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(-)-Epigallocatechin-3-gallate attenuates myocardial
injury induced by ischemia/reperfusion in diabetic rats
and in H9c2 cells under hyperglycemic conditions
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Abstract. (-)-Epigallocatechin gallate (EGCG) exerts multiple
beneficial effects on cardiovascular performance. In this study,
we aimed to examine the effects of EGCG on diabetic cardio-
myopathy during myocardial ischemia/reperfusion (I/R) injury.
EGCG (100 mg/kg/day) was administered at week 6 for 2 weeks
to diabetic rats following the induction of type 1 diabetes by strep-
tozotocin (STZ). At the end of week 8, the animals were subjected
to myocardial I/R injury. The EGCG-elicited structural and
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functional effects were analyzed. Additionally, EGCG (20 M)
was administered for 24 h to cultured cardiac H9¢c2 cells under
hyperglycemic conditions (30 mM glucose) prior to hypoxia/
reoxygenation (H/R) challenge, and its effects on oxidative stress
were compared to H9c2 cells transfecteed with silent informa-
tion regulator 1 (SIRT1) small interfering RNA (siRNA). In rats
with STZ-induced diabetes, EGCG treatment ameliorated post-
ischemic cardiac dysfunction, decreased the myocardial infarct
size, apoptosis and cardiac fibrosis, and reduced the elevated
lactate dehydrogenase (LDH) and malonaldehyde (MDA)
levels, and attenuated oxidative stress. Furthermore, EGCG
significantly reduced H/R injury in cardiac H9c2 cells exposed
to high glucose as evidenced by reduced apoptotic cell death
and oxidative stress. The protein expression levels of SIRT1 and
manganese superoxide dismutase (MnSOD) were reduced in the
diabetic rats and the H9¢2 cells under hyperglycemic conditions,
compared with the control rats following I/R injury and H9c2
cells under normal glucose conditions. EGCG pre-treatment
significantly upregulated the levels of htese proteins in vitro
and in vivo. However, treatment with EX527 and SIRT1 siRNA
blocked the EGCG-mediated cardioprotective effects. Taken
together, our data indicate that SIRT1 plays a critical role in
the EGCG-mediated amelioration of I/R injury in diabetic rats,
which suggests that EGCG may be a promising dietary supple-
ment for the prevention of diabetic cardiomyopathy.

Introduction

Diabetic individuals are susceptible to ischemic heart disease
and sustain a more unfavorable prognosis for survival than
non-diabetic individuals, despite advancements in surgical
techniques and pharmacological therapies (1). Hyperglycemia
stimulates reactive oxygen species (ROS) production and
induces oxidative stress (2), which is greater in the presence of
diabetes mellitus following reperfusion injury, and contributes
to the exacerbation of myocardial ischemia/reperfusion (I/R)
injury (3). Furthermore, this condition has been evidenced to
cause myocardial fibrosis and impair cardiac function in the
left ventricle (LV) of diabetic rats (2). Therefore, the scavenging
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of ROS may effectively prevent the initiation or progression of
diabetic myocardial I/R injury and heart failure (2,4).

A recent finding suggests that there is a link between silent
information regulator 1 (SIRT1) and the levels of ROS (5).
As a type of histone deacetylase, SIRT1 plays a key role in a
number of cell signaling pathways and widely regulates diverse
biological processes, such as cell survival, apoptosis oxidative
stress response and aging (6,7). The activation of SIRT1 has
been shown to significantly decrease ROS levels and promote
cell survival (8). Furthermore, studies have shown that SIRT1
is an important cytoprotective and defensive cytokine against
oxidative insults and the cardiac-specific overexpression of
SIRT1 protects rats against myocardial I/R injury (9).

(-)-Epigallocatechin-3-gallate (EGCG) is a major bioac-
tive polyphenol derived from green tea that has been found
to possess potent antioxidant and free radical scavenging
properties (10-12). It has been well documented that EGCG
exerts multiple beneficial effects on cardiovascular perfor-
mance, including reducing myocardial I/R injury and
alleviating post-ischemic myocardial dysfunction in vitro
and in vivo (11,12). Recent studies have indicated that some
polyphenols reduce oxidative stress through the activation of
SIRT]I, thus resulting in the improvement of cardiac function
in diabetic cardiomyopathy (13,14). As an important poly-
phenol, EGCG may inhibit hyperglycemia-induced myocardial
I/R injury in diabetic hearts by a mechanism relative to the
altered expression of SIRT1 and its downstream target genes.

Therefore, the present study aimed to evaluate the effects
of EGCG treatment on cardiac function, myocardial apoptosis
and oxidative stress, as well as its preventive role in the progres-
sion of cardiomyocyte injury under hyperglycemic conditions,
as well as the effects of EGCG in diabetic rats subjected to
myocardial I/R injury. In addition, we aimed to elucidate the
possible mechanisms involving the altered expression of SIRT1
and its downstream target genes.

