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A B S T R A C T

Background: Nobiletin is a natural polymethoxylated flavone that confers antioxidative, anti-inflammatory and
anti-apoptotic efficacies. However, the potential benefits of nobiletin preconditioning on myocardial ischemia
and reperfusion injury (MIRI) remains largely unknown.
Methods: MIRI was induced by ligation of the left anterior descending coronary artery and reperfusion. Pre-
treatment with nobiletin, with or without PI3K/AKT inhibitor LY294002, was performed at the onset of re-
perfusion. Histological analyses, apoptotic evaluation, plasma biomarkers of myocardial injury, echocardio-
graphic evaluation of cardiac function and myocardial levels of endoplasmic reticulum stress (ERS)-related
molecules were observed.
Results: Nobiletin pre-treatment significantly deceased the infract size and number of apoptotic cells in the
myocardium of MIRI rats, as determined by Terminal deoxynucleotidyl transferase dUTP nick end labeling
staining. Moreover, the plasma levels of lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) also
markedly decreased. In addition, pre-treatment with nobiletin restored the impaired cardiac systolic function, as
evidenced by echocardiographic evaluation results. Importantly, pre-treatment with nobiletin significantly
downregulated the myocardial mRNA and protein levels of ERS-related signal molecules, including GRP78,
CHOP and caspase-12, but upregulated the levels of p-PI3K and p-AKT. Interestingly, co-treatment with
LY294002 significantly abolished the benefits of nobiletin pre-treatment on cardiac function, myocardial
apoptosis, cardiomyocyte injuries, and changes in myocardial levels of ERS-related signaling molecules.
Conclusion: Nobiletin pre-treatment may alleviate MIRI probably via the attenuation of PI3K/AKT-mediated
ERS-related myocardial apoptosis.

1. Introduction

Acute myocardial infarction (AMI) is a clinical disease characterized
by the abrupt obstruction of the coronary artery, which results in
substantial myocardial ischemia, cardiomyocyte necrosis, and impaired
cardiac function [1]. Despite the significant advances in its diagnosis
and treatment in recent decades, AMI remains one of the leading causes
of morbidity and mortality worldwide [2]. Revascularization via

thrombolysis, percutaneous coronary intervention and coronary artery
bypass grafting are the most effective treatments to relieve symptoms
and preserve the myocardium in patients with AMI [3,4]. However, it
has been proposed that myocardial reperfusion after ischemia may
paradoxically lead to additional damage to the myocardium, which is
defined as myocardial ischemia and reperfusion injury (MIRI) [5,6].
Indeed, it has been estimated that MIRI may account for more than half
of the infarcted myocardium, which further deteriorates cardiac
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function and prognosis in patients with AMI [5]. Although many po-
tential pathophysiological mechanisms have been proposed underlying
the pathogenesis of MIRI, including myocardial apoptosis [7,8], in-
flammation [9], calcium overloading [10] and reactive oxygen species
(ROS)-related injury [11], no evidence-based strategies for the pre-
vention of MIRI have been confirmed, at present. Therefore, the de-
velopment of novel treatment strategies to attenuate MIRI may be im-
portant for improving the prognosis for patients with AMI.

Conventionally, the endoplasmic reticulum (ER) has been re-
cognized as an organelle responsible for protein biosynthesis, folding,
processing, secretion and transportation [12]. Recent findings have
indicated other important functions of ER, such as the regulation of
cellular apoptosis. Furthermore, the disturbance of ER homeostasis
caused by nutrient/glucose deprivation or ischemia/hypoxia can lead
to the inaccurate synthesis and assembly of proteins [13], thereby
causing these misfolded proteins to accumulate within the ER, which is
collectively defined as ER stress (ERS) [14]. Initially, an endogenous
self-protective response to ERS will be activated, attempting to inhibit
protein secretion, assist protein refolding and obliterate the misfolded
proteins [15], namely, the unfolded protein response (UPR). UPR is
initiated through the activation of the protein kinase RNA (PKR)-like ER
kinase (PERK), inositol requiring 1a (IRE1a), and activating transcrip-
tion factor-6 (ATF6) pathways [14,16,17] after the detachment of ER-
resident chaperone glucose-regulated protein-78 (GRP78) [18–20].
However, if ERS is sustained and over-activated, the above transducers
will subsequently provoke ERS-associated apoptosis signaling path-
ways, such as C/EBP homologous protein (CHOP), caspase-12 and c-
Jun NH2 terminal kinase (JNK), to initiate the cell apoptotic procedure,
and protect organisms by eliminating injured cells [14,15,21]. In-
creasing evidence from experimental studies in the cardiovascular
system suggests that persistent activated ERS and subsequent apoptotic
pathways may be the crucial underlying mechanisms for MIRI [22,23].
Therefore, therapeutic approaches that target the alleviation of ERS-
related myocardial apoptosis may be of preventative significance for
MIRI.

