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Epigallocatechin gallate exerts protective effects against
myocardial ischemia/reperfusion injury through the
PI3K/Akt pathway-mediated inhibition of apoptosis

and the restoration of the autophagic flux
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Abstract. Epigallocatechin gallate (EGCG), a polyphenol
derived from green tea, exhibits a wide range of biological
activities, including antioxidant, atherosclerosis and antitumor
activities. In this study, the cardioprotective effects of EGCG
on myocardial ischemia/reperfusion (I/R) injury in rats and
the underlying mechanisms were investigated. A rat model
of I/R injury was established by ligating the left anterior
descending coronary artery for 30 min, followed by reperfusion
for 2 h. The levels of I/R-induced creatine kinase-MB (CK-MB)
and the release of lactate dehydrogenase (LDH), as well as the
infarct size, cardiomyocyte apoptosis and cardiac functional
impairment were examined and compared. Western blot
analysis was carried out to elucidate the potential molecular
mechanisms of action of EGCG. The results revealed that
EGCG post-conditioning significantly decreased the levels of
CK-MB and the release of LDH, reduced the myocardial infarct
size, decreased the apoptotic rate and partially preserved heart
function. Furthermore, EGCG decreased the expression of
cleaved caspase-3 concomitantly with the upregulation of PI3K,
and the phosphorylation of Akt and endothelial nitric oxide
synthase (eNOS). It also inhibited I/R-induced overautophagy
and promoted the clearance of autophagosomes, as evidenced
by a decrease in the ratio of microtubule-associated protein 1
light chain 3 (LC3)-1I/LC3-I, the downregulation of Beclinl,
Atg5 and p62, and the upregulation of active cathepsin D.
Additionally, we observed an increase in the phosphorylation
levels of the mammalian target of rapamycin (mMTOR) following
treatment with EGCG. Taken together, the findings of this
study demonstrate that, EGCG post-conditioning alleviates
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myocardial I/R injury by inhibiting apoptosis and restoring the
autophagic flux, which is associated with several targets of the
PI3K/Akt signaling pathway.

Introduction

Myocardial infarction (MI) is a major cause of morbidity and
mortality worldwide in patients with coronary heart disease (1).
Early reperfusion of the ischemic region by thrombolysis
or primary percutaneous coronary intervention, although
effective for salvaging the damaged myocardium, can lead
to further injury, such as cardiomyocyte death and cardiac
dysfunction, which is known as myocardial ischemia/reperfu-
sion (I/R) injury (2). Hence, to improve clinical outcomes in
acute M1, it is of pivotal importance to explore the safe and
effective therapeutic intervention for mitigating I/R injury.

It is well established that apoptosis, a main type of
programmed cell death, plays an important role in the pathogen-
esis of myocardial I/R injury (3). Caspases are key molecules
involved in signaling cascades of programmed cell death, in
which caspase-3 has been recognized as an important initiator
and promoter of apoptosis (3). Among the key survival signaling
transduction pathways, the phosphoinositide 3-kinase/serine/
threonine protein kinase (PI3K/Akt) pathway plays an impor-
tant role in myocardial I/R injury, and is also essential for the
regulation of proliferation, differentiation and apoptosis (4).
PI3K-activated Akt can regulate pro-apoptotic proteins and
transcription factors, and can activate endothelial nitric oxide
synthase (eNOS) to produce nitric oxide (NO), thereby promoting
cell survival and protecting the heart against I/R injury (5).

Autophagy, responsible for the degradation and recy-
cling of cellular components, is also activated in response to
myocardial I/R injury. Research has shown that autophagy is
a ‘double-edged sword’ in I/R: a slight increase in autophagy
during ischemia inhibits apoptosis and promotes cell survival;
however, an abnormal increase in autophagy during the reper-
fusion period aggravates myocardial injury (6). Autophagy is
a dynamic process involving the segregation of cargo within
double membrane-bound autophagosomes that fuse with and
are degraded in lysosomes (7). The above process is termed
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the autophagic flux. Recent evidence has indicated that the
impairment of the autophagic flux leads to the progressive
consumption of cellular constituents and subsequently, to cell
death in myocardial I/R injury (8). The kinase mammalian
target of rapamycin (mTOR) is a key regulator of autophagy,
the activity of which is enhanced by factors that activate the
PI3K/Akt pathway (9).

