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Abstract
Ischemic heart disease (IHD) is the most common cardiovascular disease and is the main

cause of death and disability worldwide. Myocardial ischemia/reperfusion (MI/R) injury has

been linked to IHD-induced cardiomyocytes apoptosis and tissue damage. Recently, it has

been reported that carnosic acid (CA) may function as a potent antioxidant in liver ischemia/

reperfusion (I/R). However, whether it regulates I/R in the heart remains unclear. Here, we

elucidated the emerging role of CA in MI/R under diabetic myocardial conditions. Diabetes

mellitus (DM) was induced in mice by consumption of a high-fat diet for 16 weeks. To create

the I/R in mice, the left anterior descending coronary artery was occluded for 30 min, and

then occlusion was released to reperfuse the heart for 3 or 24 h. In diabetic myocardial ischemia/reperfusion (DMI/R) mice, pre-

treatment with CA suppressed the overgeneration of reactive oxygen species (ROS) and production of cytokine. Importantly, the

activation of autophagy was significantly increased by CA treatment, as assessed by p62 degradation and LC3-II/LC3-I conver-

sion, as well as by phosphorylation of AMPKa, Akt, and mTOR. Interestingly, all of the protective effects of CA were impeded by

the treatment with chloroquine, which is an autophagy inhibitor. These studies suggest that CA prevents DMI/R injury via regu-

lation of autophagy. In conclusion, our findings indicate that CA has potential as a novel therapeutic to prevent DMI/R injury.
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Introduction

Diabetes mellitus (DM)1 is one of the most common chronic
diseases, and affects around 10% of all adults older than 25
years worldwide.2 Moreover, the prevalence of patients has
been increasing substantially during recent decades.3 DM
patients have a high morbidity and mortality caused by
ischemic heart injury, including myocardial infarction
(MI) and ischemia/reperfusion (I/R) injury. In patients
with type 2 diabetes mellitus (T2DM), the incidence of
ischemic injury is about fivefold greater than in nondiabetic
individuals.4–6 Clinical studies have indicated that DM-
induced hyperglycemia is linked to endothelial dysfunc-
tion, development of microvascular injury and alteration
of hemodynamic response, as well as tissue damage.7,8

DM-induced hyperglycemia is also closely associated
with susceptibility and severity of myocardial ischemia/
reperfusion (MI/R) injury. Thus, recent studies have
focused on understanding the myocardial response,
aiming to discover the mechanisms of myocardial protec-
tion to achieve cardioprotective strategies.9 It has been
reported that hyperglycemia strongly inhibits the forma-
tion of autolysosomes via regulation of the mechanistic
target of rapamycin (mTOR) signaling10,11 and largely
aggravates I/R injury by the enhancement of oxidative
stress.12–14 These findings support the suggestion that oxi-
dative stress and mTOR signaling are pivotal elements of
MI/R injury mechanisms.15,16 However, the detailed mech-
anism remains unclear.
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Carnosic acid (CA) is a well-known preservative or anti-
oxidant used in food and other products.17 Currently, CA
has been shown to exhibit anti-tumor activity through
modulating cell survival via regulation of the AKT/
mTOR pathway. Furthermore, CA afforded hepatoprotec-
tion in a mouse model of liver I/R injury,18 suggesting that
CA might have a similar protective effect in myocardium
against DM-associated I/R injury. Therefore, this study
evaluated the protective effect of CA on diabetic myocar-
dial ischemia/reperfusion (DMI/R) injury in mice sub-
jected to an experimental model of DM-induced
myocardial injury.

Material and methods

Reagents

6-diamino-2-phenylindole (DAPI), Evans blue (EB), and tri-
phenyltetrazolium chloride (TTC) were obtained from
Solarbio Technology (Beijing, China). The primary antibod-
ies against gp91phox (SC-130543), caspase-3 (sc-56053),
GAPDH (sc-365062), and b-actin (sc-8432) were purchased
from Santa Cruz Biotechnology (Paso Robles, CA, USA).
The primary antibodies against p-AMPKa (Thr172,
#2531), AMPKa (#5831), p-Akt (Ser473, #4060), Akt
(#4691), p-mTOR (Ser2448, #5536), mTOR (#2983), LC3-I
(#4599), LC3-II (#3868), and p-62 (39749) were ordered
from Cell Signaling Technology (Danvers, MA, USA).
Rabbit anti-goat, goat anti-mouse, and goat anti-rabbit sec-
ondary antibodies were purchased from the Zhongshan
Company (Beijing, China).

