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Inonotus obliquus extract alleviates myocardial
ischemia/reperfusion injury by suppressing
endoplasmic reticulum stress
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Abstract. Inonotus obliquus (10) is an edible fungus that
exerts various biological functions, including anti-inflamma-
tory, antitumor and immunomodulatory effects. The present
study was designed to investigate the role of IO extract (IOE)
in myocardial ischemia/reperfusion (MI/R) and determine the
exact molecular mechanisms. The left anterior descending
coronary artery was ligated to establish the MI/R injury model
in rats. IOE exhibited a novel cardioprotective effect, as shown
by improvement in cardiac function and decrease in infarct
size. Pretreatment with IOE activated antioxidant enzymes
in cardiomyocytes, including glutathione peroxidase, super-
oxide dismutase and catalase. IOE pretreatment also induced
the upregulation of NAD-dependent protein deacetylase
sirtuin-1 (SIRT1) and downregulation of glucose-regulated
protein 78, phosphorylated (p-) protein kinase R-like endo-
plasmic reticulum kinase, p-eukaryotic translation initiation
factor 2 subunit o, C/EBP homologous protein and caspase-12.
Furthermore, IOE alleviated endoplasmic reticulum (ER)
stress-induced apoptosis in cardiomyocytes by decreasing the
mRNA levels of caspase-12. IOE inhibited apoptosis induced
by overexpression of pro-caspase-9 and pro-caspase-3. In
summary, IOE pretreatment protects the heart against MI/R
injury through attenuating oxidative damage and suppressing
ER stress-induced apoptosis, which may be primarily due to
SIRT1 activation.
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Introduction

Cardiovascular disease is a challenging disease with high
morbidity and mortality worldwide (1). Myocardial isch-
emia/reperfusion (MI/R) injury is the primary risk factor in
the pathological process of heart disease. Although reperfu-
sion is the most efficient way to mimic tissue damage, the
re-establishment of the blood supply is known to induce various
adverse events (2). In addition, MI/R also induces endoplasmic
reticulum (ER) stress and activates apoptosis-related signaling
pathways (3).

The ER serves a number of roles in protein synthesis, lipid
biosynthesis and detoxification. When normal ER function
is disrupted by various cellular disturbances, unfolded and
misfolded proteins accumulate, resulting in a condition known
as ER stress (4). The alteration of redox homeostasis results
in excessive generation of reactive oxygen species (ROS),
which subsequently causes ER stress (5). ER stress promotes
the dissociation of the ER chaperone glucose-regulated
protein 78 (GRP78) from transmembrane proteins and trig-
gers their activation (6). Protein kinase R-like endoplasmic
reticulum kinase (PERK) is one of transmembrane proteins
and dimerizes under ER stress, which phosphorylates eukary-
otic translation initiation factor 2 subunit a (eIF2a) (7).
elF2a mediates the transcription of activating transcription
factor-4 (ATF4), which interacts with the pro-apoptotic
factor C/EBP homologous protein (CHOP) (8). Additionally,
ER stress induces cell apoptosis by activating the caspase
family cascade (9).

NAD-dependent protein deacetylase sirtuin-1 (SIRT1),
known as one of the mammalian homologues of yeast Sir2,
is a histone deacetylase and regulates various biological
processes, such as the inflammatory reaction, oxidative stress
and apoptosis (10,11). A previous study demonstrated that
SIRT1 overexpression protects cardiomyocytes against MI/R
injury from ER stress (12). The protective effect is due to the
activation of the PERK/elF2a pathway, which is associated
with cardiomyocyte apoptosis. Hence, SIRT1 may be a poten-
tial target to treat cardiac pathologies by attenuating ER stress.

Inonotus obliquus (10) is a fungus belonging to the
Hymenochaetaceae family of Basidiomycetes, which grows
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on birch trees (13). The main bioactive compounds of 1O are
polysaccharides, polyphenols, melanin and triterpenes (14).
IO exerts various biological functions, including anti-inflam-
matory, antitumor and immunomodulatory effects (15,16).
However, its effects on cardiovascular diseases has been rarely
studied. The current study was designed to investigate the role
of 10 extract (IOE) in MI/R injury and determine the exact
molecular mechanisms.