Nobiletin is a ubiquitous bioflavonoid and polyphenolic compound
predominantly isolated from the peels of citrus, which has been con-
firmed to confer anti-oxidative, anti-inflammatory and anti-apoptotic
properties [24] involved in the pathogenesis of ischemia and reperfu-
sion (I/R) injury. Moreover, the potential benefits of flavonoids com-
pounds against I/R injury have been proposed in early studies [25].
Interestingly, recent studies have shown that nobiletin could exert a
neuroprotective and anti-apoptosis effect during the process of cerebral
I/R injury [26,27]. In addition, nobiletin could also ameliorate I/R
injury after liver transplantation [28]. In studies of the cardiovascular
system, nobiletin has been proven to be effective for the attenuation of
myocardial dysfunction in a rat model of diabetes [29]. Taken together,
it could be hypothesized that nobiletin may attenuate MIRI. Therefore,
using a rat model of MIRI, the present study aimed to evaluate whether
pre-treatment with nobiletin could relieve MIRI. Moreover, it was also
evaluated whether the regulation of ERS-related apoptosis played an
important role in this pathophysiological process.

2. Materials and methods

2.1. Establishment of the rat MIRI model

Male Sprague Dawley (SD) wild-type rats (SPF grade, 200–250 g)
were obtained from Wuhan University Experiment Animal Center.
These rats were allowed free access to standard rat chow and water, and
were kept in an environment with controlled temperature and lighting
(24 °C, 12/12 hour-light/dark cycle). All experimental procedures were
approved by the Animal Care and Use Committee of Wuhan University,
and performed in accordance with the Institutional Guidelines and
Guide for the Care and Use of Laboratory Animals (NIH Publication No.
85-23, revised 1996).

The animals were subjected to myocardial ischemia for 30min and
reperfusion for 2 h to establish the I/R injury model. At 12 h before
surgery, food, but not water, was taken away from the cages. After
anesthetization by intraperitoneal injection with pentobarbital sodium
(60mg/kg), the rats were fixed in the supine position. With the tem-
perature maintained within a normal range of 35–37 °C, the rats were
artificially ventilated at 70 strokes per minute using a volume-con-
trolled small animal respirator. Four stainless steel electrodes were
subcutaneously inserted into the limb of these rats for continuous re-
cording of standard body part II-lead ECG. Then, a left thoracotomy was
performed, and a small curved needle with a 6-0 silk suture was passed
around the myocardium beneath the left arterial descending (LAD)
branch of the coronary artery. With a small piece of polyethylene
tubing placed to the superior surface of the LAD, a ligation of ap-
proximately 2–3mm from the tip of the left auricle was placed to in-
duce the ischemia of the myocardium. The model of MIRI was con-
sidered to be successful when the elevation of the ST segment in leads II
could be observed with the appearance of cyanosis in the regional
myocardial surface. After 30min of ischemia, the LAD ligature was
released for the two-hour reperfusion of the myocardium. Then, the rats
were sacrificed, and the myocardium around the cardiac apex was
obtained for subsequent analyses.

2.2. Experimental design

Nobiletin was purchased from Shanghai Winherb Medical Science
Co. Ltd. (Shanghai, China), and its purity was>98% as determined by
high-performance liquid chromatography (HPLC) analysis. Nobiletin
was dissolved in normal saline containing 0.05% Tween-80(Sigma,
USA), and applied via the tail vein at the start of the myocardial re-
perfusion. First, in order to determine the optimal dose of nobiletin to
attenuate MIRI, a concentration gradient study was designed, in which
30 rats were randomized into five groups: (1) sham-operated group (SO
group); (2) ischemia and reperfusion group (I/R); (3) nobiletin (15mg/
kg)+ I/R (NOB15+ IR group); (4) nobiletin (30mg/kg)+ I/R
(NOB30+ IR group); (5) nobiletin (45mg/kg)+ I/R (NOB45+ IR
group). For rats in the SO group, surgical manipulation without ligature
of the LAD was performed. However, rats in the other groups were
subjected to the occlusion of LAD and reperfusion for 2 h.

In order to further explore the specific protective mechanism of
nobiletin against MIRI, another experiment was implemented, in which
rats were randomized into five equal groups with the following treat-
ments: (1) Sham-operated control group (SO group, n=10), rats were
subjected to a similar surgical process without LAD ligation; (2)
Ischemia and reperfusion control group (I/R group, n=10), rats were
subjected to LAD occlusion for 30min, followed by reperfusion for 2 h;
(3) Nobiletin+ ischemia and reperfusion group (NOB-30+ I/R group,
n=10), rats were subjected to LAD occlusion for 30min, followed by
reperfusion for 2 h, with the administration of nobiletin (30mg/kg) at
the beginning of the reperfusion; (4) Nobiletin+ ischemia and
reperfusion+ LY294002 group (NOB-30+ IR+ LY group, n=10),
rats were subjected to LAD occlusion for 30min, followed by reperfu-
sion for 2 h, and co-treatments with nobiletin (30mg/kg) and
LY394002 (0.3mg/kg) were applied at the beginning of the reperfu-
sion; (5) LY294002+ ischemia and reperfusion group (LY+ I/R group,
n=10), rats were subjected to LAD occlusion for 30min, followed by
reperfusion for 2 h, and LY394002 (0.3mg/kg) was injected ahead of
the reperfusion. Rats in the NOB+ I/R group and NOB+ IR+ LY
group were pre-administered with nobiletin at a dose of 30mg/kg via
the tail vein at the beginning of the reperfusion. An equal volume of
normal saline, including 0.05% Tween-80, was similarly applied in rats
in the SO, I/R and LY+ IR groups. As for LY294002 (Sigma-Aldrich, St.
Louis, USA), a specific inhibitor of the IP3K/AKT signaling pathway,
this was dissolved in DMSO at a concentration of 0.3mg/ml, and in-
traperitoneally injected at the beginning of the reperfusion.
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2.3. Histological examination

