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Curcumin attenuates hypoxia/reoxygenation-induced
myocardial injury
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Abstract. Curcumin (Cur) has been reported to function as
an antioxidant and anti-inflammatory agent and to play a role
in anti-atherosclerosis. The present study aimed to explore
the protective effect of Cur on hypoxia/reoxygenation (H/R)
injury. The morphological changes in H9¢2 cardiomyocytes
were observed under an inverted microscope. Cell viability
was determined by Cell Counting Kit-8 (CCK-8). Lactate
dehydrogenase (LDH) level, malondialdehyde (MDA) level
and the antioxidant superoxide dismutase (SOD) activity were
determined by corresponding kits. Apoptosis and reactive
oxygen species (ROS) levels were determined by flow cytom-
etry. Endoplasmic reticulum (ER) stress-related factors, which
were examined by quantitative real-time polymerase chain
reaction (QPCR) and western blot analysis, included 78-kDa
glucose-regulated protein (GRP78) and C/EBP homologous
protein (CHOP). Extracellular signal regulating kinase 1/2
(ERK1/2), p38, c-Jun NH2-terminal kinase (JNK) and the
phosphorylation levels of key proteins in the mitogen-activated
protein kinase (MAPK) signaling pathway were all deter-
mined by western blot analysis. Compared to the control
group, the cell morphology of the H9c2 cells was obviously
altered upon H/R. Cell viability was significantly decreased,
while apoptosis was significantly increased by H/R. We also
observed that the levels of LDH and MDA were elevated and
the activity of SOD was decreased in the H/R group. Notably,
LDH, MDA and SOD levels were reversed following treatment
with Cur; while apoptosis and ROS levels in the H/R injury
group were decreased by Cur. H/R injury-triggered ER stress
and the MAPK signaling pathway were suppressed by Cur.
These results demonstrated that Cur has a protective effect on
cardiomyocytes via suppression of ER stress and the MAPK
pathway.
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Introduction

Myocardial cell death caused by ischemia-reperfusion (I/R) is
one of the main causes of high morbidity and mortality world-
wide (1). It is generally believed that the use of thrombolysis
agents or direct percutaneous coronary intervention treatment
of myocardial reperfusion could increase the survival rate of
patients. However, myocardial reperfusion may induce oxida-
tive stress and lead to inflammation and apoptosis; therefore,
the morbidity and mortality of ischemic cardiomyopathy
patients remain at a high level (2,3). To the best of our knowl-
edge, no effective therapeutic agents for I/R injury have been
discovered in clinical practice (4,5).

Researchers have indicated that severe endoplasmic
reticulum (ER) stress leads to apoptosis of cardiomyocytes
in vitro and in vivo (6,7). Inhibitors of ER stress protect the
heart by inhibiting pathological changes and apoptosis (8).
C/EBP homologous protein (CHOP) plays a key role in ER
stress-induced apoptosis; the ablation of CHOP attenuates
ER-mediated apoptosis (9). The development of ER stress
is caused by dissociating abundant molecular chaperone
BiP/78-kDa glucose-regulated protein (GRP78) signaling
molecules in the ER cavity (10). ER stress signals can eventu-
ally trigger apoptotic CHOP expression (11,12).

Cells respond to exogenous stimuli by regulating intracel-
lular signaling pathways. The mitogen-activated protein kinase
(MAPK) signaling pathway, which is widely distributed in
the cell, contains extracellular signal regulating kinase 1/2
(ERK1/2), p38 and c-Jun NH2-terminal kinase (JNK). These
two signaling pathways are known to play vital roles in cell
differentiation, proliferation and apoptosis as well as in cell
apoptosis induced by ER stress (11,13,14). Specifically, in vivo
animal studies have shown that inhibition of sustained phos-
phorylation of MAPK (ERK1/2, JNK, p-38) not only reduces
myocardial damage (15,16), but also enhances cardiac func-
tion (17). The MAPK pathway has attracted much attention due
to its critical involvement in the functions of the heart (15,18).

Curcumin (Cur) is a polyphenol from Curcuma longa
(turmeric plant). Curcumin is an alcohol-based molecule that
exists in an organic solvent (19). Studies have shown that
curcumin is an effective molecule which exerts a variety of
positive pharmacological effects including anti-inflamma-
tory (20,21), antioxidant (22) and anti-apoptotic effects (23).
However, the functional roles of Cur in H/R injury still remain
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largely unexplored. Therefore, the present study aimed to
determine whether Cur relieves H/R injury and whether
Cur can be used as an effective therapeutic agent for clinical
cardiac I/R injury.

