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Curcumin inhibits autophagy and apoptosis in
hypoxia/reoxygenation-induced myocytes
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Abstract. Primary percutaneous coronary intervention, or
thombolytic therapy, provides effective myocardial blood
reconstruction in patients with acute myocardial infarc-
tion to reduce acute myocardial ischemic injury. However,
reperfusion can itself induce cardiomyocyte death, termed
myocardial reperfusion injury (I/R). Hypoxia/reoxygenation
(H/R) induces apoptosis and excessive autophagy among
cardiomyocytes, leading to cell death. The present study inves-
tigated the effect of curcumin, a natural extract from Curcuma
longa, on these two cellular processes in H9c2 myocytes. The
levels of cellular apoptosis and autophagy were found to be
upregulated in the H9¢2 myocytes during H/R and were corre-
lated with a reduced rate of cell survival. However, curcumin
significantly suppressed the levels of H/R-induced apoptosis
(expression of annexin V) and autophagy (LC3B-II/LC3B-I
ratio) in the H9¢c2 myocytes and promoted cell survival.
Additionally, the expression of B-cell lymphoma 2 (Bcl-2)
was significantly downregulated and the expression levels of
Bcl-2-associated X protein, beclin-1, Bel-2/adenovirus E1B
19 kDa interacting protein 3 (BNIP3) and silent informa-
tion regulation 1 (SIRT1) were significantly upregulated in
myocytes following H/R injury. These effects on the expres-
sion of these proteins were reversed by curcumin treatment.
These findings suggested that the protective effect of curcumin
against H/R injury in the H9¢2 myocytes was through the inhi-
bition of apoptosis and autophagy by inducing the expression
of Bcl-2 and inhibiting the expression levels of Bax, beclin-1,
BNIP3 and SIRTI. Therefore, curcumin may offer a promising
therapeutic approach for the treatment of cardiomyocyte injury
resulting from I/R.
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Introduction

Acute myocardial infarction (MI) is a major cause of death
worldwide (1). Despite the availability of primary percuta-
neous coronary intervention or thrombolytic therapy as the
most effective treatment for myocardial blood reconstruction
in patients who are suffering from MI (2), myocardial isch-
emia/reperfusion (I/R) injury remains the major cause of heart
failure worldwide (3). This type of injury activates apoptosis
and autophagy, which results in cell death (4). Therefore, an
increasing number of studies have investigated the roles of
apoptosis and autophagy during I/R injury in myocytes (5-7).

Apoptosis is an active energy-dependent mode of cell
death, which is regulated by programmed cellular signaling
pathways. Previous studies have demonstrated that I/R-induced
myocyte injury results in apoptosis and the suppression of
cardiomyocyte apoptosis provides significant cardioprotection
against I/R injury (8-10). By contrast, autophagy is a natural
biological process, which removes unnecessary proteins and
damaged organelles and maintains cellular homeostasis (11).
The upregulation of autophagy during mild ischemia is asso-
ciated with the preservation of the mitochondrial membrane
potential and cellular membrane integrity, accompanied by a
significant delay in the onset of apoptosis and necrosis (12).
However, excessive autophagy damages essential proteins and
organelles, leading to collapse of all cellular functions (13).
Evidence supporting this concept by Matsui et al demon-
strated that excessive autophagy may be detrimental to the
heart during reperfusion (14). Therefore, the identification
of treatments with anti-apoptotic and anti-autophagic effects
is important for protection of the heart from I/R injury. The
investigation of traditional medicines as a potential treatment
option in I/R injury has received interest due to their wide
range of pharmacological effects (15-16).

Curcumin, a natural polyphenolic compound present in the
rhizomes of Curcuma longa, has potential anti-inflammatory,
antioxidant, anti-carcinogenic and cardiovascular protec-
tive effects (17-19). Previous studies have demonstrated that
curcumin attenuates I/R injury in various organs in vivo
and in vitro, including the intestines, retina, liver and renal
system, through anti-oxidative stress and anti-apoptotic
mechanisms (20-23). In addition, Gonzalez-Salazar et al (24)
demonstrated that curcumin mitigated myocardial I/R injury
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through the attenuation of oxidative stress and mitochondrial
dysfunction. However, the beneficial effects of curcumin on
the extent of apoptosis and autophagy in myocardial I/R, and
their potential mechanisms, remain to be elucidated.