Materials and methods

Experimental animals and the induction of diabetes. All experi-
mental protocols used in this study conformed to the guidelines
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication,
revised 1996) and was approved by the Renmin Hospital of
‘Wuhan University, Wuhan, China. Adult male Sprague-Dawley
rats (weighing 270+10 g) were purchased from Beijing HFK
Bioscience Co. (Beijing, China), as previously reported (15). The
rats were allowed to acclimatize to a purified American Institute
of Nutrition (AIN-93G) diet and distilled water ad libitum in
the specific pathogen-free experimental animal facility of the
Renmin Hospital for 5 days. Following acclimatization, the rats
were randomly divided into the control group and the diabetic
group. Type 1 diabetes was induced in the rats in the diabetic
group by a single intraperitoneal injection of a freshly prepared
streptozotocin (STZ) solution (Sigma-Aldrich, St. Louis, MO,
USA) dissolved in 0.1 M citrate buffer (pH 4.5) at a dose of
65 mg/kg body weight, as previously described (15). Rats in
the control group received a single intraperitoneal injection of
citrate buffer alone as a control. Three days post-STZ injec-
tion, tail vein blood glucose levels were measured using a One
Touch Ultra Glucose meter (LifeScan, Milpitas, CA, USA) and
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rats with fasting blood glucose levels >16.7 mM were consid-
ered as diabetic (15). Body weight and serum glucose levels of
the rats were recorded at the beginning of the experiment, and
at 3 days, 6 and 8 weeks after the STZ-injection.

Animal experimental protocols. The animals were divided into
5 subgroups (n=18 for each subgroup) as follows: i) control rats
(control); ii) diabetic rats (DM); iii) diabetic rats treated with
EGCG (DM + EGCQG); iv) diabetic rats treated with EGCG
and the SIRT1 inhibitor, EX527 (Tocris Bioscience, Bristol,
UK) (DM + EGCG + EX); and v) diabetic rats treated with
EX527 (DM + EX). EGCG (=98% purity) was provided by
Zhejiang Yixin Pharmaceutical Co., Ltd. (Zhejiang, China)
(Cat no. 989-51-5). EGCG was dissolved in sterile-distilled
deionized water as a stock solution of 10 mM at -80°C until
dilution prior to use, as previously described (16,17). EGCG
was intragastrically administered to the rats for 14 consecutive
days at a dose of 100 mg/kg body weight prior to the onset
of myocardial I/R (17). EX527 was first dissolved in dimethyl
sulfoxide (DMSO) and then diluted in sterile saline (final
DMSO concentration <2%). EX527 at a dose of 5 mg/kg
was intraperitoneally injected every 2 days for 7 times prior
to myocardial I/R operation. Rats in the control group were
treated with sterile-distilled water by oral gavage (vehicle
control for EGCG). Rats in the control, DM and DM + EGCG
groups received a single injection of sterile saline with the final
DMSO concentration <2% respectively (vehicle control for
EX527). The doses and time course of the experiments used
for EGCG and EX527 in this study were based on published
studies using the same animal species (12,17-19). After the
treatment period, the diabetic and control rats were subjected
to myocardial I/R operation. In the second set of experiments,
5 similar experimental groups of rats (n=7 in each group) were
subjected to the same experimental procedures and sacrificed
at 14 days after I/R to assess myocardial fibrosis.

In vivo model of myocardial I/R injury. The animals were anes-
thetized by an intraperitoneal injection of sodium pentobarbital
(65 mg/kg body weight) and then placed on a controlled heating
pad to maintain rectal temperature at 37°C, incubated and
ventilated. The procedure for creating the myocardial I/R model
was similar to that previously described (20). Briefly, a left
thoracotomy was performed and the left anterior descending
coronary artery (LAD) was ligated with 6-0 silk suture. The
artery was occluded for 30 min by tightening the ligature.
Following 30 min of ischemia, the ligature was loosened to
allow reperfusion for 2 h.

Hemodynamic detection. Invasive hemodynamic measure-
ments were performed to evaluate I/R-induced cardiac
dysfunction. Myocardial function was intermittently monitored
at the baseline and after I/R insult. After the right common
carotid artery (CCA) was separated, a polyethylene catheter
was then advanced into the left ventricle via the incision
on the right CCA. The catheter was connected to a pres-
sure transducer (DPT-248; Yixinda, Shenzhen, China) and
cardiac functional variables were recorded using LabChart 7
software (AD Instruments, Colorado Springs, CO, USA).
Left ventricular systolic pressure (LVSP), maximum speed of
pressure development of LV (+dp/dtmax) and pressure decline
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(-dp/dtmax) were continuously monitored using an electro-
physiolograph (MH150; BioPAC, Goleta, CA, USA) at the time
of 10 min prior to ischemia (baseline) and 2 h after reperfusion.