Myocardial tissue was harvested at the end of the experiment and
fixed in 4% paraformaldehyde solution for 24 h. After these were em-
bedded in paraffin, the samples were cut into 5-μmin thick sections,
stained with hematoxylin and eosin, (H&E) and observed under an
optical microscope. In order to evaluate the severity of the myocardial
injury, five fields were randomly selected from each group, and these
were scored by two individuals who are blinded to the experiment,
according to the following criteria: 0, no damage; 1 (mild injury), ap-
pearance with interstitial edema and focal necrosis; 2 (moderate in-
jury), appearance with cardiomyocyte swelling and necrosis; 3 (severe
injury), appearance of the formation of necrotic contraction bands and
inflammatory cell enrichments; 4 (highly severe injury), appearance of
the expanded necrosis of contraction bands, and inflammation cells
infiltrate and hemorrhage.

2.4. Evaluation of infarct size

After reperfusion for 2 h, the LAD was retied at the original ligation
site, and 1ml of Evans blue (2.0%) (Sigma-Aldrich, St. Louis, USA) was
injected into the aorta to demarcate the ischemic area at risk (AAR).
Then, the heart was quickly isolated and frozen at −80 °C. The atria
and right ventricular wall were resected, and the left ventricular wall
was sliced into 2-mm thick transverse sections from the cardiac apex to
the base. All sections were incubated with 1% 2,3,5-triphenylte-
trazolium chloride (TTC, in 0.2M of Tris buffer, pH 7.4) (Sigma-
Aldrich, St. Louis, USA) solution for staining for 30min at 37 °C. Areas
that were stained blue indicated normal myocardium tissue, while areas
that were stained red were on behalf of the ischemic area, but were
viable myocardial tissues, namely, AAR. Furthermore, negatively
stained areas (white areas) represented the infarcted myocardium.
Areas of the infarcted myocardium (white areas) and myocardium at
risk (red areas) were quantitatively evaluated using ImageJ software.
The infarct rate was calculated as the ratio of the infarcted area over the
total myocardium area in the papillary muscle plane.

2.5. Measurement of markers of myocardial injury

The plasma levels of lactate dehydrogenase (LDH) and creatine ki-
nase-MB (CK-MB) were used as indicators of the severity of injuries of
the myocardial tissue. These myocardium enzymes leaked from the
damaged cells and provided information about the severity of the cy-
tomembrane integrity destruction. Before sacrifice, blood samples were
collected though the jugular vein using vacuum blood collection tubes,
and the samples were centrifuged (3000 rpm, 10min) to obtain the
plasma. LDH and CK-MB levels were measured using commercially
available assay kits, according to manufacturer's instructions (Nanjing
Jiancheng Bioengineering Institute, China).

2.6. Detection of myocardial apoptosis

Myocardial apoptosis associated with MIRI was quantitatively
analyzed by terminal deoxyribonucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) staining. Briefly, the myocardial
samples were fixed in paraformaldehyde (4%) solution for 24 h, and
graded dehydration in a series of ethanol dilutions was performed. After
the samples were embedded in paraffin and horizontally cut into 5-μm
sections, the sections were deparaffinized and rehydrated, and TUNEL
staining was performed using a TUNEL assay kit (Roche Applied
Science, Basle, Switzerland), according to manufacturer's instructions.
Five randomly selected high-power fields (×400) of each slice were
used to count the TUNEL-positive cardiomyocytes. The apoptosis index
(AI) was calculated as the ratio of TUNEL-positive cells vs. total cardi-
omyocytes.

2.7. Assessment of cardiac function

Transthoracic echocardiography was performed to determine left
ventricular function and cardiac remodeling before the animals were
sacrificed using the MyLab 30CV ultrasound system (Biosound Esaote,
Inc.). After the induction of general anesthesia with isoflurane, the
images were observed from the parasternal short axis at the level of the
mid-papillary muscle from at least three separate cardiac cycles. The
parameters of left ventricular end-diastolic volume (LVEDV), left ven-
tricular end-systolic volume (LVESV), left ventricular internal diameter
at end-diastole (LVIDd) and left ventricular internal diameter at end-
systole (LVIDs) were measured. Left ventricular ejection fraction (LVEF)
and left ventricular fractional shortening (LVFS) were subsequently
calculated using equations based on the M-mode echocardiographic
results (EF= [LVEDV−LVESV]×100%/LVEDV; FS= [LVIDd−
LVIDs]× 100%/LVIDd).

