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Agomelatine protects against myocardial ischemia
reperfusion injury by inhibiting mitochondrial
permeability transition pore opening

Pengyu Jiat, Chunting Liut, Nan Wu?, Dalin Jia?, Yingxian Sun?

1Department of Cardiology, The First Affiliated Hospital of China Medical University, Liaoning, China; >Central
Laboratory of The First Affiliated Hospital of China Medical University, Liaoning, China

Received January 15, 2018; Accepted April 26, 2018; Epub May 15, 2018; Published May 30, 2018

Abstract: Agomelatine is a melatonin (MT1/MT2) receptor agonist and serotonin (5-HT2C) receptor antagonist.
To study the effects of agomelatine on myocardial ischemia reperfusion injury (MIRI), an isolated rat heart model
was utilized. To induce MIRI, rat hearts were isolated and subjected to 30 min of ischemia followed by 120 min of
reperfusion. Rats were intraperitoneally injected with agomelatine (10, 20 or 40 mg/kg) 1 h before heart isolation.
Agomelatine (20 mg/kg and 40 mg/kg) significantly improved cardiac function, alleviated pathological changes in
the ischemic myocardium, reduced myocardial infarct size and decreased release of creatine kinase-MB and lactate
dehydrogenase. Heart tissue from agomelatine-treated rats retained higher NAD* content and was more resistant
to Ca?', indicating inhibition of mitochondrial permeability transition pore (MPTP) opening. Notably, agomelatine’s
protective effects were abrogated by atractyloside, a MPTP opener. We also found that agomelatine significantly
enhanced GSK-3p phosphorylation and decreased expression of cytochrome C, cleaved caspase 9 and cleaved
caspase 3, resulting in a decreased apoptosis rate. These findings demonstrate that agomelatine protects against
MIRI by inhibiting MPTP opening.
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Introduction

Ischemic heart disease (IHD) is the leading
cause of death worldwide [1]. Restoring blood
flow, or reperfusion, is considered the optimal
method to treat ischemic heart disease, espe-
cially acute myocardial infarction. However,
reperfusion can also aggravate the degree of
myocardial injury due to so called myocardial
ischemia reperfusion injury (MIRI) [2]. MIRI is a
major focus of cardiovascular research, and
several therapeutic targets have already been
demonstrated in recent studies [3].

Mitochondrial permeability transition pore
(MPTP), a non-specific pore located in the mito-
chondrial inner membrane, is a key effector
under the condition of MIRI [4]. Research has
found that MPTP remains closed during isch-
emia, but rapidly opens once the reperfusion
starts [5]. MPTP opening leads to mitochondrial
depolarization, swelling, cell apoptosis and
necrosis [6]. Moreover, blocking MPTP opening

with a specific inhibitor, such as cyclosporin A,
can attenuate MIRI [7, 8]. Thus, MPTP is consid-
ered an important therapeutic target for pre-
venting MIRI.

Melatonin was originally identified as a hor-
mone produced by the pineal gland to regulate
sleep and wakefulness [9]. Melatonin has many
biological effects, including antioxidant [10],
anti-inflammatory [11], and anti-tumor effects
[12, 13]. Recent studies provide direct evidence
that melatonin protected against MIRI by inhib-
iting MPTP opening [14, 15], which implies that
melatonin or melatonin receptor agonists might
possess protective effects on MIRI.

Agomelatine (AGO) is a small molecule that is
structurally similar to melatonin, and acts as
both a melatonin (MT1/MT2) receptor agonist
and serotonin 5-HT2C receptor antagonist [16].
AGO has been shown to protect brain and ova-
ries from ischemia reperfusion injury via
enhancing antioxidant properties and inhibiting
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Figure 1. Experimental protocol. AGO: agomelatine, ATR: atractyloside.

apoptosis [17, 18]. Furthermore, another type
of melatonin receptor agonist, Neu-pl1, has
been demonstrated to possess protective
effects on MIRI in vitro [19]. Therefore, we
hypothesized that AGO could protect the heart
against ischemia reperfusion injury (IRI). The
aim of our study was to test the effects of AGO
on MIRI in an isolated rat heart model and to
further explore the role of MPTP in this
context.