Assessment of myocardial injury. To assess the levels of lactate
dehydrogenase (LDH), arterial blood samples were collected at
the end of reperfusion and centrifuged at 2,000 x g for 10 min
to collect serum. Levels of serum LDH were detected using a
commercial enzyme-linked immunosorbent assay (ELISA) kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer's instructions.

Determination of apoptosis and myocardial infarction. At the
end of the 2 h of reperfusion, the hearts were rapidly removed
and rinsed in ice-cold saline and then embedded in optimal
cutting temperature compound, followed by being frozen at
-80°C for cryosectioning. Myocardial apoptosis was analyzed
by terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) reaction using an in situ cell death detec-
tion kit (Roche Diagnostics GmbH, Mannheim, Germany) as
previously described (20). For each heart sample, a total of
15 random microscopy fields were selected and the index of
apoptosis was calculated as a percentage of apoptotic myocytes
to the total number of myocytes. The infarct size (IS) and area
at risk (AAR) were measured using Evans blue dye (2% EB;
Sigma-Aldrich) and 2,3,5-triphenylte trazolium chloride
(1% TTC; Sigma-Aldrich) staining. At the end of reperfusion,
the ligature around the coronary artery was retired again and
1 ml of 2% EB was injected into the aorta. The presence of
EB was used to identify the area that was not subjected to
ischemia. The rats were euthanized and the hearts were rapidly
excised and frozen at -20°C, and then sliced into 2-mm-thick
sections parallel to the atrioventricular groove using a
heart slice chamber. The slices were incubated in 1% TTC
in buffer (pH 7.4) for 15 min at 37°C. The viable tissue was
stained red by TTC, while the infarct portion not taking up
TTC stain remained pale. Morphometric measurements of the
area at AAR and IS in each slice were performed as previously
described (20). The percentage of ratios of AAR vs. LV (AAR/
LV) and IS vs. AAR (IS/AAR) were calculated.

Masson's trichrome staining. To objectively quantify the
amount of tissue fibrosis, another subset of rats (=35) were euth-
anized 14 days after I/R. Their hearts were rapidly removed and
incubated with 10% formalin overnight at room temperature
overnight, and embedded with paraffin. The hearts were sliced
horizontally to the long axis, and stained with hematoxylin and
eosin, and Masson's trichrome stain for light microscopy exam-
inations. Masson's trichrome staining was performed using a
Masson Stain kit (D026; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Digital images were obtained at
400 magnification by microscopy (Olympus, Tokyo, Japan).
Fifteen randomly selected microscopic fields from Masson's
trichrome-stained sections were analyzed. The percentage of
fibrosis was determined using ImageJ software (NIH, Bethesda,
MD, USA) to quantify blue (fibrotic) vs. non-blue (non-fibrotic)
areas.

Determination of free 15-F,-isoprostane (15-F,-IsoP) and
malonaldehyde content. Myocardial tissue from the left
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ventricular ischemic region was homogenized immediately
after reperfusion. As a specific indicator of oxidative stress, free
15-F,-IsoP in the homogenized heart tissue was determined
using commercially available kits (Cayman Chemical Co.,
Ann Arbor, MI, USA). The level of malonaldehyde (MDA)
from the homogenized heart tissue and culture mediaum were
measured using respective commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions. The results were expressed as
mg/g protein for 15-F,-IsoP and nmol/mg protein for MDA.

Cell culture and establishment of a hypoxial/reoxygen-
ation (H/R) model. Rat myocardium-derived H9c2 cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and maintained in Dulbecco's modi-
fied Eagle's medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin
at 37°C in a humidified atmosphere with 5% CO, and 95% air.
DMEM containing 30 mM glucose has been applied to simu-
late chronic hyperglycemia in cell-based studies (15). The H9c2
cells in our study were cultured in DMEM containing 5.5 mM
glucose [normal glucose (NG)] or 30 mM glucose [high
glucose (HG)]. Following exposure to normal glucose or high
glucose medium for 48 h, the cells were randomly assigned to
5 groups as follows: i) normal glucose (NG) medium + H/R;
ii) high glucose HG medium + H/R; iii) HG + EGCG + H/R;
iv) HG + EGCG + SIRT1 small interfering RNA (siRNA) + H/R;
v) HG + EGCG + scramble siRNA + H/R. The cells were
treated with EGCG and/or siRNA 24 h prior to the H/R chal-
lenge. For the induction of H/R injury, hypoxic conditions
were obtained by a three gas incubator containing 94% N, and
5% CO,. Cardiomyocytes were subjected to H/R by hypoxia for
2 h followed by 4 h of reoxygenation in all groups. EGCG was
freshly prepared as a stock solution of 10 mM by dissolving the
compound in deionized water (12) and added to culture medium
at a concentration of 20 yM prior to H/R. Scramble siRNA
or SIRT1 siRNA (sc-108043; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) were transfected into the cells 24 h prior
to H/R challenge according to the manufacturer's instructions.