Materials and methods

Reagents and cell line. Curcumin was obtained from
Sigma-Aldrich; Merck KGaA (cat. no. 08511; HPLC >98%;
powder). The primary antibodies for GRP78, CHOP, p-p38,
p-JNK and p-ERK1/2 were purchased from Cell Signaling
Technology (CST), and the primary antibody for GAPDH was
purchased from Santa Cruz Biotechnology. The Cell Counting
Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan), and lactate dehy-
drogenase (LDH), malondialdehyde (MAD) and superoxide
dismutase (SOD) assay kits were all purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The
HOc2 cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA).

Establishment of a hypoxia/reoxygenation cell model. It
has been reported that H9c2 cells are used as a cell model
of cardiac ischemia-reperfusion injury in vitro (24). H9c2
cardiomyocytes were incubated in an incubator at 37°C with
95% N, and 5% CO, and used for experiments when the cell
confluency reached ~90%. In brief, the cells were cultured with
phosphate-buffered saline (PBS) which was then replaced with
10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.)
and Dulbecco's modified Eagle's medium (DMEM; Thermo
Fisher Scientific, Inc.), and then placed in the hypoxic chamber
(Stem Cell Technologies) with 95% N, in an incubator for
10 min at 37°C. Four hours later, 10% FBS in DMEM medium
was added to the cells and the cells were incubated under a
normoxic condition (20% O,, 5% CO,) without the chamber
for another 4, 8 and 12 h at 37°C. The cultured cardiomyocytes
in the control group were then cultured in an incubator without
any treatment. Three complexes were set in each group.

Evaluation of cell morphology and determination of cell
viability. H9c2 cells were seeded in a 96-well plate at a density
of 5x10° cells/well. After being pre-treated with Cur, the cells
were exposed to 4 h of hypoxia and then 12 h of reoxygen-
ation. Then the H9c2 cells were placed under an inverted light
microscope (magnification, x200) to observe changes in cell
morphology. After adding 10 u1 CCK-8 solution, the cells were
incubated for 2 h at 37°C. Optical density (OD) at 450 nm was
detected by a microplate reader (Thermo Fisher Scientific,
Inc.). Cell viability was detected using the CCK-8 assay kit
(Dojindo, Kumamoto, Japan), according to the manufacturer's
protocol.

LDH concentration. H9c2 cells were seeded in a 96-well
plate at a density of 5x10° cells/well. After being pre-treated
with Cur, the cells were exposed to 4 h of hypoxia and then
12 h of reoxygenation, and an LDH assay kit was prepared
to detect the LDH activity in the culture medium, according
to the manufacturer's protocol. Briefly, the culture medium
was centrifuged at 400 x g for 10 min at room temperature to
collect 20 ul of the supernatant, which was then mixed with
2 A-dinitrophenylhydrazine and incubated for 15 min at 37°C.
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NaOH (0.4 M) was added into the mixture and incubated for
another 15 min at 37°C. The mixture was maintained at room
temperature for 5 min, and subsequently the OD (450 nm) was
measured on a microplate reader (Thermo Fisher Scientific,
Inc.).

Measurement of MDA activity. H9c2 cells were seeded in
a 96-well plate at a density of 5x10° cells/well. After being
pre-treated with Cur, the cells were exposed to 4 h of hypoxia
and then 12 h of reoxygenation. Next, the H9c2 cells were
collected in a centrifuge tube and the supernatant was discarded
after being centrifuged at 12,000 x g at 4°C for 10 min. RIPA
lysis buffer was added to fully isolate the cell protein lysate.
The cells were centrifuged at 12,000 x g for 30 min at 4°C
and then the supernatant was extracted and placed on ice for
testing. A mixture of MDA test working solution and crude
enzyme solution was used at a ratio of 3:1, and the mixture
was placed in a water bath at 100°C for 30 min and then cooled
on ice. According to the manufacturer's protocol, the OD at
532 nm was read using a microplate reader (Thermo Fisher
Scientific, Inc.).

