
mitochondrial injury. Moreover, UCP2 mediated the protec-
tive effects of RES on mitochondrial function by suppressing
the generation of ROS.

In the present study, a rat model of DCM was induced by
high-fat diet and STZ intraperitoneal injection. RES showed
anti-hyperglycemic and anti-hyperlipidemic effects in diabetic
rats in our study. Previous studies have demonstrated that RES
improved glucose and lipid metabolism through increasing
insulin-dependent glucose transporter 4 (GLUT4) expression
[23], enhancing adiponectin level [28], and activating silent
information regulatory 2 (Sir2) [36].

Diastolic and systolic dysfunctions were the clinical fea-
tures of DCM [9, 27], and diastolic dysfunction is one of the
first signs of DCM, often developed before systolic dysfunc-
tion [10]. Our study showed that RES treatment reversed the
impaired diastolic and systolic functions in DCM rats, indicat-
ing that there were protective effects of RES not only on
advanced cardiac dysfunction, but also on early stage of
DCM. Left ventricular hypertrophy and fibrosis are both
structure hallmarks of the diabetic hearts. Cardiomyocyte hy-
pertrophy initially develops as an adaptive response to elevat-
ed hemodynamic stress [26] and to the lack of normal
cardiomyocytes [37]. Myocardial fibrosis, resulting from in-
creased extracellular matrix deposition, impairs myocardial
relaxation, subsequently leading to cardiac dysfunction [8].
In the present study, left ventricular hypertrophy and fibrosis
were obvious with HE and Masson’s trichrome staining in
DCM rats, and were significantly suppressed by RES
treatment.

Emerging evidences suggested that increased cardiomyo-
cyte apoptosis was important in the pathogenesis of DCM
[18]. Cardiomyocyte apoptosis has been observed in the path-
ogenesis of myocardial fibrosis [11], and is correlated with
blood glucose level [17]. Dissipated MMP is a sign of cell

early apoptosis, and considered as the Bpoint-of-no-return^
in the sequence of events leading to apoptosis [40]. Indeed,
in our study, increased cardiomyocyte apoptosis were
assessed with TUNEL staining, accompanied with dissipated
MMP in DCM rats. And RES treatment inhibited diabetes-
induced cardiomyocyte apoptosis and dissipated MMP level.
Bcl-2 is thought to be one of the ultimate pathways of apopto-
sis, as an anti-apoptosis factor [29, 33]. In this study, the up-
regulation of Bcl-2 might explain the anti-apoptotic effect of
RES in diabetic hearts.

Diabetes-induced mitochondrial dysfunction is a central
event in the pathogenesis of DCM. Myocardial energy metab-
olism disturbances and intracellular ROS accumulation are
directly associated with diabetes-induced mitochondrial inju-
ry. The disorder of mitochondrial dysfunction activates the
pathways leading to cardiomyocyte apoptosis [31]. Thus, pre-
vention of mitochondrial injury from diabetes might be a
promising therapeutic target for DCM. RES is considered as
a protective agent for mitochondria [7]. RES treatment has
been proved protective on myocardial fibrosis and apoptosis
in DCM,we hypothesize that the effects of RES are associated
with preventing mitochondrial injury from diabetes. In this
study, we demonstrated that diabetes-stimulated ROS accu-
mulated in rat heart, and RES attenuated ROS generation in
DCM rats.

Antioxidant effects of RES have been pointed in several
studies. In an in vitro study, RES inhibited the generation of
ROS and regulated the activity of transforming growth factor,
thus suppressed proliferation and improved differentiation of
myocardial fibroblasts in mice [39]. But the mechanism of
antioxidant effect of RES is still unclear. ROS generation is
associated with mitochondrial respiratory function. In diabetic
hearts, mitochondrial respiratory enzymes, SDH [20], and
COX [22] were inactive. In the present study, RES significant-
ly enhanced the activities of SDH and COX, which were sup-
pressed in the DCM rats. These results suggested that the
activation of mitochondrial respiratory enzymes by RES con-
tributes to the reduction of ROS generation in DCM rats.

UCP2 is a proton transporter, which is located in the mito-
chondrial inner membrane. UCP2 can cause H+ leakage from
mitochondrial membrane spaces into the matrix, and reduce
the generation of intracellular ROS, thereby regulating mito-
chondrial function [5, 19]. We assessed the expression of
UCP2 by Western blot. It was found that the expression of
UCP2 was increased in DCM rats, and was improved further
by RES treatment. Consistent with our study, RES was proved
to increase the expression of UCP2 in the brain, and protect
brain damage caused by stroke [32]. But, whether UCP2 me-
diated the protective effect of RES is still unknown. And,
what’s the role of up-regulation of UCP2 in DCM? In this
study, we analyzed the effects of UCP2 on mitochondrial
function in cardiomyocytes incubated with HG and RES treat-
ment. The effects of RES on inhibiting ROS generation and
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the activating respiratory enzymes were both blunted by
UCP2siRNA. MPTP is a nonspecific channel in mitochon-
dria, which can be activated by opening ROS, and facilitates
Cyto c release from mitochondria [13]. The effects of RES on
inhibiting MPTP-sustained opening and Cyto c release were
also blunted by suppression of UCP2 expression.

UCP2 has shown anti-apoptotic property in human colon
cancer cells under oroxylin condition, which resulted from
inhibiting ROS generation [25]. Results from the present
study showed that inhibition of UCP2 expression weakened
the anti-apoptotic effect of RES in cardiomyocyte incubated
with HG. These results suggested that UCP2 mediated the
protective effects of RES on mitochondrial function and car-
diomyocyte apoptosis. Moreover, the up-regulation of UCP2
in myocardium may be a protective feedback on diabetes-
induced mitochondrial injury.

Recently, RES has been used in the clinical treatment of
obesity [2], fatty liver [6], and ulcerative colitis [30]. In addi-
tion, RES treatment significantly reduced blood lipid levels
and suppressed inflammatory response in patients with coro-
nary heart disease [34, 35]. Therefore, as a dietary interven-
tion, RES has potential to become a clinical intervention for
diabetes-related cardiovascular diseases, either as a dietary
supplement or medicine intervention.

Limits

The animals in the present study were all male. There are
many differences between male and female in the pathogene-
sis of diabetic cardiovascular complications. In this study, we
proved that RES ameliorated myocardial mitochondrial and
cardiac function inmale DCM rats, but whether RES plays the
same role in female DCM is not studied. It will be much better
to explain the protective effects of RES on DCM if setting-up

Control+RES group, but due to time and funding constraints,
we did not set-up this group. And we found that UCP2 was
up-regulated in myocardium of diabetic rats, but the mecha-
nism of high expression of UCP2 in DCM is still not clear. To
confirm these, future research should study the mechanism
and effect of up-regulation of UCP2 in DCM, whether it is a
protective feedback on mitochondrial injury as we have
analyzed.

Conclusion

Taken together, our data demonstrate that RES was able to
inhibit myocardial fibrosis and apoptosis, and contributes to
the protection of the cardiac function in DCM rats. More im-
portantly, RES ameliorated myocardial mitochondrial func-
tion in DCM and UCP2 mediated the effects of RES
(Fig. 8). In summary, these results provide overwhelming ev-
idences of the therapeutic potential of RES for DCM, and
identify a new insight into the mechanism of RES in
protecting mitochondrial function.
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