Measurement of cell viability and LDH activity. After the
treatments, cell viability was assessed by using 3-[4, 5-dimeth-
ylthiazol- 2-yl]-2,5-diphenyltetrazolium bromide (MTT;
Beyotime Biotechnology Institution, Jiangsu, China) according
to the manufacturer's instructions. Cardiomyocyte injury was
assessed by measuring LDH release into the culture medium
with an LDH activity assay kit (Beyotime, Haimen, China).
The LDH concentration was measured in the medium using a
spectrophotometer set at 450 nm.

Assessment of cell apoptosis by flow cytometric analysis. After
the completion of the various treatments, the cells were collected
and resuspended in binding buffer. Following the additioin of
fluorescein isothiocyanate (FITC)-conjugated Annexin V and
propidium iodide (PI), cellular fluorescence was measured on a
FACSCalibur and data obtained was analyzed with CellQuest Pro
software (BD Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Equal amount of proteins from rat hearts
and H9c2 cell homogenate were separated by electrophoresis
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and transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Each membrane was incu-
bated overnight at 4°C with the following specific primary
antibodies: SIRT1 (Rab. sc-15404, 1:500 in blocking buffer in
TBS) and MnSOD (Rab. sc-137254, 1:500 in blocking buffer in
TBS) (all from Santa Cruz Biotechnology, Inc.). The membranes
were then incubated with secondary antibody (1:10,000;
IRDye 800CW; LI-COR Corporate, Lincoln, NE, USA) for
1 h at room temperature. Immune complexes were visualized
by fluorescence imaging scanner (LI-COR Corporate). Band
densities were quantified and calculated by Odyssey Image
Analysis software (LI-COR Corporate) and then normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
protein expression amounts were represented relative to those
of the control.

Statistical analysis. All data were expressed as the
means + SEM and analyzed using GraphPad Prism 6 statistic
software (GraphPad Software, Inc., La Jolla, CA, USA).
Differences between the groups were analyzed by using a
one-way ANOVA with Tukey's test. Unpaired two-tailed
Student's t-test was applied for the comparison between two
different groups. The changes in body weight, serum glucose
levels and systemic hemodynamics over time were analyzed
via a two-way ANOVA with Bonferroni's test. The values at
P-value <0.05 were considered statistically significant.

Results

A total of 125 rats were used in our experiments: 7 rats died
during the experimental intervention of ischemia for 30 min
(1 in the control group, 2 in the DM group, 1 in the DM + EGCG
group, 2 in the DM + EGCG + EX group, and 1 in the DM + EX
group) and 7 rats died during the experimental intervention of
reperfusion for 2 h (1 in the control group, 2 in the DM group,
1 in the DM + EGCG group, 1 in the DM + EGCG + EX group
and 2 in the DM + EX group). Right after I/R intervention,
the rats from each group were sacrificed for the experiments
of hemodynamic detection, apoptosis, infarct size, MDA
and western blot analysis. Additionally, 6 rats died during
14 days after I/R administration (2 in the DM group, one in
the DM + EGCG group, one in the DM + EGCG + EX group
and 2 in the DM + EX group). Fourteen days after I/R admin-
istration, in order to assess myocardial fibrosis, 5 surviving
rats from each group were adopted and then sacrificed for
Masson's trichrome staining (29 rats). Data were reported on
the remaining 105 rats.

Characteristics of control and diabetic rats. As shown
in Fig. 1, initial body weight and serum glucose levels
were similar between all groups (P>0.05). The diabetic
rats exhibited a marked increase in serum glucose levels
and a decrease in body weight following the induction of
diabetes (P<0.001 vs. control). EGCG and EX treatment did
significantly alter these levels in the diabetic rats, as compared
to the vehicle-treated diabetics (P>0.05).