Experimental animals

Adult male C57BL/6 mice were purchased from the exper-
imental animal center of the Fourth Military Medical
University. All procedures were carried out according to
the Center for Animal Resources and Development regula-
tions for animal care and this study was approved by the
Ethics Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology.
Mice (n¼ 180) were housed at room temperature (22–26�C)
with a 12-h light/12-h dark cycle. Food and water were
provided ad libitum and the body weight of each mouse
was recorded every week. Four groups of 10 mice were
studied: normal control diet, high-fat diet without I/R,
high-fat dietþ 3 h reperfusion, and high-fat dietþ 24 h
reperfusion. First, the mice were fed either a normal or
high-fat diet for 16 weeks. After this, the mice with a
blood glucose level higher than 300 mg/dL were consid-
ered asmodeling DM. Before imposition of DMI/R, the DM
mice were treated with CA dissolved in 1% tween 80 at a
dose of 50 mg/kg via oral gavage for five consecutive days.
Five days later, the DM mice were anesthetized with 2%
isoflurane, and the heart was exteriorized via a left thoracic
incision. A 6–0 silk suture slipknot was tied around the left
anterior descending coronary artery for 30 min, producing
myocardial ischemia. Reperfusion was initiated by release
of the slipknot. The mice were sacrificed by using isoflur-
ane at 3 h (for all assays except for the cardiac function and
measurement of infarction size) or 24 h (for collection of

blood and tissue) reperfusion. To determine the autophagic
flux, 10 mg/kg chloroquine (CQ) was administered by
intraperitoneal injection 5min before coronary artery occlu-
sion. The number of animals per study group was 45.
Among that, determination of infarction size was used 10
mice of each group. Ten mice of each group were used for
superoxide and MAD measurement. GSH/GSSG analyses
were also used 10mice of each group, 10mice of each group
were used as apoptosis analysis, and the other mice were
used for isolation of ventricular myocytes.

Quantification of plasma glucose and insulin

After the mice were sacrificed, the plasma was collected by
centrifugation of their blood at 1000g for 10 min at 4�C. The
plasma glucose was assayed by using commercially avail-
able colorimetric assay kits (Cayman Chemicals, Ann
Arbor, MI, USA). Briefly, the samples and standard were
incubated with an enzyme mixture for 10 min. In this reac-
tion, glucose was oxidized to d-gluconolactone with con-
comitant reduction of the glucose oxidase. The reduced
form of glucose oxidase was regenerated to its oxidized
form to produce hydrogen peroxide. Finally, horseradish
peroxidase was added as a catalyst, hydrogen peroxide
reacted with 3,5-dichloro-2-hydroxybenzenesulfonic acid,
and 4-aminoantipyrine to generate a pink dye with an opti-
cal absorbance of 514 nm. The plasma insulin was deter-
mined using an ELISA kit (Crystal Chem, Downers Grove,
IL, USA). In brief, the plasma was incubated for 2 h at 4�C
in 96-well plates coated with an insulin antibody. After
washing, the capture antibody was added and incubated
for 30 min at room temperature. The reaction was mea-
sured by modulation of the absorbance at 450 nm.

Analysis of cardiac function

Cardiac function was evaluated by motion-mode echocar-
diography by using a VEVO 770 high-resolution in vivo
imaging system (Visual Sonics, Toronto, ON, Canada).
The left ventricular ejection fraction (LVEF) and left ventric-
ular fractional shortening (LVFS) were calculated with com-
puterized algorithms. All measurements represented the
mean of five consecutive cardiac cycles.