2.8. Quantitative real-time polymerase chain reaction assay

The animals were sacrificed at 2 h after reperfusion, and myocardial
tissues were collected for mRNA analysis. After the extraction and
purification of total RNA from the myocardial samples using a Trizol
reagent kit (Invitrogen, USA), reverse transcription was performed
using 1 μg of isolated RNA to synthesize the complementary DNA
(cDNA) using a commercially available cDNA synthesis kit (TaKaRa,
Japan), according to manufacturer's instructions. With the presence of
primer sequences and the SYBR Green Supermix (Bio-Rad) and cDNA in
proper proportions, the ABI Prism 7500 Sequence Detection System
(Applied Bio-systems) was used to perform the real-time RT-PCR. The
polymerase chain reaction cycling condition consisted of pre-dena-
turing at 50 °C for 120 s, followed by 40 cycles of denaturation at 95 °C
for 15 s, and subsequently, annealing at 60 °C for 30 s and extension at
60 °C for 30 s. Using the housekeeping gene GAPDH as the internal
control, the expression of the target genes were normalized using the
comparative quantification method (2−ΔΔCT). The primer sequences for
real-time RT-PCR were as follows: GRP78 forward: 5′-TCAGCCCACCG
TAACAATCAAG-3′, GRP78 reverse: 5′-GAGCAGGAGGGATTCCAGT
CAG-3′, CHOP forward: 5′-CCTTCACTACTCTTGACCCTG-3′, and CHOP
reverse: 5′-GACCACTCTGTTTCCGTTTC-3′, caspase-12 forward:
5′-CATTCCTGGTCTTTATGTCCC-3′, caspase-12 reverse: 5′-GTATCAGC
AGTGGCTATCCCT-3′. GAPDH forward: 5′-ACAGCAACAGGGTGGTG
GAC-3′. GAPDH reverse: 5′-TTTGAGGGTGCAGCGAACTT-3′.

2.9. Western blotting

Total protein extraction from myocardial tissues was performed,
according to a commercially available kit (Beyotime, China). After
centrifugation, the supernatant was collected, and the concentration of
protein samples was quantitatively determined via bicinchoninic acid
protein assay (BCA, Beyotime, China). Then, using 10% SDS-poly-
acrylamide gel electrophoresis, the protein samples from each group
were separated and transferred onto nitrocellulose membranes
(Millipore). After blocking the nonspecific binding sites of the mem-
branes with 5% nonfat dried milk for 1 h, primary antibodies specific
for GRP78 (Abcam, ab21685), CHOP (Cell signaling, #2895), caspase-
12 (Abcam, ab62484), AKT (Cell signaling, #2938), p-AKT (Abcam,
ab32509), PI3K (Abcam, ab191606), p-PI3K (Abcam, ab182651)，cy-
tochrome C (Abcam, ab133504), cleaved-caspase-8 (Abcam, ab25901)
and GAPDH (Abcam, ab181602) were used to seal the membrane
overnight at 4 °C. After incubation with the secondary antibodies (room
temperature for 1 h), an enhanced chemiluminescence (ECL) system
was used to display the protein bands, and GAPDH was used as the
internal loading control.

B.-f. Zhang, et al. International Immunopharmacology 73 (2019) 98–107

100



2.10. Statistical analysis

Continuous values were presented as mean ± standard deviation
(SD). Student's t-test was used for comparisons between two groups.
One-way analysis of variance (ANOVA) was used for comparisons
among multiple groups. Student–Newman–Keuls (SNK)-q tests were
used for subsequent analyses between multiple comparisons. A P-
value < 0.05 was considered statistically significant. Statistical ana-
lyses were performed using SPSS 19.0 software.

3. Results

3.1. Nobiletin at doses of 30 and 45 mg/kg attenuated histological changes
and reduced I/R injury in the myocardium

In order to evaluate the efficacy of different doses of nobiletin on
myocardial injury caused by I/R, treatments with multiple doses of
nobiletin were performed. The morphological changes of

cardiomyocytes were observed under an optical microscope using H&E
staining. Moreover, the biomarkers of myocardial injury (LDH and CK-
MB) were also detected. As shown in the Fig. 1A, in the SO group,
myocardial fibers were intact and regularly arranged, the cardiomyo-
cytes were integral, and the cell structures were clear, with no apo-
morphosis, necrosis, or inflammatory cell infiltration. In the I/R group,
myocardial fibers were partially ruptured and disorganized, cells fell
apart and lysed, and karyopyknosis, karyolysis, hypochromatosis and
interstitial edema could be observed. However, in all NOB+ I/R groups
at different doses, the cell structure and cell sharp were kept grossly
normal, although the myocardial fibers appeared to be swelled, atro-
phied and partially ruptured. The damage scores in all nobiletin treated
groups were significantly lower, when compared with the I/R group. In
addition, the serum levels of LDH and CK-MB in all nobiletin treated
groups were lower, when compared with the I/R group (Fig. 1C and D;
P < 0.05). These data indicate that nobiletin could relieve MIRI.
However, significantly improved morphological features of the myo-
cardial tissue could only be observed in groups administered with