Status of systemic hemodynamics in control and diabetic rats.
The serial changes in LV hemodynamic parameters, including
LVSP, +dp/dtmax and -dp/dtmax during the experiments, are
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Figure 1. Body weight and serum glucose concentrations in control and dia-
betic rats. (A) Serum glucose concentrations and (B) body weights in control
and streptozotocin-induced diabetic rats that were treated with or without
(-)-epigallocatechin gallate (EGCG). Values are the means + SEM, n=18.
“P<0.05 vs. control group.

shown in Fig. 2. At baseline, the LVSP, +dP/dtmax and -dP/
dtmax in all diabetic groups were lower than those in the
control group (all P<0.05) (Fig. 2). There were no LV function
differences between the diabetic groups at baseline (P>0.05).
At the time point of 130, R60 min and R120 min, a significant
increase in LVSP, +dP/dtmax and -dP/dtmax was observed
in the DM + EGCG group (P<0.05), as compared to the DM
group, although the respective values were still lower than
those in the control group (P<0.05). However, the improve-
ments in LV function induced by EGCG were not observed in
the DM + EGCG + EX group (P<0.05).

Myocardial infarct size, cardiomyocyte apoptosis and serum
LDH level in control and diabetic rats. Compared with the
control group, the infarct size, cardiomyocyte apoptosis and
serum LDH levels significantly increased in the DM group (all
P<0.05) (Figs. 3 and 4), whereas the EGCG administration
significantly decreased the infarct size (Fig. 3A and B), cardio-
myocyte apoptosis (Fig. 3C) and serum LDH levels (Fig. 4A)
by 17.8, 22.7 and 27.7%, respectively (all P<0.05). However,
the protective effects of EGCG were abolished by concomitant
treatment with EGCG and EX527, with the infarct size, rate
of apoptosis and serum LDH levels increasing by 25.6, 30.5
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Figure 2. (-)-Epigallocatechin gallate (EGCG) treatment alleviates cardiac
dysfunction following ischemia/reperfusion (I/R) injury in diabetic rats.
(A) Left ventricular systolic pressure (LVSP). (B) Maximum speed of pres-
sure development in LV (+dp/dtmax). (C) Maximum speed of pressure
decline (-dp/dtmax). Values are the means + SEM, n=6. "P<0.05 vs. control
group; "P<0.05 vs. DM + EGCG group.

and 38.9%, respectively (all P<0.05), compared to the diabetic
group treated with EGCG alone (Figs. 3 and 4).

Myocardial 15-F,, formation and MDA levels in control and
diabetic rats. Following 2 h of reperfusion, 15-F,, formation
and MDA levels in the diabetic rats were higher than those
in the control group (152.6 and 165.8%, respectively, both
P<0.05) (Fig. 4B and C). However, EGCG treatment reduced
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Figure 3. (-)-Epigallocatechin gallate (EGCG) treatment decreases infarct size,
cardiomyocyte apoptotic index following ischemia/reperfusion (I/R) injury in
diabetic rats. (A) Top panel: the blue-stained areas in representative images of
heart sections indicate non-ischemic tissue, red-stained areas represent the area
at risk and negative-stained areas indicat infarct areas. Bottom panel: images
of the apoptotic myocytes are shown by TUNEL staining; green fluorescence
shows TUNEL-positive nuclei; blue fluorescence shows nuclei of total cardio-
myocytes. Images are at x400 magnification; a total of 15 fields/heart were
selected. (B) Myocardial infarct size was expressed as a percentage of the area
at risk (AAR) (n=6); (C) Apoptotic index was expressed as a percentage of
TUNEL-positive cells (n=6). Values are the means + SEM. "P<0.05 vs. control
group; *P<0.05 vs. DM group; *P<0.05 vs. DM + EGCG group.

15-F,, and MDA formation by 21.4 and 24.9% in the diabetic
rats following myocardial I/R injury, compared to those in
the DM group (P<0.05); these effects were abrogated by the
administration of EX527 (Fig. 4B and C).

Protein expression of SIRTI and MnSOD in control and
diabetic rats. As shown in Fig. 5, STZ-induced diabetes reduced
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Figure 4. (-)-Epigallocatechin gallate (EGCG) treatment decreases serum
lactate dehydrogenase (LDH), cardiac malonaldehyde (MDA) content and
15-F,-isoprostane formation following ischemia/reperfusion (I/R) injury in
diabetic rats. (A) Serum LDH level, (B) the level of 15-F,-isoprostane and
(C) MDA contents in cardiomyocytes were compared among different groups
(n=6). Values are the means + SEM. "P<0.05 vs. control group; “P<0.05 vs. DM
group; *P<0.05 vs. DM + EGCG group.