Materials and methods
Animals and care

130 healthy male Wistar rats, weighing 250 +
10 g were purchased from Changsheng
Biotechnology Co., Ltd. (Benxi, Liaoning). All
rats were treated and used abiding by the
Guide for the Care and Use of Laboratory
Animals (NIH, USA). The experimental protocol
was approved by the institutional ethics com-
mittee of China Medical University.

Drug

Agomelatine, hydroxylethylcellulose, atractylo-
side (ATR) and 2, 3, 5-triphenyltetrazolium chlo-
ride (TTC) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Agomelatine powder was
dissolved in 1% hydroxylethylcellulose in prepa-
ration for injection.

Heart preparation

Heart preparation was performed as described
previously [20]. In brief, pentobarbital sodium
at the dose of 100 mg/kg was administered
intravenously to anesthetize rats. Meanwhile,
heparin (1,500 IU/kg) was injected intrave-
nously to block intracoronary clot formation.
After opening the thoracic cavity, the heart was
swiftly removed and immediately immersed in
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ice cooling heparinized Krebs-Henseleit (K-H)
solution [21]. Then, the isolated heart was hung
on a Langendorff apparatus from the root of
the aorta followed by perfusion with K-H solu-
tion saturated with 95% 0,+5% CO, at a con-
stant temperature of 37°C. The water-filled
latex balloon was inserted into the left ventricle
through the left atrium and connected to a
pressure transducer for pressure measure-
ment. All isolated hearts were continually per-
fused with K-H solution for 15 min of stabiliza-
tion before starting ischemia.

Experimental protocol

The experimental protocol consisted of two
phases (Figure 1). All isolated rat hearts were
subjected to 30 min of global ischemia followed
by 120 min of reperfusion to induce MIRI
model.

At the first phase, 50 rats were divided into 5
groups with 10 rats per group as follows: (1)
Ischemia reperfusion group (IR): described
above; (2) Vehicle group (Vehicle): 1% hydroxy-
ethylcelullose at the dose of 1 ml/kg was inject-
ed intraperitoneally to the rats 1 h before heart
isolation; (3) 10 mg/kg AGO treatment group
(AGO10): AGO at the dose of 10 mg/kg was
injected intraperitoneally to the rats 1 h before
heart isolation; (4) 20 mg/kg AGO treatment
group (AGO20): AGO at the dose of 20 mg/kg
was injected to the rats as described as AGO10;
(5) 40 mg/kg AGO treatment group (AGO40):
AGO at the dose of 40 mg/kg was injected to
the rats as described as the AGO10.

According to the results of first phase, 40 mg/
kg AGO was determined to be used in the sec-
ond phase. Specifically, 80 rats were further
divided into 4 groups with 20 rats per group at
the second phase as follow: (I) IR group; (II)
Vehicle group; (lll) AGO40 group. These three
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groups were as described earlier in the first
phase. (IV) 40 mg/kg AGO in combination with
ATR treatment group (AGO40+ATR): ATR, a
MPTP opener [22], at the dose of 5 mg/kg was
injected intraperitoneally to the rats 30 min
ahead of AGO injection and the rest of the pro-
cedure was the same as the AGO40 group.

Cardiac function monitoring

To evaluate the change of cardiac function,
heart rate (HR), left ventricular developed pres-
sure (LVDP), positive first order derivative of
ventricular pressure (+dp/dt) and negative first
order derivative of ventricular pressure (-dp/dt)
were continuously recorded by a homodynamic
system (BIOPAC MP150, USA) throughout the
experimental protocol.

HE staining

At the end of reperfusion, the heart was har-
vested. The heart tissues were undertaken by
routine fixation, dehydration and paraffin
embedding and were subsequently made into 4
um paraffin sections. For HE staining, the par-
affin sections were successively de-waxed by
xylene, hydrated by a descending series of eth-
anol, subsequently stained by hematoxylin-
eosin, then dehydrated by ascending series of
ethanol, cleared by xylene and finally mounted
by neutral balsam. The dyed sections were
observed by light microscope (Olympus BX51,
Japan) to assess the pathological changes of
myocardium.