Green tea [Camellia sinensis L. Ktze. (Theaceae)] is an
extremely popular beverage that originated in China several thou-
sands of years ago. An expanding body of evidence suggests that
the consumption of green tea has several health benefits; namely,
it is known to prevent or ameliorate various diseases, such as
obesity, autoimmune disorders and certain types of cancer, as well
as neurodegenerative and cardiovascular diseases (10,11). These
effects of green tea are mediated by its polyphenols known as
catechins. Epigallocatechin gallate (EGCG) is the most abundant
catechin found in green tea that has been shown to have antioxi-
dant, anti-inflammatory, anti-mutagenic, anti-proliferative and
anti-apoptotic effects in a variety of experimental models (12). It
has been reported that EGCG has a beneficial effect on coronary
artery disease (13). Previous studies have demonstrated that
EGCG protects cardiomyocytes from I/R-induced apoptosis
through the inhibition of signal transducer and activator of
transcription (STAT)1 phosphorylation, the decrease of nuclear
factor-xB (NF-«xB) and activator protein 1 expression, as well as
the activation of the reperfusion injury salvage kinase (RISK)
pathway (14-17). However, the mechanism responsible for the
healing effects of EGCG during myocardial I/R injury have not
been completely defined. In particular, the association between
the autophagic flux and the therapeutic effects of EGCG in
myocardial diseases have not been previously investigated, at
least to the best of our knowledge.

Therefore, the aim of the present study was to investigate
whether EGCG mitigates myocardial I/R injury and to further
identify the potential mechanisms involved. It was hypoth-
esized that the influence of the downstream targets of the PI3K/
Akt pathway activated by EGCG may suppress apoptosis and
restore the autophagic flux, which may contribute to the cardio-
protective effects of EGCG against I/R injury.

Materials and methods

Animals and experimental conditions. The experimental
procedures and protocols used in this study were approved by
the Ethics Committee for the Experimental Use of Animals
at Guangxi Medical University (Guangxi, China) on June 18,
2015 (no. 20150618-08) and carried out in accordance with
their guidelines. A total of 24 male Sprague-Dawley rats with
a body weight of 250-280 g were obtained from the Guangxi
Medical University Laboratory Animal Center. The rats were
housed under standard conditions (20-25°C, 50-60% humidity,
with a 12 h light-dark cycle) and were given standard rodent
chow and free access to water.

Drugs and reagents. EGCG (Fig. 1; purity, 295%) was obtained
from Sigma-Aldrich Inc. (St. Louis, MO, USA) and diluted with
saline to an appropriate concentration as needed. The creatine
kinase-MB (CK-MB), lactate dehydrogenase (LDH) and NO
detection kits were obtained from the Jiancheng Bioengineering
Institute (Nanjing, China). A terminal deoxynucleotidyl
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transferase-mediated dUTP nick-end labeling (TUNEL)
apoptosis detection kit was purchased from Roche Diagnostics
(Mannheim, Germany). Antibodies recognizing PI3K (p110a;
#13364), Akt (#9272), phosphorylated (p)-Akt (Serd73; #9271),
eNOS (#9572), p-eNOS (Serl1177; #9571), mTOR (#2983),
p-mTOR (Ser2448; #5536), cleaved caspase-3 (#9661),
caspase-3 (#9662), light chain 3 (LC3; #3868), Beclinl (#3495),
Atg5 (#12994) and p62 (#5114) were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Casthepsin D
antibody (sc-10725) was purchased from Santa Cruz Biotechno
logy, Inc. (Santa Cruz, CA, USA).