the expression of SIRT1 protein in the DM group (P<0.05),
compared with the age-matched control group following I/R
injury, whereas EGCG pre-treatment significantly increased
SIRT1 expression compared to the DM group (P<0.05) (Fig.5A).
EGCG did not promote the increased expression of SIRT1 in the
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Figure 5. (-)-Epigallocatechin gallate (EGCG) treatment increases the protein
expression of silent information regulator 1 (SIRT1) and manganese superoxide
dismutase (MnSOD) in the hearts of diabetic rats after ischemia/reperfu-
sion (I/R) injury. (A) Top panel: representative western blot analysis of SIRT1
protein; Bottom panel: quantification of western blot data from (A) top. (B) Top
panel: representative western blots of MnSOD protein; bottom panel: quanti-
fication of western blot data from (B) top. Values are the means + SEM, n=6.
“P<0.05 vs. control group; *P<0.05 vs. DM group; *P<0.05 vs. DM + EGCG

group.

diabetic rats in the presence of EX527 pre-treatment (P>0.05),
compared with the DM + EGCG group (Fig. 5A). Additionally,
a higher level of MnSOD expression was also found in the
EGCG pre-treatment group, but the increment was abolished
by EX527 intervention (P<0.05), compared to the DM + EGCG

group (Fig. 5).

Effect of EGCG on cardiac fibrosis in diabetic rats. Quantitative
analysis of the fibrotic region of the LV myocardium indicated
an increased level of interstitial fibrosis in the hearts of the rats
with STZ-induced diabetes after I/R injury compared to the
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Figure 6. (-)-Epigallocatechin gallate (EGCG) treatment reduces the extent of cardiac fibrosis in the diabetic rats following ischemia/reperfusion (I/R) injury.
(A) Masson trichrome-stained sections of left ventricles. (B) Quantification of cardiac fibrosis area from Masson trichrome-stained sections. Values are the
means = SEM. n=5. "P<0.05 vs. control group; “P<0.05 vs. DM group; *P<0.05 vs. DM + EGCG group.

control (P<0.05) (Fig. 6). However, EGCG treatment signifi-
cantly reduced the extent of cardiac fibrosis compared with
the diabetic rats (P<0.05). Additionally, the EGCG-induced
reduction of cardiac fibrosis was abolished by co-treatment
with EX527 in the diabetic rats (P<0.05).

Cellular apotosis, cell viability, LDH activity and MDA
levels in H/R-injured H9c2 cardiomyocytes. H/R caused a
marked increase in the apoptosis of the HOC2 cells compared
to the normoxia groups (P<0.05) (Fig. 7). Exposure to
HG + H/R induced an increase in the apoptotic index (P<0.05,
HG + H/R vs. NG + H/R group) and the administration of
EGCG attenuated these changes (HG + EGCG vs. HG + H/R
group). HG sensitized the cardiomyocytes to H/R injury, which
was manifested as reduced cardiomyocyte viability (Fig. 8A),
and increased LDH (Fig. 8B) and MDA leels (Fig. 8C) (all
P<0.05 vs. NG + H/R group).

To confirm the role of SIRT1 in EGCG-mediated cellular
protection and to explore the signaling pathway involved, we
employed SIRT1 siRNA to specifically knockdown SIRT1
expression in H9¢c2 cells. Pre-treatment with EGCG markedly
decreased the apoptosis to 25.5% and increased cell viability by
24.1% following H/R (P<0.05), compared with the HG + H/R
group (Fig. 7). In addition, EGCG pre-treatment significantly
reduced LDH activity and MDA formation by 16.7 and
23.6%, respectively in the H/R-injured H9c2 cardiomyo-
cytes (P<0.05),compared to the HG + H/R group (Fig. 8B and C).
However, the protective effects of EGCG pre-treatment
were abrogated by transfection with SIRT1 siRNA (P<0.05),
compared to EGCG treatment alone (Fig. 8).

Protein expression of SIRTI and MnSOD in H9c2 cardio-
myocytes subjected to H/R injury. HG markedly decreased
SIRT1 protein expression compared to that in the NG + H/R
group (P<0.05) (Fig. 9). However, EGCG pre-treatment
significantly increased the protein expression of SIRT1 and
MnSOD (all P<0.05), compared to the HG group (Fig. 10).
Moreover, the effect of EGCG pre-treatment on the expres-
sion of these proteins was abolished by transfection with
SIRT1 siRNA (all P<0.05), compared with EGCG pre-treat-
ment alone (Fig. 10).

Discussion

This study provided evidence that rats with STZ-induced
diabetes exhibited enhanced cardiac dysfunction, an increased
myocardial infarct size, myocardial apoptosis and elevated
oxidative stress, as well as cardiac fibrosis when they were
subjected to myocardial I/R injury. However, these unfavor-
able outcomes were attenuated by EGCG administration.
Additionally, HG aggravated cardiomyocyte apoptosis, reduced
cellular viability and increased the oxidative stress induced by
H/R injury in H9¢2 cells, whereas EGCG protected the cardio-
myocytes against H/R impairment.