Measurement of infarct size

Myocardial infarct size was determined by TTC
stain as described previously [20]. Briefly, at
the end of reperfusion, the hearts were
removed and frozen at -20°C for 1 h. The freez-
ing hearts were rapidly cut into 1-2 mm sec-
tions and incubated in 1% TTC at 37°C for 20
min, followed by methanol fixation overnight.
Viable myocardium was stained red and infarct
myocardium was unstained. The myocardium
sections were finally photographed using a digi-
tal camera. Myocardial infarct size was
expressed as the ratio of infarct areas to the
whole areas.

Release of myocardial enzymes

At 120 min of reperfusion, 1 ml coronary efflu-
ent samples per heart were collected for mea-
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suring the release of CK-MB and LDH using
Creatine Kinase Isoenzyme Test Kit (Jiancheng
Bioengineering Institute, Nanjing, China) and
Lactate Dehydrogenase Test Kit (Jiancheng
Bioengineering Institute, Nanjing, China) accor-
ding to the manufacturer’s instructions.

Mpyocardial mitochondria observation by elec-
tron microscopy

At 120 min of reperfusion, the 1 mm x 1 mm x
1 mm size of cardiac tissue was isolated from
the left ventricle and further made into electron
microscopic sections as previous described
[21]. The morphologic changes on mitochon-
dria were observed by transmission electron
microscopy (JEM-1200EX, JEOL, Japan).

Measurement of apoptosis

Apoptosis was detected by Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling
(TUNEL) assay using In Situ Cell Death Detection
Kit (Roche, USA) according to the manufactur-
er’s instructions. Each sample was prepared
for 6 sections at least, and 5 fields in each sec-
tion under microscope (Olympus BX51 micro-
scope, Japan) were randomly photographed.
The number of apoptotic cell nuclei was evalu-
ated by two independent observers. The per-
centage of apoptotic cell was calculated as the
number of TUNEL-positive apoptotic nuclei
divided by the total number of nuclei.

Measurement of NAD*

In this study, NAD* was extracted from left ven-
tricle tissues harvested at 15 min of reperfu-
sion using the Klingenberg method. Concen-
trations of NAD* was measured by a spectro-
photometer (DU 640, Beckman Coulter,
Fullerton, CA, USA) as described in previous
article [23].

Sensitivity of MPTP to calcium

The mitochondria were isolated from heart tis-
sues using Tissue Mitochondria Isolation Kit
(Beyotime, Shanghai, China) according to the
manufacturer’s instructions. The reaction of
MPTP to calcium was determined using Purified
Mitochondrial Membrane Pore Channel Colo-
rimetric Assay Kit (GENMED, Shanghai, China)
according to the manufacturer’s instructions.
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Figure 2. The effect of agomelatine on cardiac function. A. The changes in heart rate. B. The changes in left ventricular developed pressure (LVDP). C. The changes in
positive first order derivative of ventricular pressure (+dp/dt). D. The changes in negative first order derivative of ventricular pressure (-dp/dt). IR: ischemia reperfu-
sion group, Vehicle: Vehicle group, AGO10: 10 mg/kg agomelatine treatment group, AGO20: 20 mg/kg agomelatine treatment group, AGO40: 40 mg/kg agomelatine
treatment group. *represents P < 0.05 vs. IR; #represents P < 0.05 vs. AGO20, n = 8-10 per group.
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Western blotting