Determination of myocardial infarction

The infarction area was evaluated by EB/TTC double-
staining. The slipknot was retied and 1 mL of 2% EB was
then injected into the aorta. The heart was removed and
immediately frozen at �20�C, and then divided into
1 mm-thick sections which were incubated in 1% TTC for
10 min at 37�C. The EB-stained area (blue staining, area not
at risk (ANAR)), TTC-stained area (red staining, ischemic
but viable tissue), and TTC negatively stained area (infarct
myocardium) were evaluated using Image Pro Plus soft-
ware (Media Cybernetics, Rockville, MD, USA). The myo-
cardial infarct area (INF) size was expressed as a
percentage of the INF over total area at risk (AAR)
(INF/AAR� 100%).
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Measurement of myocardial apoptosis

Myocardial apoptosis was detected using a Terminal deox-
ynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay kit (Roche Molecular Biochemicals,
Mannheim, Germany). In brief, the myocardium was
fixed using 4% formalin for 24 h, and then TUNEL staining
was performed according to the manufacturer’s instruc-
tions. The index of apoptosis was expressed by the
number of TUNEL-positively stained apoptotic cardiomyo-
cytes/the total number of cardiomyocytes counted� 100%.

Quantification of superoxide production and
malondialdehyde

Superoxide assay kits were purchased from Jiancheng
Bioengineering Institute (Nanjing, China). In brief, the
myocardium was incubated with lucigenin suspension in
HEPEs buffer for 30 min at 37�C. Lucigenin chemilumines-
cence was then analyzed using a luminometer (AutoLumat
LB953, EG&G Berthold, Gaithersburg, MD, USA).
Superoxide production was expressed in relative light
units (RLU) per second per milligram of heart weight
(RLU/mg/s). The malondialdehyde (MDA) level in the
heart homogenates was analyzed using a commercial col-
orimetric assay kit (Jiancheng Bioengineering Institute,
Nanjing, China). The protein fraction from the tissue or
standards with known concentrations was incubated with
N-methyl-2-phenylindole for 1 h at 45�C, and the generated
chromophore was determined spectrophotometrically at
586 nm. The MDA concentration of the samples was calcu-
lated according to the standard curve generated under the
same conditions.

Measurement of cytokine

Cytokine-6 and cytokine TNF-a were measured using an
ELISA kit (R&D Systems; Minneapolis MN, USA) accord-
ing to the manufacturer’s instructions. In brief, the plasma
was incubated for 2 h at room temperature in 96-well plates
coated with anti-IL-6 or anti-TNF-a antibodies. After wash-
ing, the capture antibody was added and incubated for 2 h
at room temperature. The reaction was measured by mod-
ulation of the absorbance at 450 nm.

Cell culture and treatment

We established the cardiomyocytes model of I/R as
described by Wang et al.19 In brief, the mice hearts were
removed and perfused by using Ca2þ-free bicarbonate-
based buffer at 37�C for 3 min post 2% isoflurane anesthet-
ic, followed by enzymatic digestion in collagenase type
B/D containing perfusion buffer. Fifty millimoles per liter
of Ca2þ was added into digestion buffer when the hearts
became hard. After 10 min, the sections of left ventricle
were further digested by same enzyme containing buffer
at 37�C for 10 min. The myocytes in supernatant were col-
lected by filtration and two times centrifugation, further the
pellet was resuspended in 250 mM Ca2þ-containing
bicarbonate-based buffer. Next, the myocytes were plated
at 1� 104 cells/mL in mouse laminin-precoated culture
dishes for 1 h, and then the cells were stimulated with

I/R. To establish the cardiomyocytes model of I/R, the
glucose-free medium supplemented with either a vehicle
or globular domain of adiponectin (gAPN, 2 lg/mL) was
gassed by using hypoxic gas mixture (95% N2–5% CO2) for
5 min, and then the cardiomyocytes were cultured with this
hypoxia-hypoglycemic medium in a Napco 8000WJ hypox-
ia (1% O2–5% CO2–94% N2) incubator (Thermo Scientific,
Waltham, MA, USA). After 3 h incubation, the culture
medium was changed to normal medium containing vehi-
cle or gAPN. Finally, additional cell culture for 6 h was
performed under normoxic conditions.

Measurement of glutathione

The glutathione was assayed using a glutathione detection
kit (BioVision, Mountain View, CA, USA). The myocardium
lysate was centrifuged at 13,000g at 4�C for 2 min. The
supernatants were collected and processed as indicated in
the manufacturer’s protocol. Finally, the samples were
incubated with o-phthalaldehyde (OPA) at room tempera-
ture for 40 min. In the assay, the OPA reacts with the
reduced form of glutathione (GSH) and generates a fluores-
cence signal. The total glutathione was determined by addi-
tion of a reducing agent that converts the oxidized form of
glutathione (GSSG) to GSH and the total GSHþGSSG
was evaluated.