EGCG, as a polyphenol, possesses various pharmacological
and biological properties and potentially exerts protective
effects on the cardiovascular system (21). Previous studies have
illustrated that EGCG alleviates myocardical I/R injury in non-
diabetic rat hearts (22-25). However, these researchers have
stated that further studies need to be performed using animal
models of human disease such as diabetes, hypertension and
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Figure 7. (-)-Epigallocatechin gallate (EGCG) treatment decreases cellular apoptosis. (A) Evaluation of cardiomyocyte apoptosis by flow cytometric analysis.
(B) Quantification of cardiomyocyte apoptosis. Values are the means + SEM, n=6. "P<0.05 vs. normal glucose (NG) + normaxia group; “P<0.05 vs. high glucose
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Figure 8. (-)-Epigallocatechin gallate (EGCG) treatment decreases lactate dehydrogenase (LDH) activity as well as malonaldehyde (MDA) levels and increases cell
viability in hypoxia/reoxygenation (H/R)-injured H9¢c2 cardiomyocytes. (A) Relative cell viability in cardiomyocytes. (B) LDH activity in culture medium. (C) MDA
production in the culture medium. Values are the means + SEM, n=6. "P<0.05 vs. normal glucose (NG) + H/R group; “P<0.05 vs. high glucose (HG) + H/R group;
$P<0.05 vs. HG + EGCG + H/R group.
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Figure 9. Silent information regulator 1 (SIRT1) protein expression in high
glucose (HG) group and normal glucose (NG) group. (A) Representative
western blots of SIRT1 protein in HG group and NG group; (B) Quantification
of western blot data from (A). Values are the means = SEM, n=6.
“P<0.05 vs. NG + hypoxia/reoxygenation (H/R) group.

aging (22-26). Thus, the present study was conducted to further
investigate the effect of EGCG on diabetic cardiomyopathy
during myocardial I/R injury.

In the present study, all rats were fed with the AIN-93 diet
without phytochemicals. The dosage of EGCG was determined
based on a human dietary survey and animal studies 5 mg/(kg
body weight/day) of EGCG administration in rats has been
extrapolated from a human study based on the average daily
EGCG intake (27). However, most studies adopted EGCG to
investigate its preventive and therapeutic effects on cardiovas-
cular diseases in animal models ranging from 25 to 460 mg/kg
body weight/day (17,19,28-30). The hepatotoxic effects of EGCG
were observed when the daily oral dose was 1,500 mg/kg in
mice (31), but there are no reports showing that daily EGCG
intake at the dose less than 460 mg/kg body weight/day causes
toxicity in rats. Based on the above evidence and our previous
studies, we used 100 mg/kg body weight/day of EGCG in the
present study.

There is substantial evidence to indicate that H9c2
cardiomyocytes cultured under HG can be used to explore
the pathophysiology of diabetes (32,33). The dose of EGCG
that previous studies commonly adopted in H9¢2 cells ranged
from 5 to 50 uM (12,36,40). Although EGCG is poorly
absorbed and its concentration in animal blood is lower than
the dose (20 uM) we adopted in the present study in vitro,
Lambert et al observed that EGCG treatment at doses ranging
from 20 to 600 M resulted in a linear increase in the cytosolic
concentration of EGCG in human colon cancer cells (16). In
fact, the beneficial effects of EGCG depend on the long-term
cumulative action in the body (16). The protective effects of
EGCG shown in the present study may not be observed in vitro
experiments for such a short period of pre-treatment (24 h) if
we use the subnanomolar concentration which is detectable in
animal blood after absorption.
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Figure 10. (-)-Epigallocatechin gallate (EGCG) pre-treatment enhances the
protein expression of SIRT1 and manganese superoxide dismutase (MnSOD)
in H9¢2 cardiomyocytes subjected to hypoxia/reoxygenation (H/R)-injury.
(A) Top panel: representative western blots of SIRT1 protein under the treat-
ment of high glucose (HG), EGCG and/or SIRT1 siRNA. Bottom panel:
quantification of western blot data from (A) top. (B) Top panel: representa-
tive western blots of MnSOD protein under the treatment of HG, EGCG
and/or SIRT1 siRNA. Bottom panel: quantification of western blot data
from (B) top. Values are the means + SEM, n=6. "P<0.05 vs. HG + H/R group;
#P<0.05 vs. HG + EGCG + H/R group; *P<0.05 vs. HG + EGCG + H/R + SI
RT1 siRNA group.

It has previously been demonstrated that the myocardial
protective effects of EGCG are primary related to its antioxi-
dant properties (36). The intragastrical administration of EGCG
was found to inhibit oxidative stress in rodent hearts (37).
Hsieh et al also found that EGCG pre-treatment for 30 min
protected H9¢2 cells from H,0,-induced oxidative stress (12).
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Similarly, we found that EGCG treatment reduced oxidative
stress either in the hearts of the diabetic rats or in cardiomyo-
cytes under hyperglycemic conditions after I/R injury.