Cytosolic and mitochondrial proteins were sep-
arately extracted from left ventricle tissues
using Mitochondrial/Cytoplasmic Protein Ex-
traction Kit (Bioco Laibo Technology Co. Ltd,
Beijing, China) according to the manufacturer’s
instructions. The concentration of protein was
measured using Enhanced BCA Protein Assay
Kit (Beyotime, Shanghai, China). For Western
blotting analysis, 50 pg protein denatured by
heating was subjected to 10% SDS polyacryl-
amide gels for separation and then transferred
to PVDF membranes. The membrane was
blocked using 5% skim milk for 1 h and then
incubated overnight at 4°C with the specific pri-
mary antibodies (Abcam, Hongkong, China)
including monoclonal anti-GSK-33 (1:1,000),
anti-p-GSK-3B (1:1,000), anti-Cytochrome C
(1:1,000), anti-cleaved caspase 9 (1:1,000),
anti-cleaved caspase-3 (1:1,000), anti-GAPDH
(1:2,000) and anti-COXIV (1:2,000). After this,
the membranes were incubated with horserad-
ish peroxidase-conjugated goat anti-rabbit or
rabbit anti-mouse immunoglobulin G (1:2000;
Santa Cruz, California, USA) at 37°C for 2 h.
Detection of protein band was performed using
an enhanced chemi-luminescence (ECL) for
Western blotting kit (Santa Cruz, California,
USA) according to the manufacturer’s instruc-
tions. The levels of phosphorylated proteins
were normalized to their corresponding total
protein levels. Relative densitometry was calcu-
lated using Image J2x analysis software (NIH,
USA).

Statistical analysis

All data were expressed as mean + SD and sta-
tistically analyzed using software SPSS 17.0
version (SPSS, Inc., Chicago, USA). Differences
between groups were first evaluated using one-
way analysis of variance (ANOVA), and if the dif-
ferences were significant, multiple comparison
analysis was further performed using Fisher’s
Least Significant Difference (LSD) test. All P val-
ues less than 0.05 were considered statistical-
ly significant.

Results

AGO improved the recovery of cardiac function
after ischemia reperfusion

AGO (20 mg/kg and 40 mg/kg) treatment sig-
nificantly increased the values of LVDP and +
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dp/dt as compared with the IR group at 30, 60
and 120 min of reperfusion. Furthermore, the
AGO40 group (40 mg/kg) retained better car-
diac function after ischemia reperfusion than
the AGO20 group (20 mg/kg). However, no sig-
nificant changes in the values of LVDP and +
dp/dt were observed in the AGO10 (10 mg/kg)
group. There was no significant change in the
value of HR before or after ischemia reperfu-
sion among the different groups (Figure 2).

AGO attenuated MIRI in a dose-dependent
manner

AGO treatment at 20 mg/kg and 40 mg/kg sig-
nificantly alleviated pathological changes in
ischemic myocardium, but AGO treatment at 10
mg/kg did not show any changes (Figure 3A).
To further quantify the cardioprotective effect
of AGO, we measured the changes of infarct
size and the release of myocardial enzymes.
AGO treatment at 20 mg/kg and 40 mg/kg sig-
nificantly reduced myocardial infarct size
(AGO20 vs. IR: 39.1% + 2.7% vs. 46.1% * 6.9%,
P=0.01; AGO40 vs.IR:33.7% £ 4.0% vs. 46.1%
*+ 6.9%, P < 0.001) (Figure 3B and 3C) and
decreased the release of creatine kinase-MB
(CK-MB) (AGO20 vs. IR: 171.5 + 14.9 IU/L vs.
208.8 + 25.7 IU/L, P < 0.001; AGO40 vs. IR:
150.6 + 16.3 IU/L vs. 208.8 + 25.7 IU/L, P <
0.001) (Figure 3D) and lactate dehydrogenase
(LDH) (AGO20 vs. IR: 274.6 + 11.7 IU/L vs.
304.5 + 30.2 IU/L, P = 0.006 ; AGO40 vs. IR:
252.5 + 19.3 IU/L vs. 304.5 + 30.2 IU/L, P <
0.001) (Figure 3E). AGO treatment at 10 mg/kg
did not reduce myocardial infarct size and did
not decrease the release of myocardial
enzymes (P > 0.05). Because the AGO40 group
demonstrated the greatest cardioprotective
effects, we used the 40 mg/kg AGO dose for
the second stage of our study.

AGO inhibited the opening of MPTP

In IR and vehicle groups, the majority of mito-
chondria were subjected to swelling, vacuolat-
ing and mitochondrial cristae were broken. AGO
treatment alleviated this mitochondrial dam-
age. However, no alleviation of mitochondrial
damage was observed when treated with ATR
(Figure 4A).