Experimental design. The rats were randomly assigned into
3 groups (n=8/group): i) the sham-operated group, in which the
rats were subjected to surgical manipulation without ligation
of the left anterior descending (LAD) coronary artery; ii) the
I/R group, in which the rats were subjected to ligation of the
LAD artery for 30 min followed by reperfusion for 2 h to induce
I/R injury; iii) the I/R + EGCG group, in which the rats were
subjected to I/R injury and administered EGCG (10 mg/kg in
saline) via a sublingual intravenous injection 10 min prior to
the onset of reperfusion. The rats in the sham-operated and
I/R model groups were administered an identical dose of normal
saline to serve as a control.

General surgical procedure. The rats were anesthetized with
20% ethyl carbamate (5 ml/kg) and placed in the supine posi-
tion. The chest was opened through the fourth intercostal
space, and the ribs were gently retracted to expose the heart.
After cutting the pericardium, the LAD coronary artery was
positioned between the left atrial appendage and the pulmo-
nary conus. A 6-0 silk suture was passed around the LAD
artery, and the ends were pulled through a small vinyl tube to
form a snare and then tightened. Oxygen was supplied through
the trachea using an animal ventilator (respiration rate 70/
min; respiration-to-expiration ratio, 1:2; tidal volume, 50 ml/
kg). Myocardial ischemia for 30 min was confirmed by the
visual inspection of regional cyanosis of the myocardium and
ST-segment elevation on an electrocardiogram. Reperfusion for
2 h was initiated by releasing the ligation of the LAD artery
and confirmed by a color change in the ventricular surface from
cyanosis to hyperemia, as previously described (18).

Assessment of cardiac function. 1/R-induced cardiac
dysfunction was determined by invasive hemodynamic evalu-
ation methods. A micro-catheter connected to the MS 4000
organism signal quantitative analytical system (Longfeida
Technology Co., Ltd., Shandong, China) was inserted into the
left ventricle through the right common carotid artery to record
left ventricular systolic pressure (LVSP), left ventricular end-
diastolic pressure (LVEDP) and maximum rise/down velocity
of left intraventricular pressure (xdp/dt,,,,) at baseline, at 30 min
of ischemia, and after 30, 60, 90 and 120 min of reperfusion.

Determination of infarct size. The myocardial infarct size was
measured using 2,3,5-triphenyltetrazolium chloride (TTC)
staining as previously described (19). Briefly, the hearts were
harvested and rinsed with normal saline. The excised left
ventricle was frozen at -80°C for 5 min, and then sectioned
from apex to base into approximately 2-mm-thick slices. The
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Figure 1. Chemical structure of epigallocatechin gallate (EGCG).

slices were incubated in a solution of 1% TTC in phosphate
buffered saline (pH 7.4) at 37°C for 20 min in the dark, and then
fixed in 10% formaldehyde. The slices were photographed the
following day by a digital camera (Nikon, Tokyo, Japan). The
infarcted (TTC non-stained) area was isolated from the rest of
the cardiac tissue, which was stained red by TTC. The infarcted
and normal tissues were separately weighed and the infarct size
was expressed as a percentage of the mass of the left ventricle.

Measurement of cardiac enzyme levels and NO content. Blood
samples were collected from the carotid artery following reper-
fusion, and the serum was immediately separated from the blood
samples by centrifugation at 3,000 rpm for 10 min. The levels
of CK-MB and LDH content were evaluated by a colorimetric
method using commercial kits (Jiancheng Bioengineering
Institute) according to the manufacturer's instructions, and the
absorbance was measured spectrophotometrically at a wave-
length of 340 nm and 490 nm, respectively. Due to its instability
in physiological solutions, most of the NO is rapidly converted
into nitrite (NO?) and further into nitrate (NO*). The serum
levels of NO*/NO** were measured using a NO detection kit
according to the manufacturer's instructions. Briefly, nitrate was
converted into nitrite using Aspergillus nitrite reductase, and the
total nitrite level was measured using Griess reagent. The absor-
bance was determined at 540 nm using a spectrophotometer.