It has been established that experimental diabetes aggra-
vates LV dysfunction under conditions of I/R injury, as usually
observed under clinical conditions. Hyperglycemia worsens
cardiac performance and cell survival following myocardial
I/R injury via increased oxidative stress (36). Our data also indi-
cated that the levels of oxidative damage indicators (15-F,, and
MDA) were increased and cardiac dysfunction was manifested
as adecrease in LVSP, +dP/dtmax and -dP/dtmax in I/R-injured
diabetic rats, which is similar to the finding by Xu ez al that rats
with STZ-induced diabetes at at 8 weeks exhibited progres-
sive abnormal cardiac systolic and diastolic function (2).
Additionally, we also observed that EGCG improved cardiac
performance, which was manifested as augmented LVSP, +dP/
dtmax and -dP/dtmax.

Oxidative stress injury induced by the accumulation of ROS
in diabetic hearts plays an important role in cardiac fibrosis (38).
Our data demonstrated that oxidative damage indicators (15-F,,
and MDA) and fibrosis were increased in diabetic rats after
myocardial I/R injury, which was also in agreement with
the findings of previous studies indicating that diabetes was
associated with enhanced cardiac fibrosis after myocardial
I/R injury (34,35,39), which led to increased LV stiffness and
decreased ventricular wall compliance, resulting in both systolic
and diastolic dysfunction (34,35). However, in the present study,
EGCQG pre-treatment reduced I/R injury-induced fibrosis in
diabetic rats and attenuated adverse LV remodeling.

It has been reported that as a member of histone deacety-
lases 111, SIRT1 plays a key role in cardioprotective effects
during myocardial I/R injury (9,33). These effects are mediated
via the deacetylation of transcription factors and thye upregu-
lation of antioxidant enzymes and other downstream gene
targets (9,29). Diabetic hearts are resistant to the myocardial
infarct-limiting effects of ischemic preconditioning, accom-
panied with a marked inhibition of SIRT1 activity (7). These
pathological alterations may diminish the ability of the heart
to resist I/R injury. In the present study, we also observed
that SIRT1 expression in the I/R-injured diabetic rats was m
markedly decreased compared to the normal rats, which paral-
leled with increased myocardial apoptosis, elevated oxidative
stress and myocardial dysfunction in diabetic rats. Moreover,
the decrement of SIRT1 triggered ROS generation and the
impaired ROS clearance may thus aggravate diabetic myocar-
dial I/R injury (41).

Although EGCG improves age-associated inflammation
and oxidative stress in the liver by activating SIRT1 in healthy
rats (42), few studies have examined the role of SIRT1 in regu-
lating the effects of EGCG in ameliorating cardiac dysfunction,
attenuating cardiomyocyte apoptosis and alleviating oxidative
stress after myocardial I/R injury in diabetes. In the present
study, we found that SIRT1 expression was significantly
reduced in the hearts of diabetic rats and in H9c2 cells under
hyperglycemic conditions subjected to I/R injury. Moreover,
EGCG upregulated the protein expression of SIRT1, and it
improved cardiac dysfunction, ameliorated cardiomyocyte
apoptosis and attenuated oxidative stress injury in cardiomyo-
cytes of diabetic rats and in H9¢c2 cells after I/R injury under
hyperglycemic conditions.
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It has been demonstrated that SIRT1 can mediate protective
effects against oxidative stress through the regulation of anti-
oxidant genes, such as MnSOD (43). Likewise, we found that
the EGCG-induced upregulation of SIRT1 protein expression
also paralleled with an increase in MnSOD protein expres-
sion in diabetic cardiomyocytes in the setting of I/R injury.
Moreover, the effects of EGCG on the protein expression of
MnSOD were abolished by SIRT1 inhibitor, EX527, in vivo and
SIRT1 siRNA in vitro. Therefore, EGCG may exert protective
effects on diabetic hearts subjected to myocardial I/R injury
by stimulating the SIRT1 signal. However, the precise role of
SIRT1 in the EGCG-conferred cardioprotective effects under a
diabetic state needs to be confirmed by further studies.

In conclusion, the present study demonstrated that EGCG
attenuated cardiac dysfunction, reduced myocardial infarct size
and cardiac fibrosis, and decreased myocardial apoptosis and
oxidative stress by stimulating the SIRT1 signaling pathway in
diabetic rats and in H9¢2 cells under hyperglycemic conditions
when they were subjected to myocardial I/R injury. This suggests
that EGCG may be a promising dietary supplementation for the
attenuation or prevention of diabetic cardiomyopathy.
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