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Intermedin attenuates myocardial infarction through
activation of autophagy in a rat model of ischemic heart
failure via both cAMP and MAPK/ERK1/2 pathways
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Abstract: Intermedin is a proopiomelanocortin-derived peptide before opioid promoting cortical hormone, its main
function embodies in mononuclear macrophages and neutrophilic granulocytes to inhibit the proinflammatory cyto-
kines. The aim of this study is to determine intermedin attenuates myocardial infarction and its related mechanisms
in a rat model of ischemic heart failure. After rat model of ischemic heart failure was set up, myocardial infarction,
blood levels of activities of creatine kinase (CK), the MB isoenzyme of creatine kinase (CK-MB), lactate dehydroge-
nase (LDH) and cardiac troponin T (cTnT) were effectively reduced by treatment with intermedin. Tumor necrosis
factor (TNF-a) and interleukin-6 (IL.-6) in a rat model of ischemic heart failure were recovered by pretreatment with
intermedin. Administrate of intermedin availably promoted cAMP contents and suppressed caspase-3 protein in
ischemic heart failure rat. ERK1/2 and LC3 protein expression were significantly activated and autophagy was
significantly promoted by intermedin in a rat model of ischemic heart failure. These results indicate that intermedin
protected rat heart, attenuates myocardial infarction from ischemic heart failure in the rat model. The underlying
mechanisms may include upregulation of cAMP, ERK1/2 and LC3 protein expression and activating of autophagy.
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Introduction

Coronary artery disease (CAD) is a kind of
ancient and serious epidemic disease, which is
included in the cardiovascular system. Over the
past 20 years, China’s CAD morbidity rate and
mortality rate are rising rapidly [1]. Besides,
CAD constitutes the fastest-growing disease
cause of death for residents, and it has devel-
oped into the most dangerous disease threat-
ening public health in China [1]. According to
the data collected in 2008, the proportion of
the patients who die from the coronary heart
disease (CHD) accounts for 22% in the total
amount of the patients who die from cardiovas-
cular disease in Chinese urban areas, however,
even rural areas the proportion is as high as
13% [2]. Coronary artery provides blood for
myocardium. Atherosclerosis of coronary artery
caused by a variety of reasons makes coronary
stenosis and occlusion, which imposes restric-

tions on myocardium blood perfusion in corre-
sponding regions [3]. And due to this mentioned
above, myocardial imbalance of oxygen supply
and demand also occurs in this region.
Myocardial ischemia possibly leads to short
chest pain, decreased activity tolerance, per-
manent myocardial infarction, ventricular re-
modeling and heart failure [4]. A recent statisti-
cal data from the United States shows that
each year about 670,000 new patients are
diagnosed with heart failure, moreover, the
mortality rate of the patients who suffer from
coronary heart disease featuring ischemic
heart failure is increasingly higher [5]. At the
same time, medical costs are much higher [6].

Under physiological conditions, autophagy can
remove aging organelles and damaged protein
in myocardial cells in order to maintain the
heart function and the heart shape, thus the
autophagy plays a protective role for the heart
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Figure 1. Intermedin attenuates myocardial infarction
in a rat model of ischemic heart failure. Sham, Sham
group; Model, ischemic heart failure model group; In-
termedin, Intermedin treated group; #*P<0.01 versus
the model group.

[7]. However, with the changes in internal envi-
ronment and the stress conditions (such as the
lack of energy, oxidation loss and the opening
of the mitochondrial membrane permeability
transition pore), autophagy will increase accord-
ingly [8]. Studies show that adults under the
condition of hunger, autophagy is of crucial
importance to maintain the cardiac function.
There are already some studies show that the
decrease of saliva secretion level can cause
the dysfunction of organelles, such as the accu-
mulation of mitochondria, which is closely relat-
ed to various diseases [9]. In heart disease, the
changes of autophagy level may also cause the
accumulation of damaged mitochondria, which
affects the heart function [8].