Fig. 1. Pre-treatment with nobiletin alleviates the pathological damage of myocardial tissues and mitigates myocardial injury caused by reperfusion. (A)
Representative photographs of hematoxylin and eosin (H&E) staining after treatment with different doses of nobiletin at the beginning of the reperfusion (×200). (B)
Bar graphs of the damage scores (n=5). (c) Serum levels of CK-MB in each group (n=5). (D) Serum levels of LDH in each groups (n=5). The values were expressed
as mean ± standard deviation (SD). *P < 0.05 vs. the SO group; #P < 0.05 vs. the I/R group.
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nobiletin at doses of 30 and 45mg/kg. In addition, no significant dif-
ferences were detected for the damage score or biomarkers of myo-
cardial injury between groups treated with 30 or 45mg/kg of nobiletin
(Fig. 1B). Therefore, 30mg/kg was determined as the optimal treat-
ment dose for the subsequent experiment.

3.2. Nobiletin reduced myocardial infarction size and attenuated
myocardial injury caused by I/R, while these beneficial effects could be
blocked by LY294002

Evans blue and TTC double-staining were performed to measure the
infraction size of the myocardium in each group. After 2 h of reperfu-
sion, the hearts were harvested to measure the infarct size. As shown in
Fig. 2A, infarct size markedly decreased in the NOB-30+ I/R group,
when compared with the I/R group (P < 0.05). When co-treated with
nobiletin and LY294002 at the beginning of the reperfusion, the infarct
size of the myocardium significantly increased, when compared with
rats treated with nobiletin only (P < 0.05). However, LY294002 alone
did not affect the infract size, when compared to rats in the I/R group
(P > 0.05).

The extent of myocardial injury was also evaluated by determining
the plasma levels of LDH and CK-MB. I/R injury resulted in significant
myocardial tissue injuries, and plasma LDH and CK-MB levels were
remarkably upregulated (P < 0.05). However, pre-treatment with no-
biletin alone decreased LDH and CK-MB levels by 23.3% and 37.4%,
respectively, when compared with those in the I/R group. Interestingly,
the co-treatments of nobiletin and LY294002 did not significantly affect
the plasma levels of LDH and CK-MB, when compared to those in the I/

R group (P > 0.05). Moreover, treatment with LY294002 alone had no
significant influence on the levels of LDH or CK-MB, when compared to
those in the I/R group (P > 0.05).

3.3. Nobiletin reduced I/R injury-induced myocardial apoptosis, while
LY294002 obliterates its beneficial effect

TUNEL staining was performed to detect the cardiomyocyte apop-
tosis in each group. As shown in Fig. 3A, minimal TUNEL-positive cells
were observed in the SO group, while I/R injury dramatically enhanced
the cellular apoptosis of the myocardium (P < 0.05). As expected, the
number of TUNEL-positive cells were significantly lower in the myo-
cardial tissues of rats treated with nobiletin at the beginning of the
reperfusion, when compared to rats in the I/R group (P < 0.05).
However, apoptotic cardiomyocytes significantly increased in the
NOB+LY+ I/R group, when compared with the NOB+ I/R group
(P < 0.05), while treatment with LY294002 alone did not significantly
affect the apoptosis of cardiomyocytes, when compared with the I/R
group (P > 0.05).

3.4. Nobiletin attenuates cardiac dysfunction caused by I/R injury, while
PI3K inhibition blunts its I/R-protective effects

As shown in Fig. 4A, I/R injury resulted in significantly deteriorated
cardiac systolic function. However, EF and FS were improved by 18.2%
and 20.9%, respectively, after the administration of nobiletin. Never-
theless, treatment with LY294002 alone significantly blocked the ben-
eficial effects of nobiletin on cardiac function (P < 0.05). Furthermore,

Fig. 2. Pre-treatment with nobiletin reduced the infract size and myocardial damage after MIRI. However, co-treatments with LY294002 attenuated the beneficial
effect of nobiletin. (A) Representative images of Evans and TTC staining for the areas of myocardial infarction. White area, infarcted area; red-stained area, area at
risk (n=6). (B) Bar graphs of the percentages of myocardial infarction size (n=6). (C) Serum levels of CK-MB in the different groups (n=6). (D) Serum levels of
LDH in the different groups (n=6). Values were expressed as mean ± standard deviation (SD). *P < 0.05 vs. the SO group; #P < 0.05 vs. the I/R group;
**P < 0.05 vs. the NOB-30+ I/R group; ##P > 0.05 vs. the I/R group. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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no significant differences among these parameters were demonstrated
between the I/R group and LY+ I/R group (P > 0.05).