Materials and methods

Ethanol extraction of 10.10 was collected from Jilin Province,
Northeastern China and identified by Professor GuangShu
Wang (Jilin University). A total of 2,500 g IO powder was
weighed, soaked in 12.5 1 distilled water overnight at room
temperature and extracted at 80°C for 2.5 h. The supernatant
was collected after filtration using three layers of gauze, and the
extraction was repeated twice in the same manner. The filtrate
was concentrated by rotary evaporation, dried at 60°C, crushed
and passed through an 80-mesh sieve to obtain the preliminary
extract. Next, 12.5170% ethanol was added to the preliminary
extract obtained from water extraction (extracted at 75°C for
2.5 h). The supernatant was gathered by filtering through three
layers of gauze, and the extraction was repeated twice in the
same manner. The filtrates were collected and concentrated
by rotary evaporation, then dried at 60°C, crushed and passed
through an 80-mesh sieve, and 127.9 g IOE was obtained. The
extraction rate of IOE was 5.12% according to the following
formula: Extraction rate = weight of IOE/weight of IO powder.
Meanwhile, the main composition of IOE was assessed using
a T-6 Series UV-Vis spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd.). The contents of total flavonoid,
total saponin, polysaccharide and polyphenol were calcu-
lated using respective standard curves (y=0.0117x+0.0554,
R?=0.9998; y=0.0301x+0.0871, R*=0.9992; y=16.253x+0.1019,
R?*=0.9999 and y=97.266x+0.1984, R?=0.9996) with the
percentage of 1.76, 1.06,0.57 and 1.07%.

Animals. Wistar rats (female, 250-280 g) were purchased from
Changchun Yisi Experimental Animal Co.,Ltd., and raised in a
controlled environment (22-24°C; 55-60% humidity and 12/12-h
light/dark cycle) with free access to food and water. Animals
were treated according to the Guide for the Care and Use of
Laboratory Animals (US National Institutes of Health) (17) and
the Committee for the Care and Use of Laboratory Animals of
Jilin University (Changchun, China). The animal experiments
of the present study were approved by the Ethical Committee
for Experimental Animals, School of Pharmaceutical Sciences,
Jilin University (approval no. 20190049).

Experimental design. A total of 150 female rats were randomly
assigned into five groups (n=30): i) Non-MI/R sham group
(Sham); ii) MI/R group (MI/R); iii) MI/R+IOE 150 mg/kg group
(MI/R-IOEI150); iv) MI/R+IOE 300 mg/kg group (MI/R-IOE300)
and v) MI/R+IOE 600 mg/kg group (MI/R-IOE600). The
animals in the treatment groups were intragastrically adminis-
tered with IOE (150, 300 or 600 mg/kg) for 7 consecutive days.
The rats of the Sham and MI/R groups were intragastrically
administered with 0.5% carboxymethylcellulose sodium for
7 consecutive days. Surgical procedures were performed on rats

in the Sham group, but without left anterior descending (LAD)
coronary artery ligation. In other groups, LAD ligation was
performed on the hearts for 2 h and then reperfused for 2 h.

Experimental model establishment. At day 7, 3% sodium
pentobarbital (30 mg/kg body weight, intraperitoneal
injection) was used to anesthetize the rats after 1 h of adminis-
tration. Rat hearts were exteriorized via open-chest surgery. A
6/0 nylon suture was put to make a slip knot around the LAD
coronary artery and induce myocardial ischemia. After 2 h of
ligation, the ligature was loosened to restore myocardial blood
supply for myocardial reperfusion. Rats in the Sham group
were subjected to the same procedure, but without ligation.
Reperfusion was performed for 2 h. The rats were anesthetized
by intraperitoneal injection with 3% sodium pentobarbital
(30 mg/kg body weight). Then, ~8 ml volume of blood was
taken from the abdominal aorta of the unconscious rats for
painless euthanasia. Death was confirmed when respiratory
and cardiac arrest was observed, following which, cardiac
tissues were harvested for further experiments.