Intermedin is a proopiomelanocortin-derived
peptide, mainly produced by hypothalamus,
pituitary and a variety of peripheral tissue
cells [10]. And intermedin distributes widely.
Intermedin is named in accordance with its
promoting effect on amphibians’ melanin
pigmentation [11]. Intermedin also has lots
of other physiological functions. Its main
function embodies in mononuclear macro-
phages and neutrophilic granulocyte which
inhibit the secretion of proinflammatory
cytokines and promote the secretion of anti-
inflammatory cytokines, including the secretion
of 110 [12]. Intermedin also restrains NO’s
generation and migration to the inflammatory
parts. Intermedin produced by the central ner-
vous system can activate peripheral beta
2-adrenergic sympathetic nerve so as to play
a role in resisting peripheral tissue inflamma-
tion [12, 13]. Here, we report that intermedin
attenuates myocardial infarction through induc-
ing the protective autophagy, and further
improving cardiac performance.
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Materials and methods
Animals and cell culture

Sprague-Dawley (SD) rats (250-320 g) and
H9c2 cell lines were obtained from Animal
Experimental Center of Soochow University and
housed in a specific pathogen-free room at
24°C + 2°C and humidity (55 + 10%) and free
access to standard rat chow and water. H9¢c2
cell was cultured in Dulbecco’s modified Eagle’s
medium (DMEM, HyClone, Logan, UT, USA) sup-
plemented with 10% (v/v) heat-inactivated fetal
bovine serum (HyClone, Logan, UT, USA) and
1% (w/v) of an antibiotic-antimycotic prepara-
tion at 37°C under 5% (v/v) CO,,.

All experiment SD rats were anesthetized by
intraperitoneal injection of 7% chloral hydrate
(Suzhou, China). Left coronary artery was dis-
sected above the first diagonal branch after left
thoracotomy and pericardiotomy executed.
Then, the left circumflex arterial origin was
immediately ligated with silk thread. Slipknot-
induced occlusion proceeded for 30 min, and
then myocardium distal was observed dark-
ened. All study protocols were approved by the
Medical College of Soochow University Animal
Care Committee. Rats were randomly assigned
to three different groups: sham group, ischemic
heart failure group and intermedin group. In
intermedin group, ischemic heart failure model
rats were gave with 20 nmol/kg intermedin
from caudal vein for 4 weeks. In sham group or
ischemic heart failure group, normal rat or isch-
emic heart failure model rats were gave with
the same volume of normal saline.

HO9c2 cell was cultured in complete medium
under 95% N, and 5% CO,, (both v/v) at 37°C for
1 h. Control cells were cultured in complete
medium at 37°C under 5% (v/v) CO, for 90 min.
In intermedin group, ischemic heart failure
model H9c2 cell were gave with 1 uM interme-
din from caudal vein for 4 weeks. In sham group
or ischemic heart failure group, H9c2 cell and
ischemic heart failure model H9c2 cell were
gave with DMSO.

Serum biochemical analysis

Blood was collected after intermedin by cardiac
puncture and centrifuged at 2000 g for 10 min

Int J Clin Exp Pathol 2015;8(9):9836-9844
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Figure 2. Intermedin attenuates the serum concentrations of CK, CK-MB, LDH and c¢TnT in a rat model of ischemic
heart failure. Intermedin attenuates the serum concentrations of CK (A), CK-MB (B), LDH (C) and ¢TnT (D) in a rat
model of ischemic heart failure. Sham, Sham group; Model, ischemic heart failure model group; Intermedin, Inter-
medin treated group; “*P<0.01 versus the model group; #P<0.01 versus the model group.

at 4°C. The serum concentrations of casein
kinase (CK), the MB isoenzyme of creatine
kinase (CK-MB), lactate dehydrogenase (LDH),
cardiac troponin T (cTnT), tumor necrosis factor
alpha (TNF-a) and interleukin-6 (IL-6) were
measured according to the manufacturer in-
structions (JianCheng Bioengineering Institute,
China).

Intracellular cAMP contents

To measure intracellular cAMP level, rats were
sacrificed via direct intraventricular KCI injec-
tion, and then hearts of rats were removed and
rinsed with ice-cold phosphate buffered saline.
Frozen ventricle samples were homogenized in
protein lysate buffer. The suspension was cen-
trifuged at 2000 g for 10 min at 4°C and
assayed for intracellular cAMP content by ELISA
(R&D Systems, MN, USA) following the manu-
facturer’s protocol. The total protein contents
were measured by Bradford assay (Bio-Rad).