Myeloperoxidase activity analysis

The enzyme activity was determined using a myeloperox-
idase (MPO) assay kit (Abcam, Cambridge, MA, USA). In
brief, the myocardium was homogenized with MPO assay
buffer which was supported by the assay kit and was
washed twice with PBS, followed by centrifugation for
10 min at 10,000g. The supernatants were collected and
reacted with reaction buffer for 2 h and the reaction was
then stopped using stop buffer. The absorbance was mea-
sured at 412 nm as a reference wavelength on a microplate
reader (Bio-Rad, Hercules, CA, USA).

Flow cytometric analysis

The cells were resuspended in 50 ml of 10 mM HEPES (pH
7.4), 140 mMNaCl and 2.5 mM CaCl2, and placed on ice for
5 min. A further 50 ml of buffer containing 5 ml of Annexin
V-Alexa Fluor-488 was added, mixed, and incubated on ice
in the dark for 15 min. A 400-ml volume of buffer containing
0.6 mg/mL propidium iodide (PI) was added and the sam-
ples were analyzed using a FACS Calibur (BD Biosciences)
and FlowJo software (Version X; Tree Star, Ashland,
OR, USA).

Immunofluorescence staining

Tissues were sectioned at 8 mm in thickness, and the sec-
tions were fixed with cold methanol for 5 min, and then
permeabilized with 0.2% Triton X-100 for 10 min. After
blocking with BlockAce (DS Pharma Biomedical) for
30 min, the sections were incubated with anti-LC3 antibody
for 1 h at room temperature, and then stained with Alexa
Fluor 594-conjugated goat anti-rabbit IgG for 1 h at room
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temperature. The images were recorded using a BioZero
fluorescent microscope BZ-9000 (Keyence).

Measurement of LDH release

The cells were pelleted by centrifugation at 12,000 r/min
for 15 s, followed by removal of the supernatants, which
were placed on ice. The LDH level was indirectly deter-
mined using an LDH assay kit (Sigma-Aldrich, St. Louis,
MO, USA), which was used according to the manufac-
turer’s instructions. The values were expressed as the per-
centage of LDH released relative to the value obtained
following permeabilization of the cells with digitonin.

Western blotting

The proteins from the tissue or cells were washed with PBS
and then lysed with Laemmli sample buffer. The protein
concentration was measured using a BCA protein assay kit
(Merck Millipore Technology, Darmstadt, Germany). The
15 lg protein samples were subjected to SDS-PAGE electro-
phoresis and the separated proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Immobilon-
P; EMD Millipore, Darmstadt, Germany). The membrane
was blocked with 5% skimmed milk in TBS-T for 2 h and
then incubated with the primary antibodies against
gp91phox, caspase-3, poly ADP-ribose polymerase (PARP),
LC3II, LC3I, p62, p-AMPKa, AMPKa, p-mTOR, mTOR, Akt
and pAkt, overnight at 4�C. After washing three times in
TBS-T, the membrane was incubated with a secondary anti-
body at room temperature for 1 h. As an internal control,
the expression of b-actin was measured by using the anti-
b-actin antibody as the primary antibody and the

HRP-conjugated anti-rabbit antibody as the secondary anti-
body. The protein bands were detected by using Luminata
Forte Western HRP Substrate (Millipore) with a Bio-Rad
ChemiDox XRSþ imaging system (Bio-Rad Laboratories,
Hercules, CA, USA).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software version 5.0 (GraphPad Software, San
Diego, CA, USA). All data were presented as means
� standard error of the mean (S.E.M). Differences were
compared using analysis of variance (ANOVA) followed
by Bonferroni correction for post hoc t test, where appropri-
ate. Probabilities less than 0.05 were considered to be sta-
tistically significant.