TUNEL assay. Cardiomyocyte apoptosis was determined using
an In Situ Cell Death Detection kit, POD (Roche Diagnostics).
TUNEL staining was used to quantify apoptotic cell nuclei
as previously described (20). Briefly, tissue sections were
washed in phosphate-buffered saline (PBS) and then fixed in
a 4% paraformaldehyde solution prior to incubation in 20 ug/
ml proteinase K for 15 min. After washing with PBS, the tissue
sections were immersed in the TUNEL reaction mixture for 1 h
at 37°C in a humid chamber. The reaction was terminated by
transferring the slides to a 2X sodium citrate saline solution.
Endogenous peroxidase activity was quenched by incubation
in 0.3% hydrogen peroxide. Finally, streptavidin horseradish
peroxidase was bound to the biotinylated nucleotides and the
peroxidase activity was visualized in each section by the applica-
tion of the stable chromogen, diaminobenzidine. In this method,
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the apoptotic nuclei were stained dark brown. Normal nuclei
were stained blue with hematoxylin. The results were scored
semi-quantitatively by averaging the number of apoptotic cells/
field at x400 magnification. Five fields were evaluated per tissue
sample, and cardiomyocyte apoptosis was represented as the
apoptotic index (Al) calculated as follows: Al = the number of
TUNEL-positive cells/the total number of cells counted x100.

Western blot analysis. At the end of reperfusion, a section of
approximately 70 mg of myocardial tissue was taken from the
infarct area of the left ventricle. Following homogenization
and protein quantification, equal amounts of protein from each
sample were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and then transferred
onto polyvinylidene difluoride (PVDF)-plus membranes. After
blocking with 5% bovine serum albumin (BSA), the membranes
were incubated overnight at 4°C with the following primary anti-
bodies: PI3K (1:1,000), Akt (1:2,000), p-Akt (Serd73, 1:1,000),
p-eNOS (Ser1177, 1:1,000), p-mTOR (Ser2448, 1:1,000),
Atg5(1:1,000),Beclinl (1:1,000),LC3 (1:1,000),p62 (1:1,000) and
cathepsin D (1:500). The membranes were then washed 3 times in
Tris-buffered saline with 0.1% Tween-20 (TBST) and incubated
with the corresponding secondary antibody (anti-rabbit IgG,
HRP-linked; #7074; 1:5,000; Cell Signaling Technology, Inc.)
conjugated to horseradish peroxidase at room temperature for
2 h. Finally, the membranes were washed 3 times in TBST.
Relative densitometry was performed using a computerized
software package (NIH Image 1.63 software).

Statistical analysis. Each sample was assayed in triplicate.
The results were averaged and expressed as the means + SD
and data were evaluated using the Sigma Stat (version 21.0)
statistical analysis program (SPSS Inc., Chicago, IL, USA). A
one-way analysis of variance followed by Bonferroni's multiple
comparison test was used for statistical analysis. P-values <0.05
were considered to indicate statistically significant differences.

Results

EGCG promotes recovery following I/R-induced cardiac
dysfunction. No significant differences in cardiac performance
were observed among the different groups prior to ischemia.
During the occlusion and reperfusion process, myocardial
I/R led to left ventricular dysfunction characterized by a
significant increase in LVEDP, and a decrease in LVSP, +dp/
dt,.. and -dp/dt,,,, (P<0.05 or P<0.01). As expected, treatment
with EGCG preserved cardiac function by decreasing LVEDP,
and increasing LVSP, +dp/dt,,,, and -dp/dt,,, (P<0.05 or
P<0.01) (Fig. 2 and Table I).