Western blot analysis
Rats were sacrificed via direct intraventricular

KCI injection, and then hearts of rats were
removed and rinsed with ice-cold phosphate
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buffered saline. Frozen ventricle samples were
homogenized in protein lysate buffer. The sus-
pension was centrifuged at 2000 g for 10 min
at 4°C. The total protein contents were mea-
sured by Bradford assay (Bio-Rad). Protein
lysate was loaded on 12% SDSPAGE and then
transferred to polyvinylidene fluoride mem-
brane (Pierce, Rockford, IL, USA). The mem-
branes were probed with antibodies against
caspase-3 (Santa Cruz, CA, USA, 1:1000 dilu-
tion), ERK1/2 (Santa Cruz, CA, USA, 1:1000
dilution), LC3B (Santa Cruz, CA, USA, 1:1000
dilution) and B-actin (1:4000, CWBIO, China)
respectively, overnight with agitation at room
temperature. The membranes were horserad-
ish peroxidase (HRP)-conjugated secondary
antibody (Santa Cruz, CA, USA, 1:1000 dilution)
enhanced chemiluminescence.

Fluorescence microscopy

HO9c2 cell was fixed with 4% paraformaldehyde
for 30 min at 4°C and permeabilized using pre-
cool methanol for 10 min at 4°C. Then, H9c2
cell fixed was cultured with 5% normal goat
serum and 0.3% Triton X-100 for 1 h at dark-
ness. H9¢c2 cell was incubated with LC3B
(Santa Cruz, CA, USA, 1:1000 dilution) by 1 h

Int J Clin Exp Pathol 2015;8(9):9836-9844
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Figure 3. Intermedin attenuates the serum concentrations of TNF-ac and IL-6 in a rat model of ischemic heart failure.
Intermedin attenuates the serum concentrations of TNF-a (A) and IL-6 (B) in a rat model of ischemic heart failure.
Sham, Sham group; Model, ischemic heart failure model group; Intermedin, Intermedin treated group; **P<0.01
versus the model group; #P<0.01 versus the model group.
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Figure 4. Intermedin attenuates the intracellular
cAMP contents in a rat model of ischemic heart
failure. Sham, Sham group; Model, ischemic heart
failure model group; Intermedin, Intermedin treated
group; “P<0.01 versus the model group; #P<0.01
versus the model group.

incubation with Alexa Fluor 488 goat anti-rabbit
IgG (Sangon Biotech, Shanghai, China) as a
secondary antibody (Santa Cruz, CA, USA,
1:1000 dilution). Then, H9c2 cell was washed
with ice-PBS and stimulated using microscope
slides with Flouromount-G (SouthernBiotech,
Birmingham, AL).

Statistical analysis

All values are reported as means * SE.
Statistical analyses between groups of two
were done by unpaired t-test. P < 0.05 was con-
sidered to be statistically significant for all
tests.

Results

Intermedin attenuates myocardial infarction in
a rat model of ischemic heart failure

To evaluate the cardiac protection of interme-
din, myocardial infarction was measured after
treatment. 4 weeks after intermedin treatment,
myocardial infarction of intermedin treatment
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rat was lower than that of ischemic heart failure
rat (Figure 1).

Intermedin attenuates the serum concentra-
tions of CK, CK-MB, LDH and ¢TnT in a rat
model of ischemic heart failure

We further detected the cardiac protection of
intermedin on the serum concentrations of CK,
CK-MB, LDH and cTnT in a rat model of ischemic
heart failure. In the serum concentrations of
CK, CK-MB, LDH and cTnT, we observed that
compared with the sham group, the serum con-
centrations of CK, CK-MB, LDH and cTnT were
memorably increased in a rat model of isch-
emic heart failure (Figure 2). However, there
was statistical difference in the serum concen-
trations of CK, CK-MB, LDH and cTnT among
intermedin treatment group (Figure 2).

Intermedin attenuates the serum concentra-
tions of TNF-ot and IL-6 in a rat model of isch-
emic heart failure

We further detected the cardiac protection of
intermedin on inflammation in ischemic heart
failure rats, the serum concentrations of TNF-a
and IL-6 were recorded in very group. In isch-
emic heart failure rats, the serum concentra-
tions of TNF-a and IL-6 were signally higher
than those of sham control group (Figure 3). In
addition, the serum concentrations of TNF-«
and IL-6 showed decreased after intermedin
treatment in ischemic heart failure rats (Figure
3).