3.5. Nobiletin ameliorates I/R injury-induced myocardial ERS, while the
inhibition of the PI3K/AKT signaling pathway counteracts this ameliorative
effect

GRP78 is a special biomarker of ERS. In order to clarify the effect of
nobiletin on ERS, the expression of GRP78 in myocardial tissues in each
group was evaluated at both the mRNA and protein level. As shown in
Fig. 5A and D, the expression of GRP78 significantly decreased after
pre-treatment with 30mg/kg of nobiletin further during the reperfusion
(P < 0.05), indicating that nobiletin attenuated the myocardial ERS
induced by I/R injury. However, when pre-treated with both nobiletin
and LY294002, GRP78 levels obviously increased (P < 0.05). Treat-
ment with LY294002 alone did not significantly affect the expression of
GRP78, when compared with the I/R group (P > 0.05). Thus, it was
speculated that nobiletin ameliorated MIRI-induced ERS possibly
through the PI3K/AKT signaling pathway.

3.6. Nobiletin inactivates the ERS-associated apoptosis signaling pathway,
while the inhibition of the PI3K/AKT signaling pathway with LY294002
eliminates this anti-apoptotic effect

In order to determine whether nobiletin could mitigate ERS-induced
myocardial apoptosis and explore the potential underlying mechan-
isms, the expression of CHOP and caspase-12 were analyzed using RT-
PCR and Western blotting. As shown in Fig. 5, I/R injury significantly
induced the expression of CHOP and caspase-12 at both the mRNA and
protein level (P < 0.05). However, the administration of nobiletin at

the onset of reperfusion notably decreased the mRNA and protein ex-
pression levels of CHOP by 27.1% and 32.4%, respectively. Moreover,
the mRNA and protein expression levels of caspase-12 were also
markedly reduced by 37.0% and 26.6%, respectively.

Since the PI3K/AKT signaling pathway has been reported to play a
vital role in ERS-associated apoptosis, it was further determined whe-
ther the anti-apoptotic effect of nobiletin was mediated through the
PI3K/AKT signaling pathway. As shown in Fig. 5F and G, pre-treatment
with nobiletin remarkably facilitated the phosphorylation of AKT and
PI3K. However, co-treatments with nobiletin and LY294002 sig-
nificantly decreased the levels of p-PI3K and p-AKT (P < 0.05). In
addition, the inhibition of the PI3K/AKT signaling pathway could ab-
rogate the inhibitory effect of nobiletin on CHOP and caspase-12 at
both the mRNA and protein level (P < 0.05). However, treatment with
LY294002 alone did not significantly affect the levels of p-PI3K, p-AKT,
CHOP and caspase-12, when compared to those in the I/R group
(P > 0.05). Meanwhile, as shown in the Fig. 5H and I, compared with
I/R group, nobiletin pretreatment could not alter cytochrome c and
cleaved caspase-8 protein levels (P < 0.05).

4. Discussion

Increasing evidence suggests that nobiletin may be beneficial for
various chronic diseases, including ischemic stroke, Alzheimer's dis-
ease, gastric cancer, atherosclerosis, and debate-associated vascular and
myocardium damage [26,29–31], which is probably due to its multiple
health-promoting biological functions. Numerous studies have demon-
strated that nobiletin exerts its protective effect in the pathological
process of I/R injury in different organs. Yasuda and Zheng revealed
that both short-term and long-term nobiletin pre-treatment could

Fig. 3. Pre-treatment with nobiletin significantly relieved MIRI–induced myocardial apoptosis, while co-treatments with LY294002 partially abolished its anti-
apoptosis effects. (A) Representative pictures of TUNEL staining from the five groups (×400): DAPI-labeled nuclei of cardiomyocytes (blue); α-actinin-labeled
cardiomyocytes (green); TUNEL-labeled nuclei of apoptotic cardiomyocytes (red). (B) Bar graphs of the apoptosis index of each group (n=6). Values were expressed
as mean ± standard deviation (SD). *P < 0.05 vs. the SO group; #P < 0.05 vs. the I/R group; **P < 0.05 vs. the NOB-30+ I/R group; ##P > 0.05 vs. the I/R
group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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significantly mitigate neutrophil invasion and decrease neurocyte
apoptosis in the ischemic brain hemisphere, respectively [26,27]. In
addition, Wu et al. indicated that nobiletin pre-treatment once a day for
one week before liver transplantation could notably suppress the

expression of inflammatory cytokines, reduce hepatocyte apoptosis and
alleviate the histopathology changes induced by IR injury [28]. More-
over, Tobias and his colleges uncovered that nobiletin could reverse the
deleterious effects of Midazolam on MIRI by upregulating the