EGCG decreases the levels of myocardial enzyme and
increases the NO content. To further evaluate and validate the
protective function of EGCG during I/R injury, we measured
the levels of myocardial enzymes (CK-MB and LDH) in
serum (Fig. 3A and B). We found that while the I/R rats exhibited
a significant increase in CK-MB and LDH levels compared with
the sham-operated group (P<0.05), the increase in these levels
was significantly abrogated in the I/R + EGCG group (P<0.05).
In addition, compared with the I/R group, the NO content in the
I/R + EGCG group was markedly elevated (P<0.05; Fig. 3C).
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Table I. Effects of EGCG on hemodynamics in a rat model of I/R injury.
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Time LVEDP +dp/dt ., -dp/dt,
Group (mmHg) LVSP (mmHg) (mmHg/sec) (mmHg/sec)
Sham-operated Baseline 140.10+2.87 1.64+0.21 5529.20+320.59 3731.60+283.00
130 min 131.68+2.26 1.82+0.22 5395.80+309.77 3667.80+£333.64
R 30 min 140.48+2.74 1.88+0.23 5514.20+£211.44 3557.20+£340.45
R 60 min 139.98+2.11 1.80+£0.22 5470.60+282.39 3586.00+252.16
R 90 min 140.54+3.62 1.95+0.35 5469.60+329.24 3840.20+320.00
R 120 min 140.14+2 .54 2.00+0.30 5512.60+217.01 3543.00+£363 .41
I/R Baseline 139.24+1.96 1.74+0.21 5547 .2+377.60 3861.60+342.25
130 min 134.02+2 40* 2.72+0.36° 4465.00+£329.12° 3014.00+£296.94*
R 30 min 127.18+2.40° 3.18+0.38° 3861.80+286.29° 2475.00+280.36°
R 60 min 124.46+3.25° 3.72+0.48° 3593.20+376.92° 2310.40+334.27°
R 90 min 121.58+2.67° 3.90+0.55° 3230.60+284 41° 2027.80+316.04°
R 120 min 117.00+2.97° 4.32+0.40° 3019.60+253.87° 1915.00+240.77°
I/R + EGCG Baseline 140.20+1.75 1.72+0.23 5511.80+381.23 3814.20+263.84
130 min 136.40+2.04 2.28+0.24 4921.80+263.34¢ 3333.40+365.40¢
R 30 min 134.10+1.62¢ 2.48+0.34¢ 4643.20+319.91¢ 3082.40+£313.37¢
R 60 min 132.68+3.23¢ 2.60+0.25¢ 4523.20+283.33¢ 2871.80+£274.12°
R 90 min 132.00+2.45¢ 2.78+0.22¢ 4435.20+345.67¢ 2758.00+£198.41¢
R 120 min 131.02+1.83¢ 2.86+0.32¢ 4249.00+266.26° 2708.00+303.62¢

The data are presented as the means = SD (n=8 rats per group). *P<0.05 and *P<0.01 vs. sham-operated group; °P<0.05 and “P<0.01 vs. I/R group.
LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; +dp/dt,,,, maximum rise/down velocity of left intraven-
tricular pressure. I/R, ischemia/reperfusion; EGCG, epigallocatechin gallate.
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Figure 2. Effects of epigallocatechin gallate (EGCG) on left ventricular function during myocardial ischemia/reperfusion (I/R) in rats. (A) Left ventricular
systolic pressure (LVSP). (B) Left ventricular end-diastolic pressure (LVEDP). (C) +dp/dt,,,,. (D) -dp/dt,,,. Sham, sham-operated.

enlarged in the I/R group in comparison with the sham-oper-
ated group (P<0.01; Fig. 4). However, EGCG post-conditioning

EGCG reduces the infarct size and prevents cardiomyocyte
apoptosis following I/R injury. The myocardial infarct size was
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Figure 3. Effects of epigallocatechin gallate (EGCG) on the serum levels of (A) creatine kinase-MB (CK-MB), (B) lactate dehydrogenase (LDH) and (C) nitric
oxide (NO). The data are presented as the means + SD (n=8 rats per group). ‘P<0.05 vs. sham-operated (sham) group; “P<0.05 vs. I/R group.
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Figure 4. Effects of epigallocatechin gallate (EGCG) on the myocardial infarct
size in rats subjected to ischemia/reperfusion (I/R) injury. (A) Representative
images of TTC-stained sections. (B) Myocardial infarct size is expressed as
the percentage of the total left ventricle volume. The data are presented as the
means = SD (n=8 rats per group). “P<0.01 vs. sham-operated (sham) group;
"P<0.05 vs. I/R group.