The present study examined the protective effect
of curcumin on hypoxia/reoxygenation (H/R)-induced
HO9c2 myocytes, focusing on the regulation of apoptosis and
autophagy. The potential mechanism by which curcumin
mediates these processes was also investigated.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS) and 10,000 U/ml penicillin/strepto-
mycin were obtained from Gibco Life Technologies (Carlsbad,
CA, USA). Dimethyl sulfoxide (DMSO) and curcumin were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Rabbit
monoclonal antibody against GAPDH was produced by Abcam
(Cambridge, UK). Rabbit monoclonal anti-LC3B antibody
was provided by Zymed Life Technologies (San Francisco,
CA, USA). Rabbit monoclonal anti-beclin-1, Bcl-2/adeno-
virus E1B 19 kDa interacting protein 3 (BNIP3) and silent
information regulation 1 (SIRT1) antibodies were purchased
from the Cell Signaling Technology, Inc. (Danvers, MA,
USA). Goat anti-rabbit secondary antibody (cat. no. A-21109)
was purchased from Invitrogen Life Technologies (Carlsbad,
CA, USA). A cellular adenosine triphosphate (ATP) kit was
obtained from Beyotime Institute of Biotechnology (Shanghai,
China). All other chemicals for western blot analysis were of
the highest commercial purity grade available.

Cell culture and treatment. The H9¢2 rat myocardium-derived
cardiac myoblast cell line was purchased from the American
Type Culture Collection (Rockville, MD, USA). The cells
were cultured in DMEM containing 4,500 mg/1 glucose
and supplemented with 10% (v/v) FBS, 10 mM HEPES
(Sigma-Aldrich) and 1% penicillin/streptomycin at 37°C
in a 5% CO, incubator for 24 h. Prior to pretreatment with
curcumin, the cell media were replaced with FBS-free media
for 4 h for cell cycle synchronization until the cell density
conformed with the experimental standard of achieving a
unified cell state. To identify the cytotoxicity of curcumin
on H9c2 myocytes, the cells (1x10%ml) were pretreated with
curcumin (1, 5, 10, 20, 40 and 80 M) for 1 h under normoxic
conditions with an atmosphere of 21% O,, 5% CO, and 74% N,
in FBS- and glucose-free DMEM. To simulate starvation, the
cells were cultured in FBS- and glucose-free DMEM, with
the exception of the normal control group cells which were
cultured in complete DMEM. To simulate I/R injury, the
glucose-deprived cells were cultured under hypoxic conditions
with an atmosphere of 1% O,, 5% CO, and 94% N, for 1 h
and then cultured under normoxic conditions for 3 h. The cells
in the normal control and starvation groups were exposed to
normoxic conditions for 4 h.

Cellviability detection by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. An MTT assay was
performed to assess the cell viability following treatment
with curcumin (1, 5, 10, 20, 40 and 80 xM). Subsequent to the
previously described treatments, the cells were incubated with
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0.5 mg/ml MTT (Roche Diagnostics, Basel, Switzerland) in
RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA)
for a further 4 h. The blue formazan crystals of the viable
cells were dissolved in 150 1 DMSO and the absorbance was
measured at a wavelength of 570 nm using a spectrophotom-
eter (DNM-9602; Perlong, Beijing, China).

ATP determination. The intracellular levels of ATP were
determined using an ATP bioluminescent assay kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions.

Annexin Vipropidium iodide (PI) double staining and flow
cytometry. The apoptotic rate was measured by flow cytometry,
which was performed using primary mouse anti-human mono-
clonal antibodies and fluorescein isothiocyanate (FITC)/PI
double staining-annexin V (BD Biosciences, Franklin Lakes,
NIJ, USA) according to the manufacturer's instructions. The
cells were incubated with 5 pl annexin V-FITC and PI at room
temperature for 15 min in the dark and apoptosis was detected
by flow cytometry (BD accuri C6; BD Biosciences). The mean
fluorescent intensity of the annexin V/PI double staining in the
myocytes was analyzed using a BD fluorescent activated cell
sorter (FACS) calibur (BD Biosciences).