Fig. 4. Pre-treatment with nobiletin improved cardiac function after MIRI. However, co-treatment with LY294002 partially abrogated this effect. (A) Representative
ultrasound images of the heart for the evaluation of cardiac function in each group. (B) Bar graphs for ejection fraction (EF) (n=6). (C) Bar graphs for fractional
shortening (FS) (n=6). Values were expressed as mean ± standard deviation (SD). *P < 0.05 vs. the SO group; #P < 0.05 vs. the I/R group; **P < 0.05 vs. the
NOB-30+ I/R group; ##P > 0.05 vs. the I/R group.
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Fig. 5. Pre-treatment with nobiletin remarkably downregulated the regulatory factors involved in ERS and upregulated the expression of p-AKT, while treatment
with LY294002 significantly reversed these changes. (A) The mRNA expression levels of GRP78 in each group. (B) The mRNA expression levels of CHOP in each
group. (C) The mRNA expression levels of caspase-12 in each group. (D) Upper panel: Representative immunoblots of GRP78, caspase-12 and GAPDH. Lower panel:
Bar graphs of the corresponding densitometry analyses. (E) Upper panel: Representative immunoblots of CHOP and GAPDH. Lower panel: Bar graphs of the
corresponding densitometry analyses. (F) Upper panel: Representative immunoblots of AKT, p-AKT and GAPDH. Lower panel: Bar graphs of the corresponding
densitometry analyses. (G) Upper panel: Representative immunoblots of PI3K, p-PI3K and GAPDH. Lower panel: Bar graphs for the corresponding densitometry
analyses. (H) Upper panel: Representative immunoblots of cytochrome c and GAPDH. Lower panel: Bar graphs of the corresponding densitometry analyses. (I) Upper
panel: Representative immunoblots of cleaved caspase-8 and GAPDH. Lower panel: Bar graphs of the corresponding densitometry analyses. Values were expressed as
mean ± standard deviation (SD). n=3; P < 0.05 vs. the SO group; #P < 0.05 vs. the I/R group; **P < 0.05 vs. the NOB-30+ I/R group; ##P > 0.05 vs. the I/R
group.
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expression of PER2 in cardiac endothelial cells and fibroblasts [32].
However, the effect of nobiletin on cardiomyocytes during the patho-
logic process of MIRI and the underlying mechanism is still unknown.
In the present study, using a model of MIRI in rats, it was found that
pre-treatment with 30mg/kg of nobiletin at the onset of reperfusion
could significantly minimize infract size, reduce myocardial apoptosis
and improve cardiac function. These detrimental outcomes were ap-
pealing, and comprised of the pronounced alleviation of ERS and the
inactivation of ERS-associated apoptosis signaling pathways. Further
investigations regarding these potential molecular pathways indicated
that the activation of the PI3K/AKT signaling pathway and the ameli-
oration of ERS secondary to MIRI may be involved in the benefits of
nobiletin on MIRI-induced myocardial apoptosis. Taken together, our
experiment revealed that nobiletin might be a promising therapeutic
option to mitigate MIRI.

It has been accepted that the most rapid and efficient treatment
strategy for AMI is the early and successful reperfusion of the ischemic
myocardium [3]. However, subsequent I/R injury could counteract its
benefit to a great extent. Despite the considerable advances made in
understanding the pathophysiologic mechanisms of MIRI, an ideal
method to eliminate the adverse impact of reperfusion remains to be
determined. Apoptosis has been considered as one of the most im-
portant underlying mechanisms of MIRI. As for signaling pathways that
mediate cellular apoptosis, the ERS-associated apoptotic signaling
pathway has been recognized as an important mechanism alternative to
mitochondria-dependent and death receptor-dependent apoptotic sig-
naling pathways [33]. Previous in vivo and in vitro studies have both
indicated that MIRI could lead to severe ERS, since the level of GRP78 is
significantly upregulated following MIRI [34,35]. Accumulated un-
folded and misfolded proteins competitively bond with the interacting
sites of GRP78, which lead to the depolymerization between GRP78 and
ER-transmembrane transducers, resulting in the initiation of apoptosis
cascades. CHOP is a specific transcription molecule in ERS-induced
apoptosis, and belongs to the C/EBP family [36]. The expression of
CHOP was maintained at a relative low level in physiological condi-
tions, while ERS was prolonged, and all three signaling pathways ac-
tivated by the UPR could promote the expression of CHOP. Subse-
quently, the homeostasis between its downstream molecule pro-
apoptotic protein Bax and anti-apoptotic protein Bcl-2 were disturbed,
leading to poor cell survival [36,37]. As for the potential role of CHOP
in MIRI, Yuji Miyazaki et al. revealed that the knockout of CHOP sig-
nificantly decreased ERS-induced cardiomyocyte apoptosis following
MIRI [38]. Caspase-12 is another key factor involved in the ERS-de-
pendent apoptosis signaling pathway [39]. Investigators have demon-
strated that the suppression of Caspase-12 significantly alleviated ERS
and protected against MIRI [40]. In line with the results of previous
studies, the present data revealed that MIRI led to remarkable myo-
cardial injury and sustained ERS, as reflected by the increased expres-
sion of GRP78 at both mRNA and protein level. More importantly, the
expression of CHOP and caspase-12 were concomitantly upregulated.
However, the administration of nobiletin at the beginning of the re-
perfusion significantly reduced the expression of GRP78, CHOP and
caspase-12 at both the gene and protein level, with improvements in
other parameters related to the severity of MIRI, including infract size,
TUNEL positive cell number and myocardial enzymes. It is worth
pointing out that except for ERS-associated apoptotic signaling
pathway, mitochondria-dependent and death receptor-dependent
apoptotic signaling pathways also play important roles in MIRI [41,42].
We assess the expression of cytochrome c (markers of mitochondrial
stress) and caspase-8 (the extrinsic apoptotic marker) as well. However,
nobiletin pretreatment could not alter cytochrome c and cleaved cas-
pase-8 protein levels in the pathological process of MIRI. As a result, it
was considered that the myocardial salvaging virtue of nobiletin is
primarily mediated through the alleviation of ERS and attenuation of
subsequent apoptotic signaling pathways.