Measurement of SOD activity. H9c2 cells were seeded in
a 96-well plate at a density of 5x10° cells/well. After being
pre-treated with Cur, the cells were exposed to 4 h of hypoxia
and then 12 h of reoxygenation. The H9c2 cells were then
collected. Next, an enhanced bicinchoninic acid (BCA) protein
assay kit (Beyotime Institute of Biotechnology, Shanghai,
China) was used to measure the protein concentration after the
protein was isolated using RIPA lysis buffer. To detect SOD
levels, the protein was incubated with an SOD kit for 20 min
at 37°C, and the SOD value was examined at 450 nm using a
microplate reader (Thermo Fisher Scientific, Inc.).

Cell apoptosis. H9c2 cells were seeded in a 6-well plate at a
density of 1.3x10%/well. After being pre-treated with Cur, the
cells were exposed to 4 h of hypoxia and then 12 h of reoxy-
genation. Next, the supernatant was collected into a 15-ml
centrifuge tube, and the culture flask was gently washed once
by adding 2 ml of PBS. The cells were digested with trypsin
(1 ml) without ehylenediaminetetraacetic acid (EDTA) and
shaken gently. The supernatant was aspirated after the well
became wet. The mixture was maintained at room tempera-
ture for 1 min, and DMEM containing 10% FBS was added
to terminate the digestion. The cells were centrifuged
at 1,000 x g for 3 min and the supernatant was removed.
Next, the cells were washed twice with pre-cooled PBS and
resuspended in 1X Annexin V binding buffer. According to
the instructions included in the Annexin V-FITC cell apop-
tosis detection kit (cat. no. K201-100; BioVision, Milpitas,
CA, USA), the H9c2 cells were collected and stained with
Annexin V-FITC and propidium iodide (PI) for 15 min
and counted by flow cytometry (version 10.0, FlowJo,
FACSCalibur™; BD Biosciences) at room temperature.
Based on the flow cytometry scatter diagrams, the lower
left quadrant represented living cells (Annexin V/PI'),
the lower right quadrant indicated early apoptotic cells
(Annexin V*/PI'), and the upper right quadrant indicated
late apoptotic cells (Annexin V*/PI*) and the upper left
quadrant represented necrotic cells (Annexin V/PI*). The
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Figure 1. Effects of reoxygenation time on H9¢2 cardiomyocyte cell morphology and cell viability. H9¢2 cardiomyocytes were exposed to 4 h of hypoxia
and then subjected to various time (4, 8 and 12 h) of reoxygenation. (A) Changes in cell morphology were observed under an inverted microscope following
H/R injury. (B) CCK-8 kit was used to detect an obvious reduction in cell viability in the H/R-injured cells. n=3 wells/group. All data are expressed as the
means + SEM. "P<0.05 vs. Con; "P<0.05 vs. 4 h. H/R, hypoxia/reoxygenation; 4 h indicates 4 h hypoxia/4 h reoxygenation; 8 h indicates 4 h hypoxia/8 h

reoxygenation; 12 h indicates 4 h hypoxia/12 h reoxygenation.

total apoptosis was calculated as the sum of the right upper
quadrant and right lower quadrant (25).

ROS measurement by flow cytometry. H9c2 cells were seeded
in a 6-well plate at a density of 1.3x10%/well and were exposed
to hypoxia/reoxygenation (4/8 h) with or without pretreated
with Cur for 2 h. Next, the cells were incubated with 10 gmol/l
carboxylated 2'7'-dichlorodihydrofluorescein diacetate ester
(c-H,DCFDA, Beyotime Biotechnology, Shanghai, China,
5 uM) for 30 min to determine the oxidation of hydrogen
peroxide (H,0,) mediated into fluorescent compound DCF
at 37°C. Fluorescent compound DCF model was used for
measuring the fluorescence. The excitation wavelength of the
flow cytometer (version 10.0; FlowJo) was 480 nm and the
emission wavelength was 525 nm (26), and the x-axis indicated
the fluorescence intensity.