Protein isolation and western blot analysis. Protein isola-
tion and western blot analyses were performed, as previously
described (25), with the exception that the membranes were
probed with either rabbit primary Bcl-2-associated X protein
(Bax), Bcl-2, LC3B-II/I, beclin-1, BNIP3 or SIRTI anti-
bodies diluted 1:1,000 in Tris-buffered saline containing
Tween-20 (TBST; Solarbio, Beijing, China) for 2 h or rabbit
anti-GAPDH diluted 1:5,000 in TBST for 1 h. The membranes
were then incubated with goat anti-rabbit secondary antibody
labeled with far-red-fluorescent AlexaFluor 680 dye (1:1,000
in TBST; Abcam, Cambridge, UK). All signals were detected
using the Odyssey CLx Infrared Imaging system (Li-Cor
Biosciences, Lincoln, NE, USA). Densitometric analysis was
performed using the Quantity One system (170-9600; Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Groups of three or more were compared
using one-way analysis of variance (ANOVA) with
Student-Newman-Keuls and Dunnet methods as post-hoc
analysis if the result of the ANOVA was significant. The data
are expressed as the mean + standard deviation and were
analyzed using SPSS 18.0 software (SPSS, Inc., Chicago, IL,
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference. All experiments were performed at least three
times.

Results

Effect of curcumin on cell viability. An MTT assay was
used to assess the effect of curcumin on the viability of the
HO9c2 myocytes. As shown in Fig. 1 the concentrations of
curcumin, ranging between 1 and 20 yM, had no significant
effect on cell viability. Therefore, a curcumin concentra-
tion <20 uM was considered non-cytotoxic and a concentration
of 10 uM was used in the subsequent experiments. As shown
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Figure 1. Effect of curcumin treatment on the viability of the H9¢2 myo-
cytes in glucose-free Dulbecco's modified Eagle's medium. The cells
were treated with various concentrations of curcumin (1, 5, 10, 20, 40 and
80 uM) for 24 h and the cell viability was assessed using a 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Cells incubated
in curcumin-free medium were used as a control and were considered
100% viable.
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Figure 2. Effect of curcumin on the viability of the H9¢c2 cells and the
cellular ATP content during H/R. (A) Cells were treated with 10 uM
curcumin and cell viability was assessed after 24 h using a 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The cells incubated
in complete curcumin-free Dulbecco's modified Eagle's medium were used
as a control group and considered as 100% viable. (B) Curcumin reversed
the depletion of cellular ATP in the H9¢2 cells subjected to H/R. Data are
expressed as the mean + standard deviation of three independent experiments
("P<0.01 compared with the control group; “P<0.05 compared with the H/R
group). H/R, hypoxia/reoxygenation; Cur, curcumin; ATP, adenosine tri-
phosphate.

in Fig. 2A, the viability of the H9c2 cells was significantly
reduced in the starvation and H/R treatment groups. Treatment
with 10 M curcumin increased the viability of the H9c2 cells
during the H/R period compared with the control group.

Curcumin abrogates the depletion of cellular ATP in H9c2 cells
exposed to H/R. The starvation and H/R treatments resulted in
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the depletion of cellular ATP contents in the H9c2 myocytes.
Treatment with curcumin significantly reversed the depletion
of cellular ATP, which improved cell survival (Fig. 2B).

Curcumin inhibits apoptosis in the H9c2 myocytes. The present
study aimed to determine whether apoptosis was involved in
the effect of curcumin on cell viability. Annexin V/PI double
staining was used to assess the apoptotic rate in the H9c2 cells.
The results demonstrated that the expression of annexin V
was significantly increased in the starvation (glucose depriva-
tion; GD) and H/R groups compared with the normal group.
However, an apparent reduction in the expression of annexin V
was observed in the H/R-induced H9¢c2 myocytes, which were
pretreated with curcumin (Fig. 3A).

The Bcl-2 protein family is important in the regulation
of apoptosis. The anti-apoptotic protein, Bcl-2, is mainly
located in the mitochondria, protecting these organelles by
preventing the movement of pro-apoptotic proteins, including
Bax, Bcl-2-antagonist/killer 1 and Bcl-2 homology 3 (BH3)
interacting-domain, to the mitochondria (26). Therefore, the
expression levels of these proteins were assessed to determine
the initial apoptotic events caused by curcumin. As shown in
Fig. 3B, H/R activated the expression of Bax and downregu-
lated the expression of Bcl-2 in the H9¢2 myocytes. Treatment
with curcumin markedly reversed these effects on the expres-
sion levels of Bcl-2 and Bax in the cells exposed to H/R.

Curcumin inhibits autophagy in the H9c2 myocytes. In
mammalian cells, LC3B-II is produced from LC3B-I and is
modified into a membrane-bound form to prompt its localiza-
tion to autophagosomes. Thus, LC3B-II is considered to be an
autophagosomal marker (27). The present study investigated
the expression of LC3B-II using western blot analysis. As
shown in Fig. 4A and B, the ratio of LC3B-1I/LC3B-I was
increased in response to H/R and reduced by curcumin in the
HO9c2 myocytes.