Phosphoinositide 3-kinases (PI3K)/serine/threonine kinase (AKT) is

a widespread signaling pathway, which has been recognized to parti-
cipate in multiple cellular biological processes [43]. This signaling
pathway would be activated in response to various pathological or
stress stimuli, such as inflammation, ischemia, hypoxia, inflammation
and oxidative stress [44]. AKT is one of the key downstream mediators
of PI3K, activated PI3K converts membrane-bound phosphatidylinositol
4,5-biphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate
(PIP3), and PIP3 works as an important second messenger and recruits
phosphoinositide-dependent kinase 1 (PDK1) to phosphorylate AKT at
threonine 308 (Thr308) [45]. Therefore, the activation form of AKT
(phosphorylated AKT) could further interact with a variety of apop-
tosis- and survival-related regulatory factors, leading to the promotion
of cell survival and the inhibition of cell apoptosis [31]. It has been
well-accepted that the activation of the PI3K/AKT signaling pathway
could attenuate I/R induced cardiomyocyte apoptosis [46,47]. Fur-
thermore, PI3K/AKT not only directly interacts with intrinsic and ex-
trinsic cell death pathways, such as the Bcl-2 family and caspase family,
but also regulates numerous key molecules associated with apoptosis,
including HMGB1, HIF-1α, TNF-α, Nrf2 and so on [48]. In addition,
recent studies have shown that PI3K/AKT has an intimate relationship
with ERS. Kanae H et al. revealed that the inhibition of the PI3K/AKT
signaling pathway significantly upregulated the expression of CHOP
and exacerbated ERS in mouse fibroblast L929 cells [49]. Moreover, Xu
et al. and Wu et al. further demonstrated that activation of the PI3K/
AKT signaling pathway ameliorated MIRI by alleviating ERS-induced
apoptosis [22,50]. Interestingly, previous studies have suggested that
there might be an intimate association between nobiletin and the PI3K/
AKT signaling pathway. Indeed, nobiletin has been found to postpone
the development of ovarian cancer via the AKT signaling pathway [51].
Moreover, it has been recently shown that nobiletin could protect
against cerebral ischemia through the activation of the PI3K/AKT sig-
naling pathway [31]. In addition, researchers have also found that
nobiletin plays an important protective role in ER-stress mediated
apoptosis in human gastric cancer SNU-16 cells [52]. On the basis of the
above investigations, it could be considered that nobiletin may ame-
liorate MIRI by attenuating cell apoptosis secondary to ERS through the
activation of the PI3K/AKT signaling pathway.

In the present study, it was found that pre-treatment with nobiletin
at the beginning of the reperfusion significantly enhanced the levels of
p-PI3K and p-AKT, when compared with the I/R group. In order to
explore the role of the PI3K/AKT signaling pathway in this process,
both nobiletin and the specific inhibitor of PI3K were applied at the
onset of reperfusion. As expected, the inhibition of the PI3K/AKT sig-
naling pathway with LY294002 significantly blocked the phosphor-
ylation of PI3K and its downstream mediator AKT, and simultaneously
abolished the beneficial effect of nobiletin on the cardiac functional and
morphological characteristics of MIRI. Similarly, co-treatments with
nobiletin and the specific inhibitor of PI3K significantly abolished the
inhibitory efficacy of nobiletin on the mRNA and protein expression
levels of GRP78, CHOP and caspase-12. Taken together, these findings
indicate that the activation of the PI3K/AKT signaling pathway and the
attenuation of ERS-associated apoptosis may be the key regulatory
mechanisms underlying the potential preventative effects of nobiletin
on MIRI.

In conclusion, the present study reveals the protective effect of
nobiletin for myocardial injury induced by I/R. More importantly, this
compelling evidence highlights that nobiletin could attenuate ERS-in-
duced cardiomyocyte apoptosis in a PI3K/AKT-dependent manner. It is
noteworthy that other than anti-apoptosis, nobiletin also possess anti-
oxidant and anti-inflammation properties. This pharmacological ac-
tivity might also be the potential underlying mechanism for the pre-
ventative efficacy of nobiletin for MIRI. However, these assumption
needs to be further confirmed. Taken together, the present study
comprehensively elaborates the theoretical basis of nobiletin resistance
to ERS induced by I/R, indicating that nobiletin might be a promising
therapeutic agent to prevent MIRI.
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