Low nicotinamide adenine dinucleotide (NAD")
content in the myocardium is considered a
marker of MPTP opening. NAD" is released from
inactive and dysfunctional mitochondria upon
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MPTP opening during reperfusion [24]. The
ischemic myocardium retained a higher NAD* in
the AGO40 group as compared to the IR group
(AGO40 vs. IR: 114.5 + 17.6 nmol/gw.w vs.
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82.8 + 12.4 nmol/gw.w, P = 0.001). NAD*
decreased when treated with ATR (AGO40+ATR
vs. AGO40: 86.5 + 14.3 nmol/gw.w vs. 114.5 £
17.6 nmol/gw.w, P = 0.002) (Figure 4B).
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Figure 5. The effect of agomelatine on the mitochondrial apoptotic pathway. A. Mitochondrial Cytochrome C de-
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treatment group. *represents P < 0.05 vs. IR; #represents P < 0.05 vs. AGO40, n = 5 per group.

MPTP opening is usually induced by calcium,
and the sensitivity of MPTP to calcium is an
indicator of MPTP opening [25]. In our study,
isolated mitochondria in the AGO40 group were
more resistant to Ca?* stimulation, but the
resistance to Ca?* was decreased when treated
with ATR (Figure 4C). These two results suggest
that AGO inhibited the opening of MPTP.

AGO enhanced the phosphorylation of GSK-33

GSK-3B is a key upstream regulator of MPTP
opening, and GSK-3f phosphorylation is nega-
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tively correlated with the opening of MPTP [26].
In this study, we found that 40 mg/kg AGO
treatment could significantly enhance the GSK-
3B phosphorylation in ischemic myocardium
(Figure 4D and 4E).

AGO inhibited the mitochondrial apoptotic
pathway

Western blot analysis showed that AGO at the
dose of 40 mg/kg treatment significantly
increased the expression of cytochrome C in

Am J Transl Res 2018;10(5):1310-1323
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the mitochondria (Figure 5A and 5B), decreased
the expression of cytochrome C in the cytosol
(Figure 5D), cleaved-caspase 9 (Figure 5E) and
cleaved-caspase 3 (Figure 5F) and decreased
the apoptosis rate (Figure 6) as compared to
the IR group. However, when treated with a
combination of AGO and ATR, the expression of
cytochrome C in mitochondria was decreased
and the expression of cytochrome C in cytosol,
cleaved-caspase 9, cleaved-caspase 3 and
apoptosis rate were significantly increased.

The protective effects of AGO were abrogated
by ATR

To reconfirm the role of MPTP on the protective
effect of AGO, we tested the influence of ATR, a
MPTP opener, on the cardioprotection of AGO.
The results showed that myocardial infarct size
and the release of myocardial enzymes were
significantly increased in the AGO40+ATR group
as compared with the AGO40 group (Figure 7),
suggesting that ATR completely abrogated the
cardioprotection of AGO.

Discussion
Ischemic preconditioning (IPC), repetitive short
periods of ischemia and reperfusion performed

ahead of sustained ischemia, has been found
to enhance the tolerance to ischemia insult and
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protect against MIRI in several animal models
[27-29] and in humans [30]. Similarly, some
pharmacological agents, such as adenosine,
nicorandil and other agents, have been found
to mimic the protective effect of IPC and be
helpful to alleviate MIRI, which was termed as
pharmacological preconditioning [31, 32].
Melatonin has also been found to be a pharma-
cological agent to induce pharmacological pre-
conditioning against ischemia reperfusion inju-
ry. Melatonin is involved with the activation of
Akt and ERK1/2 [33], inhibition of MPTP open-
ing [14] and reinforcement of anti-oxidative
properties [34]. AGO is the first melatonergic
antidepressant that activates melatonin MT1
and MT2 receptors and simultaneously blocks
serotonin 5-HT2C receptor. It is also believed
that the protective cardiovascular effects of
melatonin are partly mediated via MT1/MT2
receptors [35, 36]. However, until now, there is
no data concerning the effect of AGO on MIRI.

Our study is the first to find that AGO could alle-
viate myocardial ischemia injury and improve
recovery of cardiac function after reperfu-
sion. Moreover, AGO’s cardioprotective effect
appears to be dose-dependent, which coin-
cides with AGO’s neuroprotective effects [17].
Taken together, we considered that AGO could
induce preconditioning effects to protect heart
against ischemia reperfusion injury.