evidently decreased the infarct size when compared with the
I/R group (P<0.05). Furthermore, TUNEL staining revealed that
apoptosis was absent in the sham-operated group. Conversely,
the rats in the I/R group exhibited severe tissue damage that
appeared to markedly increase the number of TUNEL-positive
cells (P<0.01). Of note, post-conditioning with EGCG resulted
in a marked reduction in the number of TUNEL-positive cells

compared with the I/R model group (P<0.05; Fig. 5A and B).
In order to explore the underlying mechanisms responsible for
the anti-apoptotic effects of EGCG, the expression of caspase-3
was examined by western blot analysis. The protein expression
of cleaved caspase-3 was significantly decreased following
treatment with EGCG compared to the myocardial I/R model
group (P<0.05; Fig. 5C and D).

EGCG restores the autophagic flux following myocardial
I/R injury. To investigate whether the I/R-induced myocardial
injury was dependent on the impairment of the autophagic
flux, the expression levels of autophagic markers, including the
LC3-II/LC3-I ratio, Beclinl, Atg5 and p62, as well as the lyso-
somal protease, cathepsin D, were measured by western blot
analysis. Beclinl and Atg5 are essential proteins required for
the initiation of autophagosome formation (21). The conversion
of LC3-I to LC3-II is closely correlated with the number of
autophagosomes (33). SQSTM1/p62 is an adapter protein that
links aggregated proteins in autophagosomes and promotes
degradation in autolysosomes. Increased p62 levels indicate
an impaired autophagic flux (22). I/R significantly increased
the LC3-II/LC3-I ratio, and Beclinl, Atg5 and p62 expression
compared to the sham-operated group (P<0.05 or P<0.01),
suggesting increased autophagic activity or an impaired
autophagic flux (Fig. 6). Following treatment with EGCG,
the increase in the levels of Beclinl, Atg5 and p62, and the
LC3-II/LC3-I ratio were abrogated when compared with the
I/R group (P<0.05), indicating that EGCG prevented excessive
autophagy and promoted the clearance of autophagosomes.
Furthermore, an elevated level of active cathepsin D was noted in
the I/R + EGCG group compared with the I/R group (P<0.05),
indicating that EGCG restores the autophagic flux by enhancing
lysosomal function.
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of TUNEL staining (x400 magnificatin). (B) Quantitative analysis of the percentage of cardiomyocyte apoptotic events. (C) Representative western blots
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Figure 7. Epigallocatechin gallate (EGCG) enhances the expression of PI3K, p-Akt, p-endothelial nitric oxide synthase (eNOS) and p-mammalian target of
rapamycin (mTOR) in the myocardium following ischemia/reperfusion (I/R). (A) Representative western blots of PI3K, p-Akt, Akt, p-eNOS, eNOS, p-mTOR
and mTOR in the sham-operated (sham_, I/R and I/R + EGCG groups. (B-E) Quantitative analysis demonstrated the levels of PI3K, p-Akt, p-eNOS, and
p-mTOR. Results were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), total Akt, eNOS and mTOR, respectively. The data are presented
as the means + SD (n=8 rats per group). P<0.05 vs. sham group; #P<0.01 vs. /R group.

EGCG increases the expression of PI3K, p-Akt, p-eNOS and
p-mTOR in the myocardium following I/R. In order to elucidate
the role of the PI3K/Akt signaling pathway in the protective
effects of EGCG against myocardial I/R injury, the expression
of PI3K and p-Akt (Serd473), as well as that of the downstream
targets, p-eNOS (Ser1177) and p-mTOR (Ser2448) was further
investigated (Fig. 7). Compared to the sham-operated group, a
significant decrease in the levels of PI3K, p-Akt, p-eNOS and
p-mTOR was noted in the I/R model group (P<0.05); however,
a marked increase in the levels of these proteins was noted in
the I/R + EGCG group (P<0.01). These results indicate EGCG
may enhance the phosphorylation of eNOS and mTOR via the
activation of the PI3K/Akt pathway.