Western blot analysis. H9¢c2 cells were seeded in a 6-well plate
at a density of 1.3x10%/well and exposed to hypoxia/reoxygen-
ation (4/8 h) with or without pretreatment with 10 yM Cur
for 2 h. After drug treatment, the H9¢c2 cells were flushed by
cold PBS for 3 times and put on ice with protein lysis buffer
(Radio Immunoprecipitation Assay, RIPA, cat. #9806; Cell
Signaling Technology, Inc.) for 2 h. The cells were centrifuged
at 13,500 x g for 30 min at 4°C and then the supernatant
was extracted. The concentration of protein was determined
using a BCA protein assay kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). SDS-PAGE with 10% running gels was
used to separate the proteins (at least 40 pg), which were then
transferred onto polyvinylidene fluoride (PVDF) membranes
(Bio-Rad Laboratories). To block the non-specific signals, the
membranes were incubated with 5% non-fat milk for at least2 h
at room temperature. Protein strips were then incubated with

a primary antibody overnight at 4°C and then washed with 5%
bovine serum albumin (BSA, Gibco; Thermo Fisher Scientific,
Inc.) in PBS/0.1% Tween-20 (PBS/T) and incubated with the
secondary antibody for 1 h at room temperature. The protein
strip was developed with a developer (EZ-ECL kit; Biological
Industries; BI) and the protein quantity was analyzed using
Imagel software (version 5.0; National Institutes of Health,
Bethesda, MD, USA). The antibodies used in the study
were as follows: Anti-GAPDH (mouse; dilution 1:1.000; cat.
no. sc-47724; Santa Cruz Biotechnology), anti-GRP78 (rabbit;
dilution 1:500; cat. no. 3477; CST), anti-CHOP (mouse; dilu-
tion 1:1,000; cat. no. 2895; CST), anti-p-ERK1/2 (mouse;
dilution 1:1,000; cat. no. 4307; CST), anti-ERK1/2 (mouse;
dilution 1:1,000; cat. no. 4695; CST), anti-p-p38 (rabbit; dilu-
tion 1:1,000; cat. no. 4511; CST), anti-p38 (rabbit; dilution
1:1,000; cat. no. 9212; CST) anti-p-JNK (mouse; dilution
1:1,000; cat. no. 9255; CST) and anti-JNK (mouse; dilu-
tion 1:1,000; cat. no. 9252; CST) as well as the secondary
antibody [horseradish peroxidase-labeled goat anti-rabbit or
-mouse IgG (1:5,000, cat. nos. sc-516102/sc-2357; Santa Cruz
Biotechnology, Inc.)].

RNA isolation and quantitative real-time PCR. H9¢c2 cells
were seeded in a 6-well plate at a density of 1.3x10%/well and
exposed to hypoxia/reoxygenation (4/8 h) with or without
pretreatment with 10 kM Cur for 2 h. According to the
instructions, total RNA of H9c2 cells was extracted using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
Chloroform (Sigma Aldrich; Merck KGaA) was added to the
tube and incubation was carried out at room temperature for
5 min and then the cells were centrifuged at 14,000x g for
20 min at 4°C. Next, the supernatant was transferred into a
new tube and isopropanol was added. The aqueous phase was
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Figure 2. Changes in biochemical indicators in relation to reoxygenation time in H9c2 cardiomyocytes. (A) LDH content in the cell culture fluid was increased
as assessed by LDH kits. (B) MDA content was increased as determined by MDA kits. (C) SOD was evidently lower. (D and E) The percentage of apoptotic
H9c2 cardiomyocytes was analyzed using flow cytometry, and Annexin V*/PI" (lower right quadrant) and Annexin V*/PI* (upper right quadrant) populations
are presented for H9¢2 cardiomyocyte apoptosis. n=3 wells/group. All data are expressed as means + SEM. "P<0.05, “P<0.01 vs. Con; ~P<0.01 vs. 4 h.
H/R, hypoxia/reoxygenation; 4 h indicates 4 h hypoxia/4 h reoxygenation; 8 h indicates 4 h hypoxia/8 h reoxygenation; 12 h indicates 4 h hypoxia/12 h
reoxygenation. LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase.

centrifuged at 14,000 x g for 20 min at 4°C. The precipitate was
washed with 70% ethanol and suspended again in water treated
with diethyl carbamate (DEPC). The purity and concentration
of RNA was tested by the NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA),
and the absorbance was read at 260 and 280 nm. According
to the program provided by the manufacturer (Thermo Fisher
Scientific, Inc.), reverse transcription cDNA kit was used to
reversely transcribe 1 pg total RNA for synthesis of cDNA
(at 42°C for 60 min, at 70°C for 5 min, at 4°C preservation).
SYBR-Green PCR Master Mix (Roche, Basle, Switzerland)
was used to perform quantitative real-time polymerase chain
reaction (QPCR) experiment using Opticon Real-Time PCR
Detection System (ABI 7500; Life Technology, USA). The
PCR cycle was as follows: pretreatment at 95°C for 10 min;
followed by 40 cycles of 94°C for 15 sec, 60°C for 1 min,