Results

CA attenuates DMI/R injury

Firstly, we have established mice that exhibit T2DM and,
furthermore, we have successfully induced MI/R as men-
tioned in the method. As shown in Figure 1(a), the body
weight, fasting plasma glucose, and fasting plasma insulin
were remarkably increased in the DMmice compared to the
healthy mice. We further tested the effect of CA on DMI/R
injury in mice. We did not observe any differences in the
LVEF and LVFS between the healthy mice and the DM
mice. However, the percentages of LVEF and LVFS were
reduced by MI/R (Figure 1(b)). Interestingly, treating
DMI/R mice with CA caused the recovery of myocardial
function (Figure 1(b)) and improvement of myocardial

Figure 1. CA attenuated DMI/R-induced heart failure and cardiomyocytes apoptosis. (a) The body weight, fasting plasma glucose, and fasting plasma insulin of mice

in each group were measured. (b) The cardiac functions of mice in each group were evaluated. (c) The myocardial infarction sizes of the mice in each group were

analyzed using a TTC assay. (d) Cardiomyocytes apoptosis was measured using TUNEL staining. The data were analyzed by one-way ANOVA followed by the Tukey

post hoc test for pairwise comparison (n¼ 10). Sham NC vs. I/R DM, **, P< 0.01; Sham DM vs. I/R DMþCA ##, P< 0.05. Each mice group was separated by different

color as indicated in the figure. (A color version of this figure is available in the online journal.)
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infarction (MI) (Figure 1(c)). We also confirmed cardiomyo-
cytes apoptosis by TUNEL staining, and in contrast to the
DMI/R mice, the apoptotic cells in the heart were signifi-
cantly decreased when DMI/R mice had undergone pre-
treatment with CA (Figure 1(d)). These data suggested that
CA might prevent mice from experiencing DMI/R injury.

CA diminishes DMI/R-induced oxidative stress and the
inflammatory response

Previous studies have shown that reactive oxygen species
(ROS) trigger oxidative stress and induce an inflammatory
response, which plays an important role in the pathogene-
sis of DMI/R.20–22 Thus, we studied the effect of CA on
oxidative stress and the inflammatory response in DMI/R
injury mice. We found that either superoxide generation or
gp91phox was greatly increased in the I/R-induced DM
mice (Figure 2(a) and (b)). MDA, a marker of oxidative
stress, was produced in greater quantity in the DMI/R
mice (Figure 2(c)). GSH, an antioxidant peptide abundantly
present in cells, plays an important role in intracellular
redox balance. In DMI/R mice, the ratio of GSH to the oxi-
dized form of GSH (GSSG) has been found to be decreased
(Figure 2(d)), which suggests that oxidative stress was
induced by I/R under DM conditions. The generation of
superoxide and MDA was inhibited by CA treatment;
moreover, CA also suppressed DMI/R-induced gp91phox

expression and reversed GSSG to GSH (Figure 2(a) to
(d)). These findings suggest that CA regulates the anti-
oxidation response during DMI/R injury.

On the other hand, we investigated the effect of CA on
the DMI/R-induced inflammatory response, and we found
that CA had a strong inhibitory behavior on DMI/R-
induced cytokine production (Figure 2(e) to (g)). MPO is
abundantly expressed in granulocytes and monocytes,23

which plays an important role in MI/R injury.24,25 A high
level of MPO activity was found to be related to DMI/R
mice but not to DMI/R mice treated with CA (Figure 2(h)).
These results also suggest that CA is involved in DMI/R
injury as an anti-inflammatory agent.

CA enhances cardiomyocytes autophagy via regulation
of the AMPK and mTOR signal pathway

We attempted to clarify the mechanism of the protective
effect of CA on DMI/R by focusing on autophagy. The anal-
ysis of autophagy-associated proteins was performed by
Western blotting. mTOR is a known critical negative regu-
lator for autophagy, which is activated by Akt phosphory-
lation and inactivated by AMPKa phosphorylation.26 In
contrast to the healthy mice, the DM mice showed greater
expression of Akt phosphorylation and mTOR phosphory-
lation, and a lower expression of phosphorylated AMPKa
(Figure 3(a)). These findings were consistent with a previ-
ous report that autophagy is inhibited in DM.27

Interestingly, pre-treatment of mice with CA reverses the
DM-induced inhibition of autophagy, as determined by the
expression of autophagy marker proteins (Figure 3(a)). In
addition to the three regulators mentioned above, a
decreased sequestosome 1 (p62) level and a higher ratio