Autophagy is a complex biological process involving several
distinct regulatory modules. Therefore, the present study further
examined autophagy-associated proteins, including beclin-1,
SIRT1 and BNIP3, to confirm whether they were involved in
the effects of curcumin on the level of autophagy in myocardial
H/R injury. The results demonstrated that the expression levels
of beclin-1, SIRT1 and BNIP3 were markedly upregulated in
the GD and H/R groups and were significantly downregulated
by treatment with curcumin (Fig. 4C and D). These results
suggested that curcumin affected the level of autophagy by
downregulating the expression levels of beclin-1, SIRT1 and
BNIP3 in the H9¢2 myocytes during H/R injury.

Discussion

In present study, curcumin significantly increased the viability
of the H9¢2 myocytes subjected to H/R by inhibiting the levels
of apoptosis and autophagy. Upregulation of the expression
of Bcl-2 and downregulation of the expression of Bax were
involved in the inhibitory effect of curcumin on the apoptosis
of myocytes during H/R. Additionally, suppression of the
expression levels of beclin-1, SIRT1 and BNIP3 were identi-
fied as necessary molecular mechanism by which curcumin
mitigated autophagy activity during myocardial H/R injury.
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Figure 3. Curcumin inhibits apoptosis in the H9¢2 myocytes exposed to H/R. (A) Cells were stained using annexin V (0.5 mg/ml) and propidium iodide
(2 mg/ml) following curcumin treatment for FACS analysis. (B) Representative western blot analysis. (C) Quantitative data from FACS analysis demonstrated
that curcumin inhibited apoptosis in the H9¢2 myocytes exposed to H/R. (D) Densitometric measurement of Bax and Bcl-2. The band densities were measured
using the Quantity One 1D analysis software program. Data are expressed as the mean + standard deviation and all experiments were conducted in triplicate
and the results were analyzed for statistical significance "P<0.05 and “P<0.01, compared with the control group; "P<0.01 and *P<0.01, compared with the H/R
group). H/R, hypoxia/reoxygenation; Cur, curcumin; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

Apoptosis is a well-characterized, specific morphological
aspect of cell death, accompanied with nuclear pyknosis
(chromatin condensation) and karyorhexis (nuclear fragmenta-
tion) (28) and is linked with I/R-induced myocardial injury.
The Bcl-2 family protein, Bax, is a pro-apoptotic protein,
which forms complexes with other proteins in the mitochon-
drial outer membrane, promoting the release of pro-apoptotic
molecules, including cytochrome C, and activates apop-
tosis (29). Bcl-2 is an anti-apoptotic molecule that reduces
myocardial apoptosis during reperfusion (30). Bcl-2 inhibits
the action of Bax through direct or indirect mechanisms and
reduces cell death (31,32). The present study demonstrated that
the expression of Bcl-2 was upregulated and the expression of
Bax was downregulated in the H9¢2 myocytes treated with
curcumin, promoting cell survival during H/R. Therefore,
curcumin inhibited apoptosis by affecting the expression
levels of Bax and Bcl-2.

Autophagy has a dual role in cell survival and cell death
during heart ischemia and reperfusion (33). Induction of
autophagy maintains the homeostasis of cellular ATP and
promotes cell survival in the ischemic heart (34). However,
excessive autophagy is detrimental and can lead to myocyte
death during the reperfusion phase (14). The present study
established a model of H/R damage in H9¢c2 myocytes to
investigate the effect of curcumin on the level of autophagy.
The ratio of LCB3-II/LC3B-I increased significantly and was
associated with a reduction in cell viability in the myocyte H/R
period, suggesting that autophagy during the reperfusion phase

may be detrimental for myocyte survival. Notably, curcumin
treatment significantly downregulated the ratio of LC3B-II/
LC3B-I and improved the survival rate of the H9¢c2 myocytes.
These results indicated that curcumin promoted cell survival
through inhibiting the excessive activation of autophagy by
H/R.