Discussion

It is well known that myocardial I/R injury results in a high
proportion of cardiac dysfunction and heart failure and that no
effective treatment is available to prevent this damage (2). In the
present study, we confirm that EGCG post-conditioning miti-
gated myocardial I/R injury in rats, as manifested by a reduction
of the infarct area, a decrease in the levels of cardiac enzymes
and an improvement of cardiac function. These results are in

accordance with those of a previous study (16). Additionally, we
demonstrated that the role of EGCG in myocardial I/R recovery
was related to the restoration of the autophagic flux and the
inhibition of apoptosis, potentially by affecting the downstream
targets of the PI3K/Akt signaling pathway.

Accumulating evidence suggests that myocardial apop-
tosis significantly contributes to cardiomyocyte death during
I/R injury, and blocking the apoptotic process may reduce the
loss of contractile cells, minimizing myocardial I/R injury (23).
It has been shown that EGCG protects cardiomyocytes against
I/R-induced apoptosis in vitro and in vivo (14). Consistent with
the findings of previous studies, we found that apoptosis in the
group treated with EGCG, as indicated by the TUNEL-staining
counting result, presented a marked reduction compared to the
I/R group. Furthermore, our data lend support to the hypoth-
esis that cleaved (activated) caspase-3 plays a pivotal role in
promoting the apoptotic signaling cascade. Caspase-3 is an
established member of the caspase family that participates
in the final execution phase of apoptosis (24). As shown in
this study, cleaved caspase-3 in the myocardium was widely
expressed in the I/R group, but failed to exhibit excessive
activation in the rats treated with EGCG (Fig. 5). Therefore,
we concluded that the inhibition of apoptosis may be one of
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the mechanisms through which EGCG exerts cardioprotective
effects against I/R injury.

The PI3K/Akt pathway is known to be a target of I/R injury
and plays a key role in pro-survival and anti-apoptosis (4).
The activation of the PI3K/Akt signaling pathway leads to
Akt phosphorylation at the Ser473 locus, producing p-Akt,
and stimulates downstream targets, such as eNOS, mTOR,
NF-kB, the Bcl-2 family of proteins and the caspase family
proteins; these then regulate apoptosis, adjust transcription
factors, affect metabolism, enhance cardiomyocyte survival,
and reduce the morbidity and mortality of I/R injury (25).
PI3K/Akt has been reported to be activated by EGCG and to
mediate EGCG-induced protection against I/R injury in the
heart and kidneys (16,26). Among potential cytoprotective
downstream targets of Akt, the phosphorylation of eNOS with
the subsequent production of NO has been identified to play a
critical role in PI3K/Akt-mediated protection, particularly in
the anti-apoptotic effects of Akt (27). Accordingly, we further
investigated the effects of EGCG post-conditioning on eNOS
activity and NO production. Our data revealed that an increase
in eNOS phosphorylation and NO production occurred
concomitantly with the upregulation of PI3K protein and Akt
phosphorylation. Thus, this suggests that EGCG protects the
heart, at least in part, via the PI3K/Akt/eNOS pathway, resulting
in an augmented NO content and reduced apoptosis.

In addition to apoptosis, the importance of autophagy in
ischemic disease has received much attention in recent years.
Autophagy is a highly regulated process in which cytosolic
proteins and organelles are sequestrated by double-membrane
structures of autophagosomes, transferred to lysosomes and
degraded by proteases therein (28). This complete autophagic
flux is essential for maintaining intracellular homeostasis and
cell survival (29). Research has indicated that the myocardial
I/R-induced impairment of the autophagic flux and excessive
autophagy lead to cardiomyocyte death (8). Despite previous
reports on how EGCG affects autophagy (30,31), the mechanism
through which autophagy, as a dynamic process, participate in
the cardioprotective effets of EGCG remain unknown.