Figure 2. CA promoted antioxidant response and anti-inflammatory response during DMI/R. The oxidative stress was evaluated, as determined by superoxide

generation (a), gp91phox expression (b), MDA production (c) and ratio of GSH and GSSG (d). Cytokine IL-6 (e), TNF-a (f, g) as well as MPO activity (h) were quantified

using ELISA. The data were analyzed by one-way ANOVA followed by the Tukey post hoc test for pairwise comparison (n¼ 10). Sham NC vs. I/R DM, **, P< 0.01;

Sham DM vs. I/R DMþCA #, P< 0.05; ##, P< 0.01. Each mice group was separated by different color as indicated in the figure. (A color version of this figure is available

in the online journal.)
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of LC3-II/LC3-I were observed in CA-treated DMI/R mice.
The positive effect of CA on autophagy was also confirmed
by immunofluorescence staining (Figure 3(b)). In other
words, CA protected against DMI/R injury by eliciting
autophagy, probably via regulation of the mTOR-related
signaling pathway.

Inhibition of autophagy partially abolishes the

protective effects of CA on the myocardium

To further verify the myocardial protective function of
autophagy, CQ, a specific inhibitor of autophagy, was
used in the following experiments. It was found that CQ
blocked CA-induced p62 degradation, although the CQ
ameliorated ratio of LC3-II/LC3-I was not observed
(Figure 4(a)). Importantly, CQ treatment effectively inhib-
ited the protective effect of CA on I/R mice, as evidenced
by the reduced myocardial function (Figure 4(b)), increased
cardiomyocytes apoptosis (Figure 4(c)) and MI (Figure 4
(d)). Both oxidative stress (Figure 4(e) and (f)) and cytokine
production (Figure 4(g)) showed significantly higher levels
in CQ-treated DMI/R mice compared to DMI/R mice.
These results provide further evidence that CA exerts a
cardioprotective effect against DMI/R injury via induce-
ment of autophagy.

CA recovers the DMI/R-induced cardiomyocytes
apoptosis via regulation of autophagy in vitro

A parallel study was performed using the cardiomyo-
cytes isolated from mice. Levels of PIþ Annexin-Vþ

cells, an index of apoptotic cells, increased after the
cells were stimulated with high glucose and high fat in
both untreated cells and I/R-induced cells (Figure 5(a)).
In contrast, the apoptosis of cells, which was obviously
lower in CA-treated I/R cells compared to untreated I/R
cells, was nullified by treatment of the CA-treated I/R
cells with CQ (Figure 5(a)). A similar tendency was
observed with the LDH assay: CQ cancelled the protec-
tive effect of CA against DMI/R-induced cell death
(Figure 5(b)). The expression of cleaved caspase-3 and
its substrate, PARP, were then analyzed using Western
blotting. These two molecules were the main cell apopto-
sis markers.28 Our data revealed that cleaved caspase-3
was highly expressed in DMI/R cells. CA treatment
improved caspase-3 cleavage, which was inhibited by
CQ treatment (Figure 5(c)). A similar tendency was
observed in the expression of cleaved PARP. No signifi-
cant level of LC3-II/LC3-I was detected in the presence of
CQ; however, CA-induced p62 degradation in DMI/R
cells was suppressed by CQ treatment (Figure 5(c)). All
of these findings suggest that CA induces autophagy
against DMI/R-induced apoptosis in vitro.

Figure 3. Cardiomyocytes autophagy was regulated by CA. (a) Autophagy-associated protein analysis was performed by Western blotting. (b) The LC3 expression

was observed by using immunofluorescence staining. The data were analyzed by one-way ANOVA followed by the Tukey post hoc test for pairwise comparison

(n¼ 10). ShamþNC vs. DMþ I/R, *, P< 0.05; **, P< 0.01; ShamþDM vs. DMþ I/RþCA #, P< 0.05; ##, P< 0.01. Each mice group was separated by different color as

indicated in the figure. (A color version of this figure is available in the online journal.)
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Discussion

It has been reported that hyperglycemia induces the acti-
vation of NADPH oxidase and depletion of endogenous
antioxidants,29 which further results in enhancement of
the assembly of ROS, which promotes tissue damage such
as MI/R.30 Our data showed that CA downregulates the
gp91phox expression and upregulates the synthesis of the
main intracellular antioxidants (Figure 2(a) to (d)), and
then attenuated I/R-produced oxidative stress occurs in
DMI/R mice. Mitochondria damage has been considered
to be the main source of intracellular ROS generation,
which is induced by cell apoptosis during DMI/R
injury.31 CA may be a critical regulator of DMI/R-
induced mitochondria damage. On the other hand, persis-
tent hyperglycemia alters some genes promoters such as
Suv39h1, a histone methyltransferase,32 which is associated
with transcription of cytokine genes, including IL-6, TNF-a,
and MCP-1.33,34 We found that CA suppresses the produc-
tion of DMI/R-induced cytokine IL-6 and cytokine TNF-a
(Figure 2(e) to (g)), which suggests that CA plays a key role
in the methylation of histone during DMI/R injury.