Several molecular mechanisms, including beclin-1,
BNIP3 and SIRTI, respond to the regulation of
autophagy (35-37). Therefore, the present study examined the
changes in the levels of these autophagy-associated proteins
in myocytes during H/R. Beclin-1, a BH3 domain-only
protein (38), is necessary for activating autophagy during
reperfusion and exacerbates cardiomyocyte death (39).
Downregulation of the expression of beclin-1 using RNA inter-
ference in myocytes reduces the level of I/R-induced autophagy,
accompanied by an increased cell survival (40). These
results indicated that inhibiting the expression of beclin-1 is
beneficial for the survival of myocytes. It has been previously
demonstrated that the upregulation of Bcl-2 is important in
suppressing autophagy (26,41,42). Bcl-2 binds to beclin-1 via
the BH3 domain to form a Bcl-2:beclin-1 complex. This
complex prevents beclin-1 from assembling the pre-autopha-
gosomal structure, thereby inhibiting autophagy (43). Notably,
a previous study revealed that suppressing the expression of
Bcl-2 using small interfering RNA in breast cancer cells did
not activate apoptosis as expected, but induced autophagic
cell death accompanied by an upregulation in the expression
of beclin-1 (44). Due to the association between Bcl-2 and
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Figure 4. Curcumin downregulates the ratio of LC3B-II/LC3B-I, a marker of autophagy and autophagy-associated proteins, including beclin-1, BNIP3 and
SIRT1 in H9¢2 myocytes during H/R. The cells were subjected to glucose deprivation, with the exception of the control group, and were cultured under hypoxic
conditions for 1 h and then reoxygenated for 3 h, with or without curcumin. The cell lysates from the H9¢2 cells were subjected to (A) western blot analysis. and
(B) densitometric measurements of LC3B-II/LC3B-I. (C) Representative western blot analysis and (D) densitometric measurements of beclin-1, BINP3, and
SIRT1. The band densities were measured using the Quantity One 1D analysis software program. Data are expressed as the mean + standard deviation and were
obtained from three independent experiments (‘P<0.05 and “P<0.01, compared with the control group; “P<0.05 and P<0.01, compared with the H/R group).
H/R, hypoxia/reoxygenation; Cur, curcumin; BNIP3, adenovirus E1B 19 kDa interacting protein 3 SIRT1, silent information regulation 1.

beclin-1 and the importance of the Bcl-2/beclin-1 complex
for autophagy, the present study examined the expression
levels of these proteins in myocytes during H/R. The results
demonstrated that the expression of Bcl-2 was downregulated
and the expression of beclin-1 was upregulated, accompanied
by an upregulation in autophagy in the myocytes during H/R.
However, these changes in the expression levels of Bcl-2 and
beclin-1 and the ratio of LC3B-II/LC3B-I were markedly
reversed by curcumin treatment. Therefore, it was suggested
that curcumin may upregulate the quantity of the Bcl-2/
beclin-1 complex and downregulate the expression of beclin-1,
thereby inhibiting autophagy in the H9¢c2 myocytes during
H/R.

BNIP3, another member of the BH3-contaning Bcl-2
family, is responsible for excessive autophagy and the over-
expression of BNIP3 significantly induces autophagy (45).
Bellot ef al (46) demonstrated that hypoxia-induced BNIP3
induces autophagy by disrupting the Bcl-2/beclin-1 complex.
Additionally, overexpression of BNIP3 promoted apoptotic
cell death (47,48). SIRT1, a nicotinamide adenine dinucleo-
tide-dependent deacetylase, regulates critical metabolic and
physiological processes, including autophagy (37). SIRT1
induces autophagy by forming a molecular complex with
several autophagy-associated genes and directly deacetylating
these components (49). The overexpression of SIRT1 is suffi-
cient to induce an autophagic flux (50), and SIRT1-/- mouse

embryonic fibroblasts fail to fully activate autophagy under
conditions of starvation (49). The upregulation of BNIP3
and SIRTI stimulates autophagy or apoptosis in different
cell types (51,52). In the present study the expression levels
of BNIP3 and SIRT1 were significantly upregulated during
H/R in myocytes and curcumin treatment significantly down-
regulated the expression levels of BNIP3 and SIRTI. This was
accompanied by downregulation in the levels of apoptosis
and autophagy in the H9¢2 myocytes during H/R. Therefore,
curcumin inhibited cell apoptosis/excessive autophagy and
promoted cell survival by downregulating BNIP3 and SIRT1.
Therefore, the results suggested that curcumin assisted in
reducing the levels of apoptosis and autophagy, improving cell
viability, upregulating the expression of Bcl-2 and downregu-
lating the expression levels of Bax and beclin-1. Additionally,
curcumin inhibited the expression of BNIP3 and SIRTI in
the H9¢2 myocytes subjected to H/R. Therefore, these find-
ings demonstrated the protective effect of curcumin against
myocardial H/R injury by reducing the levels of apoptosis
and autophagy. Curcumin may offer a potential therapeutic
approach for preventing myocardial I/R injury.
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