Cardiac function assessment. After 2 h of reperfusion,
3% sodium pentobarbital (30 mg/kg body weight, intraperitoneal
injection) was used to anesthetize the rats. Once anesthetized,
the thoracic area was shaved and covered with ultrasonic trans-
mission gel. A portable echocardiography machine (GE Vivid [;
GE Healthcare) was used to evaluate the cardiac function of rats.
The left ventricular (LV) ejection fraction (EF), LV fractional
shortening (FS), LV internal dimensions at diastole (LVIDd)
and LV internal diameter systole (LVIDs) were evaluated. An
observer who was blinded to the experimental design measured
these parameters in three consecutive cardiac cycles.

Determination of myocardial infarction size (MIS). After
2 h of reperfusion, the heart tissues were excised to perform
MIS measurements. Five pieces of the left ventricle parallel
to the atrioventricular groove were transected, immersed in
0.5% nitro blue tetrazolium chloride (NBT) phosphate buffer
and stained for 1 min in a 37°C water bath. Normal myocar-
dial tissues were stained dark red, while ischemic myocardial
tissues were pale. The ischemic myocardial tissue was excised
and weighed. The MIS was calculated as follows: Ischemic
myocardial weight/wet weight of the left ventricle x100%.

Determination of cardiac enzymes. A total of 2 ml blood was
collected after 2 h of reperfusion. Serum was separated from
the blood samples by centrifugation (2,000 x g, 10 min, 4°C)
and used for the evaluation of creatine kinase-MB (CK-MB;
cat. no. H197; Nanjing Jiancheng Bioengineering Institute),
aminotransferase (AST; cat. no. C010-1-1; Nanjing Jiancheng
Bioengineering Institute) and lactate dehydrogenase (LDH;
cat. no. A020-2-2; Nanjing Jiancheng Bioengineering Institute)
activities using respective diagnostic kits in accordance with
the manufacturer's instructions.

Determination of oxidative stress levels in myocardial tissue.
After 2 h of reperfusion, rat hearts were excised to prepare
heart homogenates. Prepared myocardial tissues were excised
and homogenized (10%) in ice-cold physiological saline
solution using a Tissue-Tearor (Bio Spec Products, Inc.).



MOLECULAR MEDICINE REPORTS 23: 77, 2021 3

The supernatant was separated from heart homogenates
by centrifugation (3,500 x g, 15 min, 4°C) and used for the
evaluation of superoxide dismutase (SOD; cat. no. A001-1-2;
Nanjing Jiancheng Bioengineering Institute), malondialdehyde
(MDA cat. no. A003-1-1; Nanjing Jiancheng Bioengineering
Institute), glutathione peroxidase (GSH-px; cat. no. A005-1-2;
Nanjing Jiancheng Bioengineering Institute) and catalase
(CAT; cat. no. A007-2-1; Nanjing Jiancheng Bioengineering
Institute) levels using respective diagnostic kits in accordance
with the manufacturer's instructions.

Histological examination. After 2 h of reperfusion, rat hearts
were quickly harvested. and the blood was expelled. Hearts
were fixed in 4% paraformaldehyde solution for 24 h at room
temperature. After rinsing with water, heart tissues were
dehydrated with gradient ethanol solution and embedded in
paraffin. Subsequently, heart tissues were cut into 3-5 gm-thick
slices and stained using a hematoxylin and eosin (H&E) kit
for 3 min at room temperature. An optical microscope was
used to observe morphological changes. The degree of cardiac
damage was assessed by an independent researcher blind to
the experimental design.

TUNEL assay. Myocardial apoptosis was evaluated using
a TUNEL assay kit (cat. no. 11684817910; Sigma-Aldrich;
Merck KGaA). Heart tissue was fixed in 4% paraformal-
dehyde solution for 24 h at room temperature, embedded
in paraffin, then sectioned on slides at 3-5 ym-thickness.
TUNEL (1:9 mixed in equilibration buffer) staining of apop-
totic cells (green fluorescence). DAPI (5 pg/ml) was used to
dye the nuclei for 5 min (blue fluorescence). The slides were
then sealed with 50% glycerin. Five randomly selected fields
of view were observed and apoptotic cells of each section
were counted under an ECLIPSE 80i fluorescence microscope
(Nikon Corporation). The cardiomyocyte apoptotic index (AI)
was counted as follows: Number of TUNEL-positive nuclei/the
number of total nuclei x100%.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted from cardiac tissues using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), quantified with
the T-6 Series UV-VIS spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd.) and reverse transcribed into
¢DNA using a Hifair® II First Strand cDNA Synthesis Kit
(cat. no. 11120ES60; Shanghai Yeasen Biotechnology Co.,
Ltd.). RT was carried out at 42°C for 15 min, then 85°C for
15 sec. Subsequently,qPCR was performed with sequence-specific
primersusing the SYBR Green Master Mix kit (cat.no. 11202ES03;
Shanghai Yeasen Biotechnology Co., Ltd.). The thermocycling
conditions consisted of 40-50 cycles at 95°C for 10 sec, 55°C
for 20 sec and 72°C, 20 sec. The following primer pairs were
used for qPCR: Caspase-12 forward, 5'-CAGCACATTCCTG
GTGTTTAT-3" and reverse, 5-GACTCTGGCAGTTACGGTT
GTT-3' and S-actin forward, 5-GCACCGCAAATGCTTCT
AGG-3'and reverse, 5-AAAGGGTGTAAAACGCAGCTC-3..
Data were calculated using the 2224 method (18) with the
mRNA levels of -actin as an internal control.