Autophagy is an essential cell event that occurs in
response to various cellular stresses, such as nutrient star-
vation, oxidative stress, and infection.20 The molecular
mechanisms of autophagy are not completely understood,
but studies have demonstrated that the formation of
double-membrane vesicles initiated by autophagy is
called autophagosomes. The outer membrane of the auto-
phagosomes subsequently fuses with the endosome and
then lysosomes to form autolysosomes containing enzymes
that degrade the molecules enclosed within.35 These

processes are precisely controlled by several regulators
including mTOR, a serine/threonine protein kinase of the
PI3K-related kinase family which is a central negative reg-
ulator of autophagy.36 mTOR forms two distinct protein
complexes, mTOR complex 1 (mTORC1) and 2
(mTORC2), which are generated by the stimulation of
autophagy initiators, including growth factors, energy,
oxygen, amino acids, and many metabolic signals.36

Inhibition of mTORC1 causes autophagy activation, accom-
panied by several phenomena. For instance, the
microtubule-associated protein 1 light chain 3 (LC3-I)
binds with phosphatidylethanolamine to form LC3-II,
which then is incorporated into the inner and the outer
membranes of the autophagosomes until it is either degrad-
ed or recycled into the cytosolic pool.37 This conversion of
LC3-I/LC3-II is taken as powerful evidence for autophagy
promotion. Additionally, p62 is an autophagy substrate
which reports autophagy activity.38 Autophagy is associat-
ed with several kinds of human pathologies including
tumorigenesis, renal I/R and cardiac disease, in particular
MI/R.27,39–41

In the present study, we provide evidence for the pro-
tective effect of CA against DMI/R injury via CQ activated
up-regulation of autophagy. As shown in Figure 5(c), the
ratio of LC3-II/LC3-I was increased even in the presence of
CQ, which can be explained by the fact that the LC3-II
cannot return to LC3-I when CQ inhibits the LC3-I/LC3-
II conversion. To the best of our knowledge, this is the first
report on the cytoprotective effect of CA against DMI/R
injury via enhanced autophagy. In contrast, Zhang’s
group reported that N-acety-l-cysteine (NAC) attenuates
DMI/R injury through inhibition of autophagy.42

Figure 4. Chloroquine inhibited the protective effects of CA on the myocardium. (a) Autophagy-associated proteins were analyzed byWestern blotting. (b) The cardiac

functions were evaluated, as determined by the percentage of LVEF and LVFS. (c) Cardiomyocytes apoptosis of mice in each group was measured using TUNEL

staining. (d) The myocardial infarction sizes of mice in each group were analyzed using a TTC assay. (e) Superoxide production was measured by assay kit. (f) The

expression of gp91phox was detected by Western blotting. (g) Cytokine TNF-a in myocardium was measured using ELISA. The data were analyzed by one-way ANOVA

followed by the Tukey post hoc test for pairwise comparison (n¼ 10). ShamþVeh vs. I/RþVeh, *, P< 0.05, **, P< 0.01; I/RþVeh vs. I/RþCA, ##, P< 0.01; I/RþVeh

vs. I/RþCAþCQ, $$, P< 0.01. Each mice group was separated by different color as indicated in the figure. (A color version of this figure is available in the