finally at 60°C for 1 min and at 4°C for preservation. The rela-
tive mRNA quantity was determined using the comparative
quantification cycle (AACq) method (27). GAPDH expression
was used for normalization. The primer sequences were used
for RT-qPCR analysis as follows: GRP78s: 5-GAACCAACT
CACGTCCAACC-3' (F) and 5'-AACCACCTTGAATGG
CAAGA-3' (R), CHOP: 5'-GAAATCGAGCGCCTGACC
AG-3' (F) and 5-GGAGGTGATGCCAACAGTTCA-3' (R),
GAPDH: 5-CTCAACTACATGGTCTACATGTTCCA-3' (F)
and 5-CCATTCTCGGCCTTGACTGT-3' (R).

Statistical analysis. Data are shown as the mean + SEM.
Differences between the experimental groups were assessed by
ANOVA, followed by Dunnett-t test, and analyzed by GraphPad
Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05
was considered to indicate a statistically significant difference.
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Figure 3. Cur (10 M) has a better protective effect under H/R. (A) There was no negative effect on cell cytotoxicity in H9c2 cardiomyocytes pretreated with
Cur for 2 h at different doses (5, 10 and 20 zM). "P<0.05, “P<0.01 vs. 0 gmol/l Cur. (B and C) Cur (10 xM) had a slightly better protective effect under H/R as
determined by CCK-8 assay. n=3 wells/group. All data are expressed as means + SEM. "P<0.05, “P<0.01 vs. Con; “P<0.05,*P<0.01 vs. H/R; "P<0.05 vs. H/R+
CurS5. H/R, hypoxia/reoxygenation; Cur, Curcumin.

Results

Hypoxialreoxygenation injury model was established in H9¢c2
cells. A model of hypoxia/reoxygenation (H/R) injury in H9¢c2
cardiomyocytes was established in this study. Then, the cells
were exposed to 4 h of hypoxia and then 12 h of reoxygenation,
and the differences in cell morphology between the control
group and H/R groups were observed. Cell morphology was
typical and regular in the Con group, while a large number
of cells exhibited a dot state in the 4 h hypoxia/8 h reoxy-
genation and 4 h hypoxia/l2 h reoxygenation injury group,
indicating that these cells may have died in the H/R injury
group (Fig. 1A). H9c2 cell viability was reduced in the 4 h
hypoxia/8 h reoxygenation and 4 h hypoxia/l12 h reoxygenation
injury groups, compared with control group (Fig. 1B). These
experimental results demonstrated that an H/R injury cell
model was successfully established.

H/R injury induces apoptosis and biomarkers. Furthermore,
we assessed the levels of LDH, MDA and SOD, and found
that the levels of LDH (Fig. 2A) and MDA (Fig. 2B) were
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increased, while SOD (Fig. 2C) was decreased in the H/R
groups, compared with control group. The rate of apoptosis
was significantly higher in the H/R injury groups than that
in the control group (Fig. 2D and E). Thus, 4 h of hypoxia,
followed by 8 h of reoxygenation was selected to construct the
H/R cell model for subsequent experiments.

Cur exhibits no cytotoxicity on H9c2 cardiomyocytes. For
the purpose of determining the cytotoxicity of Cur on H9c2
cardiomyocytes, CCK-8 assay was used to determine the
viability of H9¢c2 cardiomyocytes following treatment of Cur
at different doses. The results revealed that no negative effect
was observed (Fig. 3A). Furthermore, we found that 10 xM
Cur had a better protective effect under H/R (Fig. 3B and C).
Thus, 10 uM Cur was selected for subsequent experiments.