Western blot assay. Myocardial tissues were homogenized in
lysis buffer (cat. no. PO013; Beyotime Institute of Biotechnology)

and protease inhibitor cocktail on ice and purified by
centrifugation at 14,000 x g for 15 min at 4°C. The protein
concentration was determined using the BCA method. A total
of 40 pg protein was loaded onto 10-12% gels and resolved via
SDS-PAGE. Separated proteins were then transferred toa PVDF
membrane for 2 h. PVDF membranes were blocked for 1.5 h in
5% bovine serum albumin (cat. no. P0252; Beyotime Institute
of Biotechnology) at room temperature and washed three times
with TBS+0.2% Tween-20. Membranes were incubated over-
night at 4°C with the following primary antibodies (all from
Affinity Biosciences): SIRT1 (1:2,000; cat. no. DF6033), GRP78
(1:800; cat. no. AF5366), eIF2a (1:1,000; cat. no. AF6087,
Affinity Biosciences), phosphorylated (p)-elF2a (Ser52)
(1:1,500; cat. no. AF3087), PERK (1:1,000; cat. no. AF5304),
p-PERK (Thr982) (1:1,500; cat. no. DF7576), CHOP (1:1,500;
cat. no. DF6025), caspase-12 (1:1,500; cat. no. AF5199),
pro-caspase-3 (1:1,500; cat.no. AF6311), pro-caspase-9 (1:1,500;
cat. no. AF6348) or anti-f3-actin (1:5,000; cat. no. AF7018). A
goat anti-rabbit secondary antibody (1:5,000; cat. no. IH-0011;
Beijing Dingguo Changsheng Biotechnology Co.,Ltd.) was used
to observe primary antibody binding, and then bands were visu-
alized using an ECL western blotting substrate (cat. no. KF001;
Affinity Biosciences). Densitometric analysis of the bands was
conducted using ImageJ software (version 1.5.1k; National
Institutes of Health).

Statistical analysis. All data are presented as the mean + SD
and were analyzed using SPSS 22.0 (IBM Corp.). Data were
analyzed using one-way ANOVA followed by Tukey's Honest
Significant Difference test. P<0.05 was considered to indicate
a statistically significant difference.

Results

IOE improves cardiac function. The cardiac function of
post-surgical hearts was evaluated by echocardiography. As
shown in Fig. 1A-E, deterioration of cardiac function was
induced in the MI/R group, LVIDd and LVIDs increased to
6.13+0.99 and 4.25+0.46 mm, respectively, whereas LVEF and
LVES decreased to 51.75+6.39 and 24.13+5.00%, respectively,
compared with the Sham group (P<0.01). IOE pretreatment
increased the recovery of cardiac function in the impaired
hearts, which was demonstrated by increased LVEF and
LVES, as well as decreased LVIDd and LVIDs, compared with
the M/R group (P<0.05 or P<0.01).

IOE decreases infarct size and attenuates MI/R Injury. NBT
staining was used to observe the effects of IOE on the infarc-
tion scale. As shown in Fig. 2A, the infarct size reached up to
36.42+6.67% in the MI/R group. IOE (150, 300 and 600 mg/kg)
significantly decreased the infarct size compared with the
MI/R group (P<0.01). Furthermore, the activities of myocardial
enzymes (LDH, CK-MB and AST) were significantly increased
following MI/R injury compared with the Sham group, which
further caused myocardial injury (P<0.01; Fig. 2B-D). IOE
attenuated MI/R injury through inhibiting the activities of
myocardial enzymes in MI/R-IOE groups (P<0.01).