online journal.)
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The expression of phosphorylated AMPKa (p-AMPKa) and
total AMPKa was significantly increased in diabetic rats
compared to healthy rats; I/R further enhanced the phos-
phorylation of AMPKa but did not have a remarkable effect
on the total AMPKa. Autophagy markers, including
the ratio of LC3-II/LC3-I or expression of p62, were obvi-
ously increased in DMI/R rats. However, the results
showed that the inhibitory effect of NAC on DMI/R rats
was via inhibition of autophagy, as evidenced by a decrease
in the ratio of LC3-II/LC3-I and protein expression of p62,
AMPKa, and mTOR. mTOR negatively regulates the
autophagy by phosphorylation at Ser2448 or at
Ser2481,43,44 rather than the phosphorylation of mTOR.
Furthermore, the effects of NAC on the upstream signals
of mTOR including p-AMPKa and AMPKa were unclear.
Finally, p62, a terminal protein of autophagy, is degraded
by autophagy.38 In contrast, the p62 level in NAC-treated
DMI/R rats was lower than the untreated DMI/R rats,
which suggested that NAC treatment enhances the autoph-
agy process. Therefore, it is hard to say whether NAC
inhibits excessive autophagy.

mTOR belongs to the phosphoinositide 3-kinase-related
kinase family and interacts with several proteins to form
two complexes named mTORC1 and mTORC2. mTOR sig-
naling is much more complex than was originally

anticipated. mTORC1 has six known protein components
and mTORC2 has seven.45 mTORC1 is responsible for
autophagy induction in response to starvation. On the
other hand, mTORC2 is involved in the regulation of
phosphorylation and activation of Akt, protein kinase C,
serum- and glucocorticoid-induced protein kinase 1.
As Akt positively regulates mTORC1, it would be reason-
able to speculate that mTORC2 acts as a negative regulator
of autophagy, and, indeed, it has been found that mTORC2
inhibition induces autophagy.26 Ma et al.46 proposed that
mTORC1 overexpression would suppress the pro-
survival process of autophagy. In contrast, Aoyagi et al.47

reported that overexpression of mTORC1 protected the
heart from I/R injury. Actually, the beneficial effects of
mTORC1 overexpression are mainly attributed to the sup-
pression of the inflammatory response during reperfusion,
and the benefits of a decreased inflammatory response
exceed the functional loss of autophagy.46 mTORC2 is
also involved in the induction of autophagy and associated
with enhanced cardiac cell survival after I/R.48 However,
Volkers et al.49 proposed a new approach for cardiac ische-
mia by selectively increasing mTORC2 while inhibiting
mTOC1 signaling, which indicated that autophagy is regu-
lated by either the PI3K-Akt-mTORC1 pathway or by
mTORC1/mTORC2 balancing.

Figure 5. CA protected cardiomyocytes fromDMI/R-induced apoptosis in vitro. Cardiomyocytes apoptosis was analyzed by FACs (a), and LDH assays (b). (c) Cleaved

caspase-3, cleaved PARP, and autophagy-associated proteins were detected by Western blotting. The data were analyzed by one-way ANOVA followed by the Tukey

post hoc test for pairwise comparison (n¼ 10). NG vs. HG/HF, *, P< 0.05, **, P< 0.01; I/RþHG/HF vs. HG/HF, #, P< 0.05, ##, P< 0.01; I/RþHG/HF vs. I/RþHG/

HFþCA, $, P< 0.05, $$, P< 0.01; I/RþHG/HF vs. I/RþHG/HFþCAþCQ, &, P< 0.05, &&, P< 0.01. Each mice group was separated by different color as indicated in

the figure. (A color version of this figure is available in the online journal.)
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During the process of cardiac I/R, mitochondrial
damage, including mitochondrial fission and fragmenta-
tion were observed in cardiomyocytes.50 Excessive
damage to mitochondria caused ROS over-production
and resulted in oxidative stress and further myocardial
cell death. Under these conditions, autophagy is induced
to remove dysfunctional mitochondria, which is known as
mitophagy.51 Undoubtedly, mitophagy is a protective form
of autophagy which occurs during I/R injury. CA showed
an inhibitory effect on DMI/R-induced oxidative stress
(Figures 2 and 4), which could be caused by inhibition of
mitochondrial damage. Additionally, CA also regulates the
PI3K-Akt-mTOR signaling pathway. Taken together, the
protective effect of CA on DMI/R is probably associated
with both mitochondrial protection and PI3K-Akt-mTOR
pathway regulation.

In conclusion, we have provided, for the first time, evi-
dence that CA attenuates DMI/R injury via enhancement
of autophagy. A greater understanding of the target mole-
cule in CA-enhanced autophagy is necessary for the devel-
opment of potential chemotherapy for DMI/R injury.
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