Am J Transl Res 2018;10(5):1310-1323
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To our knowledge, MPTP includes at least
Voltage Dependent Anion Channel (VDAC),
Adenine Nucleotide Translocase (ANT) and
cyclophilin-D [37]. MPTP remains closed or sel-
dom opens under physiological conditions, but
its excessive opening can be induced by Ca?*,
free radicals and inorganic phosphate [38].
Several studies have already demonstrated
that MIRI is closely associated with the opening
of MPTP [4-6]. Moreover, MPTP has been iden-
tified as the end effector of IPC, including phar-
macological preconditioning [39], while little
has been known about the association between
the protective effect of AGO and MPTP.

In this study, we provided evidence for the first
time that AGO could inhibit MPTP opening dur-
ing the process of MIRI. First, the content of
NAD* in heart tissues and the sensitivity of
MPTP to Ca?* are negatively correlated with the
degree of MPTP opening [24, 25]. We found
that rat hearts treated with AGO retained a high
content of NAD* and was more resistant to
stimulation with Ca?*, which indicates that AGO
inhibited the degree of MPTP opening. Second,
GSK-30 is a key upstream regulator of MPTP
opening. The phosphorylation of GSK-33 at
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Figure 7. The influence of atractyloside on
the cardioprotection of agomelatine. A.
Statistic for myocardial infarct size. B. Sta-
tistic for the release of CK-MB in coronary
effluent. C. Statistic for the release of LDH
in coronary effluent. IR: ischemia reperfu-
sion group, Vehicle: Vehicle group, AGO40:
40 mg/kg agomelatine treatment group,
AGO40+ATR: 40 mg/kg agomelatine in com-
bination with 5 mg/kg atractyloside treat-
ment group. *represents P < 0.05 vs. IR;
#represents P < 0.05 vs. AGO40, n = 8 per
group.

Ser9 will decrease the activation of GSK-30,
subsequently increase the threshold of MPTP
opening and then lead to a decrease in MPTP
opening [26]. We found that AGO treatment
enhanced the phosphorylation of GSK-38,
which agrees with the findings of Musazzi et al.
in the hippocampus and prefrontal/frontal cor-
tex of male rats [40]. This result implies that
AGO inhibited MPTP opening likely through
GSK-3B. Moreover, MPTP is identified as a regu-
lator of cell apoptosis. MPTP opening usually
promotes cytochrome C to release into the
cytoplasm, which then activates caspases and
ultimately leads to cell apoptosis [41]. In this
study, we showed that AGO treatment reduced
the expression of cytochrome C, cleaved-cas-
pase9, cleaved-caspase3 and decreased the
rate of cell apoptosis. This is consistent with
the findings of Akpinar et al. in PC-12 neuronal
cells [42]. This result also provided indirect evi-
dence for the inhibition of MPTP opening by
AGO treatment. Most importantly, we discov-
ered that all the protective effects of AGO were
abolished by treatment with a MPTP opener.
Taken together, we suggested that AGO protect-
ed against MIRI by inhibiting MPTP opening.
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There still exists two limitations in our study.
First, the isolated rat heart model used in this
study was deprived of neural and humoral regu-
lation and could not completely mimic the
pathophysiological changes under the condi-
tion of MIRI. Future studies of the cardioprotec-
tion of AGO should be performed in vivo.
Second, we only demonstrated that AGO inhib-
ited MPTP opening via GSK-3B, but more
upstream pathways of MPTP, such as PI3K-Akt
and MAPK/ERK1/2 pathways, were not con-
firmed in this study. Although Musazzi et al.
have demonstrated that AGO could activate
PI3K-Akt and MAPK/ERK1/2 in a time-depen-
dent manner [40], we did not provide direct evi-
dence for the activation of PI3K-Akt and MAPK/
ERK1/2 in the cardioprotection of AGO.

In conclusion, our study demonstrated, for the
first time, that AGO protected against MIRI in a
dose-dependent manner and that its protective
effect involved inhibiting MPTP opening.
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