Cur inhibits ROS accumulation and apoptosis caused by
H/R injury. It has been reported that Cur protects heart
cells (28,29); however, its potential protective mechanism still
remains unclear. Thus, we determined whether Cur protects
HO9c¢2 cardiomyocytes against H/R injury. We found that the
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Figure 4. Cur protects H9¢2 cardiomyocytes against H/R-induced cell death. (A)

131.LMD 200
2 209 . 150-
2
© 154 —_
P E 100+
2 -
o 104 wnnd P,
o -
50 ”
8 s M
<
0- 0-
Con HIR  Cur H/IR+Cur Con HIR  Cur HIR+Cur

Cell viability was determined by CCK-8 assay. The release level of LDH (B),

and levels of MDA (C) and SOD (D) in H9¢2 cells were evaluated by relevant kits in line with the manufacturer's instructions. (E and G) Apoptosis of
HO9c¢2 cardiomyocytes was analyzed and quantified by flow cytometry. (F and H) ROS level in H9¢2 cardiomyocytes was determined and quantified by flow
cytometry. n=3 wells/group. All data are expressed by means + SEM. "P<0.05, “P<0.01 vs. Con; "P<0.05,""P<0.01 vs. H/R; “P<0.05 vs. Cur. H/R, hypoxia/reoxy-
genation. LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase; ROS, reactive oxygen species; MFI, mean fluorescence intensity;

Con, control; Cur, Curcumin.

cell viability was higher in the H/R+Cur group than that in
the H/R group (Fig. 4A), and that the levels of LDH, MDA
and SOD were reversed by Cur, compared with those in the
H/R group (Fig. 4B-D). Similarly, H/R injury-induced apop-
tosis (Fig. 4E and G) and ROS (Fig. 4F and H) response were
inhibited by Cur. The results suggested that Cur protected the
damage caused by H/R injury.

ER stress and the MAPK signaling pathway may be involved in
the protective effect of Cur in H9c2 cells. In the present study,
the expression levels of GRP78 and CHOP were found to be
significantly increased by H/R at the mRNA and protein levels,
indicating that the activation of ER stress and ER stress-related
apoptotic signals were caused by H/R injury (Fig. SA-D).
Pretreatment with Cur (10 #M) for 2 h before exposure to H/R

injury effectively ameliorated these changes (Fig. 5A-D). We
then further determined the effect of Cur on MAPK, and found
that MAPK-related protein expression levels of p-ERK1/2, p-38
and p-JNK were suppressed by Cur, when compared to these
levels in the H/R group (Fig. 5SE and F).

Discussion

In the hypoxia/reoxygenation (H/R) injury cell model, we
observed that the cellular morphology was obviously altered
and the levels of LDH and MDA and cell viability were signifi-
cantly decreased. Meanwhile, we found that the accumulation
of ROS during the development of reperfusion injury effec-
tively decreased SOD activity. We observed that apoptosis also
occurred following H/R injury, and that Cur strengthened the
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Figure 5. Cur-mediated protection of H9¢2 cardiomyocytes from H/R-induced cell death may involve ER stress and the MAPK signal pathway. (A and B) ER
stress-related mRNA expression levels of CHOP and GRP78 were determined by reverse transcription-quantitative PCR. (C and D) The protein expression levels
of GRP78 and CHOP were determined by western blot analysis and quantified. GAPDH was used as a loading control. (E and F) MAPK-related protein expression
levels of p-ERK1/2, ERK1/2, p-p38, p38, p-JNK and JNK were determined by western blot analysis and quantified. GAPDH was used as a loading control. n=3
wells/group. All data were expressed as the mean = SEM. "P<0.05, “P<0.01 vs. Con; "P<0.05, "'P<0.01 vs. H/R; #P<0.01 vs. Cur. CHOP, C/EBP homologous
protein; GRP78, 78-kDa glucose-regulated protein; MAPK, mitogen-activated protein kinase; p-, phosphorylated; H/R, hypoxia/reoxygenation; Cur, Curcumin.

function of cardiomyocytes under H/R injury and downregu-
lated the activities of LDH and MDA, therefore, it protected
cardiomyocytes from injury. We also revealed that the inhibi-
tory effect of Cur on the accumulation of ROS may be through
the upregulation of SOD in H/R injury, and Cur attenuated
apoptosis. Cur also inhibited the expression of GRP78
and CHOP, which are markers of ER stress and apoptosis.
Furthermore, Cur significantly decreased phosphorylation of
MAPK (ERK1/2 and JNK) in the H/R + Cur group, compared
with that noted in the H/R group. Taken together, these data
showed that Cur treatment produced a strong protective effect
on H9¢2 cardiomyocytes during H/R injury.

HO9c2 cells exhibit a similar morphology to immature
embryo myocardial cell morphology, which retain the features

of adult cardiac muscle cells (30). Many studies have also
shown that H9c2 cells have been widely used to study the
pathological processes of enlarged heart and apoptosis (31-33).
Thus, we used H9c2 cells to set up a cardiomyocyte isch-
emia-reperfusion injury model.