IOE relieves myocardial tissue injury. Myocardial tissues
showed partially disordered and disorderly arrangement of
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Figure 1.I0E improves cardiac function. (A) Echocardiography images of each group. Bar graphs of (B) LVIDd, (C) LVIDs, (D) LVEF and (E) LVFS. Data are presented
as the mean =+ standrd deviation. n=10. #P<0.01 vs. Sham. "P<0.05 and “P<0.01 vs. MI/R. IOE, Inonotus obliquus extract; LV, left ventricular; LVIDd, LV internal
dimensions at diastole; LVIDs, LV internal diameter systole; LVEF, LV ejection fraction; LVFS, LV fractional shortening; MI/R, myocardial ischemia/reperfusion.
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Figure 2. IOE decreases infarct size and attenuates MI/R injury. (A) Representative images of heart tissues. Normal myocardial tissues are dark red and ischemic
myocardial tissues are pale. The MIS was calculated as the ischemic myocardial weight/wet weight of left ventricle x100%. The levels of (B) CK-MB, (C) LDH
and (D) AST in serum. Data are presented as the mean + standard deviation. n=10. #P<0.01 vs. Sham. “P<0.01 vs. MI/R. IOE, Inonotus obliquus extract;
MI/R, myocardial ischemia/reperfusion; CK-MB, creatine kinase MB, LDG, lactate dehydrogenase; AST, aminotransferase; MIS, myocardial infarction size.

myocardial fiber stripes, and partial lysis of cardiomyocytes IOFE reduces oxidative stress. MDA content and antioxidant
accompanied by interstitial edema in the MI/R group (Fig. 3). enzymes (SOD, GSH-px and CAT) are key molecules for
Following treatment with IOE, myocardial fibers and cell  evaluating the degree of oxidative stress. After MI/R, the
morphology notably improved to varying degrees. activities of these antioxidant enzymes were significantly
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Figure 3. IOE relieves the histopathological changes in myocardial tissue. Representative hematoxylin and eosin staining images of myocardial slices at
x200 magnification (upper panel; scale bar, 50 #m) and x400 magnification (lower panel; scale bar, 25 ym). n=4. IOE, Inonotus obliquus extract; MI/R, myo-

cardial ischemia/reperfusion.
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Figure 4. IOE protects cardiomyocytes against oxidative stress. The activity of (A) SOD, the content of (B) MDA, the activity of (C) GSH-px and the activity of
(D) CAT. Data are presented as the mean + standard deviation. n=10. #P<0.01 vs. Sham. "P<0.01 vs. MI/R. IOE, Inonotus obliquus extract; SOD, superoxide
dismutase; GSH-px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; MI/R, myocardial ischemia/reperfusion.

reduced (Fig. 4A, C and D). Meanwhile, the content of MDA
was significantly higher compared with the Sham group
(P<0.01; Fig. 4B). IOE pretreatment (150, 300 and 600 mg/kg)
increased the activities of antioxidant enzymes and decreased
MDA content compared with the MI/R group (P<0.01). These
values indicated that IOE pretreatment protected cardiomyo-
cytes against oxidative stress.

IOE decreases cardiomyocyte apoptosis. The present study
aimed to detect the role of IOE in cell death by TUNEL
staining. MI/R injury induced a certain degree of cardiomyo-
cyte apoptosis by increasing the percentage of apoptotic cells
in the MI/R group compared with the Sham group (P<0.01;

Fig. 5A and B). As expected, pretreatment with IOE (150,
300 and 600 mg/kg) significantly decreased the percentage
of apoptotic cells (P<0.05 or P<0.01). Therefore, the data
suggested that IOE could alleviate cardiomyocyte apoptosis
after MI/R injury.