We hypothesized that treatment with EGCG will restore
the autophagic flux during myocardial I/R, which in turn
contributes to its cardioprotective effects. The process of
autophagy involves nucleation, autophagosome formation, the
fusion of autophagosomes to lysosomes, and degradation in
lysosomes (28). Beclinl forms a complex with class 1T PI3K
and is localized to the pre-autophagosomal structure mediating
vesicle nucleation (32). The formation of the autophagosome
is initiated by the Atgl2-Atg5-Atgl6é complex and LC3-I-
phospholipid conjugates (LC3-II) (33). Thus, the increased ratio
of LC3-II/LC3-I, Beclinl and Atg5 are markers for autophago-
some formation (34). Cathepsin D is a major lysosomal protease
that degrades materials delivered to lysosomes. The inhibition
of cathepsin D activity may compromise lysosomal function,
thus blocking the fusion of autophagosomes with lysosomes,
increasing the accumulation of autophagosomes (35). Moreover,
the p62 protein is a well-known autophagy substrate, which upon
direct binding to LC3-II incorporates into autophagosomes and
is efficiently degraded by autophagy (36). Accordingly, when
the autophagic degradation pathway is blocked, p62 accumula-
tion occurs. In this study, myocardial I/R increased the LC3-II/
LC3-I ratio, and upregulated the protein expression of Beclinl,
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Atg5 and p62 compared to the sham-operated rats. These
results indicated that myocardial I/R led to the impairment
of the autophagic flux by inducing autophagosome formation,
but impairing autophagosome clearance. In support of our
hypothesis, EGCG restored the I/R-impaired autophagy flux,
which was characterized by a decrease in the protein expression
levels of the autophagy proteins, Beclinl, Atg5 and p62, and the
LC3-II/LC3-I ratio, as well as an increase in the level of active
cathepsin D.

It has been shown that the PI3K/Akt signaling pathway is
involved in the cardioprotection of EGCG (16). The kinase
mammalian target of rapamycin, mTOR, is an important
downstream target of the PI3K/Akt pathway, which is posi-
tively regulated by PI3K/Akt and results in the inhibition
of autophagy (37). Previous studies have demonstrated that
phosphorylated mTOR provides cardioprotection by restoring
the impaired autophagic flux and enhancing recovery in
myocardial I/R injury (38). Coincidently, the present study
demonstrated that EGCG inhibited the over-activation of
autophagy and promoted autophagosome clearance, accompa-
nied by the upregulation of both p-Akt and p-mTOR. Since the
activation of mTOR signaling is known to inhibit autophagic
activity and improve autophagic flux (39,40), our data suggest
that EGCG attenuates I/R-induced excessive autophagy and
restores the autophagic flux through the PI3K/Akt/mTOR
pathway.

Autophagy has been demonstrated to engage in a complex
interplay with apoptosis. Recently, interconnections between
the autophagic and the apoptotic pathways, as well as their
alternative functions in cell survival or death have been
demonstrated (7). For instance, an autophagic flux inhibitor
induces the activation of caspases and the apoptosis of cardio-
myocytes (8). Atg5 depletion promotes apoptosis (41). In the
present study, EGCG restored the autophagic flux and simul-
taneously inhibited cardiomyocyte apoptosis. Nevertheless,
further investigations are warranted in order to elucidate the
interactions between the underlying mechanisms responsible
for the autophagic flux and apoptosis.

In conclusion, treatment with EGCG effectively protected
the rat hearts from I/R injury in vivo. This effect of EGCG may
be related to the inhibition of apoptosis and the restoration of
the autophagic flux via the regulation of several downstream
molecules of the PI3K/Akt signaling pathway.

However, there are some limitations to the present study.
Firstly, the autophagic flux needs to be further evaluated by
comparing the extent of autophagosome accumulation in the
presence of inhibitors of lysosomal fusion or degradation or
both. Secondly, our data manifested that the inhibition of apop-
tosis and the restoration of the autophagic flux were involved in
the cardioprotective effects of EGCG; however, further studies
are required in order to clarify the causal link between these
mechanisms.
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