Cell viability is a vital indicator to cell survival, and
LDH is a marker of cardiac cell damage which leaks into
the bloodstream when the cell membrane becomes perme-
able or ruptured (34). In the present study, the cell viability
and LDH levels were obviously decreased in the H/R injury
group and Cur pretreatment mitigated increases of the LDH
level and also increased H9¢2 cell viability during H/R, which
suggested that Cur has protective effects on cardiomyocytes
against H/R-mediated damage.
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Promoted by H/R injury, oxidative stress accumulation is
one of the causes of myocardial cell death (35). ROS scavenger
has been shown to reduce the myocardial cell injury induced
by H/R (36). Clinical studies and vector animal experiments
have shown that ischemia-reperfusion results in a significant
accumulation of oxidative stress (37,38). Our experiment found
that Cur reduced cell ROS production, decreased cardiomyocyte
MDA concentrations and increased SOD activity, indicating that
Cur relieved over-oxidation caused by H/R. Studies have shown
that apoptosis is induced by myocardial ischemia/reperfusion
in humans and rats (39,40), and that ROS may activate apop-
tosis (1,41,42). It is known that apoptosis is usually a passage to
death after cells have been damaged. Our experimental results
also confirmed that apoptosis was promoted by H/R injury and
pretreatment with Cur relieved apoptosis. These data indicate
that Cur protects against myocardial damage caused by H/R.
Studies have shown that ER stress is an important pathway in
cardiac myocyte apoptosis during the progression of H/R (43).
ER is considered to be an important organelle involved in the
apoptotic signaling pathway and a common feature of medi-
ated destruction, especially in apoptosis (44,45). Activation of
ER partner proteins is an early adoption of ER stress response,
and is also a sign indicating stress severity (46). In the present
study, we found that Cur downregulated ER chaperone protein
GRP78, induced by H/R injury. Transcription factor CHOP is
one of the important factors that promotes the ER stress-mediated
apoptosis factor, playing an important role in myocardial cell
apoptosis (11,47). ER stress can trigger pro-apoptotic signals
including CHOP-dependent pathways (48). We discovered that
the expression of CHOP was decreased by Cur, and therefore, it
could reasonably be assumed that the decrease in ER chaperon
proteins was attributed to ER stress inhibition. Thus, these data
suggest that ER stress relief was responsible for the antiapoptotic
effect of Cur.

The cell response to external stimuli is primarily realized
by modulating signaling pathways within the cell. Studies
have shown that MAPK plays a vital role in cardiomyocytes.
The dominant inactivation or constitutive activation of the p38
MAPK and ERK1/2 signaling pathways indicate that activa-
tion of p38 MAPK or the inhibition of ERK1/2 is essential for
many cells (including cardiomyocytes) to induce apoptosis (49).
Studies have shown that the inhibition of ERK1/2 could
enhance apoptosis induced by ischemia/reoxygenation and
norepinephrine-induced hypertrophy (50). In the present study,
we found that p-ERK1/2 in the H/R groups was suppressed by
Cur at the protein level. The suppression of p38 MAPK and
JNK is effective at reducing heart remodeling (51). However,
p-JNK rather than p-p38 was observed to be inhibited by Cur
in the H/R groups. Under physiological conditions, the ERK1/2
signaling pathway is a signaling pathway for survival, while p-38
and JNK are signaling pathways for promoting apoptosis and
the balance between the two is important in deciding the fate or
survival of the cell (15,49,52). Cur significantly inhibited H/R
injury-induced phosphorylation of ERK1/2 and JNK rather than
p-38, showing a better response of Cur to ERK1/2 and JNK.
Therefore, the suppression of apoptosis by Cur may be related to
inhibition of the ERK1/2 and JNK signaling pathways.

In summary, we found that Cur exerted significant effects,
such as protecting cardiomyocytes against H/R injury through
the reduction of LDH and MDA activity, by decreasing ROS
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production, and by increasing antioxidant activity and mitigating
ER stress and apoptosis induced by hypoxia/reoxygenation in
HOc2 cells. Additionally, the anti-apoptotic effects of Cur may
be related to the reduction in the proteins levels of p-ERK1/2
and p-JNK. Thus, Cur may be used as an effective therapeutic
agent for clinical cardiac ischemia-reperfusion injury.
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