IOE activates SIRTI and downregulates the
PERK/elF2a/CHOP pathway. Considering the role of SIRT1
in cardioprotection, SIRT1 expression in heart tissue was
examined. MI/R injury could suppress SIRT1 expression
compared with the Sham group, which was then activated by
IOE (P<0.01; Fig. 6A and B). Furthermore, upregulation of ER
chaperone GRP78, p-PERK, p-elF2a, CHOP and caspase-12
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Figure 6. Expression of SIRT1, GRP78, p-PERK, p-elF2a, CHOP, caspase-12 and the mRNA levels of caspase-12 in the myocardium. (A) Representative
blots of SIRT1, GRP78, p-PERK, p-elF2a, CHOP and caspase-12. Semiquantitative analysis of (B) SIRT1, (C) GRP78, (D) p-PERK, (E) p-elF2a, (F) CHOP
and (G) caspase-12. (H) The mRNA levels of caspase-12 in the myocardium. Data are presented as the mean + standard deviation. n=3. ”"P<0.01 vs. Sham.
“P<0.05 and “P<0.01 vs. MI/R. IOE, Inonotus obliquus extract; SIRT1, NAD-dependent protein deacetylase sirtuin-1; GRP78, glucose-regulated protein 78;
PERK, protein kinase R-like endoplasmic reticulum kinase; elF2a, eukaryotic translation initiation factor 2 subunit a; CHOP, C/EBP homologous protein;

p, phosphorylated; MI/R, myocardial ischemia/reperfusion.

was observed after MI/R injury in the heart (P<0.01;
Fig. 6A and C-G). Moreover, the changes in mRNA expres-
sion of caspase-12 were investigated. As shown in Fig. 6H, the
mRNA levels of caspase-12 in the ischemic myocardium were
also notably increased in the MI/R group compared with the
Sham group (P<0.01). As expected, IOE inhibited ER stress by
downregulating the expression of ER stress-related markers
(GRP78, p-PERK, p-elF2a, CHOP and caspase-12) compared
with the MI/R group (P<0.05 or P<0.01). IOE decreased the
mRNA levels of caspase-12 in the MI/R-IOE groups (P<0.01).

Collectively, the aforementioned values suggested that IOE
attenuated MI/R injury by suppressing ER stress, which may
be associated with SIRT1 activation.

IOE suppresses ER stress-induced apoptosis. To evaluate
the condition of cardiomyocyte apoptosis, the expression
of pro-caspase-9 and pro-caspase-3 in ischemic hearts were
measured. MI/R injury significantly decreased the expres-
sion of pro-caspase-9 and pro-caspase-3 compared with the
Sham group (P<0.01; Fig. 7A-C). By contrast, IOE increased
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Figure 7. Expression of pro-caspase-9 and pro-caspase-3 in the myocardium. (A) Representative blots of pro-caspase-9 and pro-caspase-3. Semiquantitative
analysis of (B) pro-caspase-9 and (C) pro-caspase-3. Data are presented as the mean + standard deviation. n=3. #P<0.01 vs. Sham. “P<0.01 vs. MI/R.

MI/R, myocardial ischemia/reperfusion; IOE, Inonotus obliquus extract.

the expression of pro-caspase-9 and pro-caspase-3 in isch-
emic heart tissue compared with the MI/R group (P<0.05 or
P<0.01). The data indicated that IOE protected the heart from
MI/R injury via suppressing ER stress-induced cardiomyocyte
apoptosis.

Discussion

IO possesses various pharmacological and biological prop-
erties, including antitumor, antimicrobial and antioxidant
activities (19). It was previously reported that IO inhibited lipid
peroxidation in hyperlipidemic rats (20). In the present study,
IOE exerted cardioprotective effects by attenuating oxidative
damage and suppressing ER stress-induced apoptosis.

Redox signaling is crucial in the regulation of cell func-
tion, including defense against invading microorganisms
and gene expression for physiological activity. MI/R induces
excessive generation of redox signaling of ROS to break
redox homeostasis, which results in oxidative stress (21). The
severity of reversible and irreversible cellular injury within
cardiomyocytes is proportional to the level of ROS activa-
tion (22). ROS can induce lipid peroxidation, protein oxidation
and nitration, mitochondrial permeability transition and DNA
damage, causing cardiomyocyte death following MI/R (23).
To keep the redox state in balance, redundant ROS is typi-
cally eliminated by several enzymes, such as SOD, GSH-px
and CAT (24). Several therapeutic strategies can protect
cardiomyocytes by inhibiting oxidative stress, for example,
pre-conditioning, pro-conditioning and antioxidants (23).
Our previous study revealed that ginsenoside Rg2 protected
cardiomyocytes from MI/R injury by inhibiting oxidative
stress and inflammation (25). In the present study, MI/R injury
induced downregulation of GSH-px, SOD and CAT activities
and upregulation of MDA content, which were counteracted by
IOE. These results indicated that IOE pretreatment protected
cardiomyocytes against oxidative stress.

Ischemia and reperfusion activate a variety of cell death
programs, categorized as apoptosis, necrosis or autophagy-asso-
ciated cell death (26). ER stress plays a vital role in the
pathogenesis of cardiac diseases and may be a therapeutic target
to protect cardiomyocytes. In the MI/R process, ER stress occurs
due to diverse stimuli, and then triggers the unfolded protein
response (UPR). Overproduction of ROS disrupts protein
folding and results in amplified UPR signaling (27). Previous

evidence has suggested that UPR is initially activated by three
endoplasmic reticulum stress sensors, serine/threonine-protein
kinase/endoribonuclease IRE1, PERK and ATF6 (28). GRP7S,
an immunoglobulin binding protein, physically binds to these
proteins and inhibits their activities under a steady state (29).
PERK, also known as eukaryotic initiation factor 2a protein
kinase 3, interacts with and phosphorylates elF2a (30). Under
ER stress, PERK dissociates from GRP78 and induces the
phosphorylation of e[F2a. The PERK/eIF2a signaling pathway
can limit protein translation and induce apoptosis by inducing
CHOP expression (31). Caspase-12 localizes in the ER and is a
critical mediator in ER stress-induced apoptosis by activating
other caspases (32). Caspase-12 specifically clears pro-caspase-9
for activation and caspase-9 is active. Subsequently, caspase-9
ultimately activates caspase-3, the major effector caspase for
apoptosis (33). In the present study, MI/R injury induced ER
stress in rat cardiomyocytes. It was found that IOE pretreatment
significantly decreased the expression of GRP78, p-PERK,
p-elF2a, CHOP and caspase-12 and the mRNA levels of
Caspase-12.The present study also found that ER stress-induced
apoptosis by MI/R injury was alleviated by IOE. Above all, the
cardioprotective effects of IOE are based on the suppression of
ER stress-induced cardiomyocyte apoptosis.

SIRT1 is a highly conserved histone deacetylase, which
can deacetylate various transcription factors (34). It has been
demonstrated that SIRT1 activation has protective effects in
myocardial ischemia. SIRT1 and ER stress are involved in
various pathologies, including diabetes, obesity, cancer and
cardiovascular diseases (4,35,36). Resveratrol, a SIRT1 acti-
vator, inhibits ER stress via SIRT1 activation in vitro (37).
Previous studies have indicated that SIRT1 may regulate
elF2a phosphorylation via regulating its acetylation process,
thereby affecting its activity (38,39). SIRT1 inhibition has been
demonstrated to cause the hyperactivation of the PERK/eIF2a
pathway, which induces cardiomyocyte apoptosis by sustaining
CHOP expression (12). The present study revealed that IOE
notably increased SIRT1 expression in the ischemic myocar-
dium. IOE also suppressed ER stress-induced apoptosis
by mediating the PERK/eIF2a/CHOP signaling pathway.
The present results demonstrated that IOE-induced SIRT1
activation may suppress ER stress-induced cardiomyocyte
apoptosis, thereby reducing the infarct size in vivo. However,
there is a complex interaction between SIRT1 and ER stress.
SIRT1 activation has been reported to inhibit ER stress and
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apoptosis of cardiomyocytes by promoting autophagic clear-
ance and decreasing the expression of the protein disulfide
isomerase and S-nitrosylation (40,41). The role of IOE in these
mechanisms need to be further studied.

In conclusion, the present findings showed that IOE
pretreatment protected cardiomyocytes from MI/R injury
by attenuating oxidative damage and suppressing ER
stress-induced apoptosis. IOE may suppress ER stress-induced
cardiomyocyte apoptosis via the PERK/eIF2a/CHOP pathway
by the activation of SIRTI. Therefore, IO may be a potential
therapeutic candidate in cardiovascular diseases.
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