Intermedin attenuates the intracellular cAMP
contents in a rat model of ischemic heart fail-
ure

To verify the cardiac protection of intermedin
on intracellular cAMP contents in ischemic

Int J Clin Exp Pathol 2015;8(9):9836-9844
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Figure 5. Intermedin attenuates the caspase-3 protein in a rat model of ischemic heart failure. Intermedin attenu-
ates the caspase-3 protein using wstern blot analysis (A), statistical analysis of caspase-3 expression (B) in a rat
model of ischemic heart failure. Sham, Sham group; Model, ischemic heart failure model group; Intermedin, Inter-
medin treated group; **P<0.01 versus the model group; #P<0.01 versus the model group.
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Figure 6. Intermedin increases the ERK1/2 protein in a rat model of ischemic heart failure. Intermedin attenuates
the ERK1/2 protein using wstern blot analysis (A), statistical analysis of ERK1/2 expression (B) in a rat model of
ischemic heart failure. Sham, Sham group; Model, ischemic heart failure model group; Intermedin, Intermedin
treated group; “*P<0.01 versus the model group; #P<0.01 versus the model group.

heart failure rats, we inspected intracellular
cAMP contents with or without ischemic heart
failure rat-treated with intermedin. Intracellular
cAMP content of ischemic heart failure group
was lower than that of sham group (Figure 4). In
addition, the ischemic heart failure-induced
intracellular cAMP content was obviously ele-
vated compared with ischemic heart failure
group (Figure 4).

Intermedin attenuates the caspase-3 protein
in a rat model of ischemic heart failure

To check on the cardiac protection of interme-
din on apoptotic in ischemic heart failure rat,
the caspase-3 protein was measured using
Western blot analysis. Ischemic heart failure
aroused cell apoptosis and induced caspase-3
protein expression in rats, compared with sham
group (Figure 5). Interestingly, pre-incubation
with intermedin, a cardiac protection, inhibited
caspase-3 protein expression of ischemic heart
failure rat (Figure 5).
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Intermedin increases the ERK1/2 protein in a
rat model of ischemic heart failure

To reveal the functional relationship between
cardiac protection of intermedin and apoptosis,
ERK1/2 protein also analyzed using Western
Blot Analysis. Our results showed that ERK1/2
protein expression was distinctly weakened in
ischemic heart failure rat than that of sham
group (Figure 6). Pretreatment with intermedin
distinctly increased the inhibition of ERK1/2
protein expression in ischemic heart failure rat
(Figure 6).

Intermedin activates the autophagy in a rat
model of ischemic heart failure

To explore the functional relationship between
cardiac protection of intermedin and autopha-
gy, H9c2 cell was used to structure the isch-
emic heart failure model for this study. However,
there was no statistical difference in autophagy
microscopy among sham group and model

Int J Clin Exp Pathol 2015;8(9):9836-9844
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Figure 7. Intermedin activates the autophagy in a rat model of ischemic heart failure. Sham, Sham group; Model,
ischemic heart failure model group; Intermedin, Intermedin treated group.
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Figure 8. Intermedin activates the LC3 protein in a rat model of ischemic heart failure. Intermedin attenuates the
LC3 protein using wstern blot analysis (A), statistical analysis of LC3 expression (B) in a rat model of ischemic
heart failure. Sham, Sham group; Model, ischemic heart failure model group; Intermedin, Intermedin treated group;
“*P<0.01 versus the model group; #P<0.01 versus the model group.

group. 4 weeks after intermedin, autophagy the stable stage from the clinical sense, but the
microscopy was distinctly observed in H9c2 heart failure itself still can develop into a dete-
cell-treated with intermedin (Figure 7). riorate state [6]. In the process of the develop-

ment of heart failure, there is a complex series
Intermedin activates the LC3 protein in a rat of changes of myocardial structure, functions

model of ischemic heart failure and phenotype, which are caused by molecules

and cellular mechanisms [3]. Its features
include pathological cardiomyocyte hypertro-
phy resulting in the decrease of myocardial
cell's contractility and lifetime; myocardial
apoptosis, which is a turning point for heart fail-
ure from compensatory state to decompensat-
ed state; excessive fibrosis or degradation of
myocardial cells’ matrix [14]. At the same time,
heart failure causes the excitability increase of
the renin - angiotensin- aldosterone system and

We further detected the effect of intermedin on
cardiac protection by the LC3 protein expres-
sion in a rat model of ischemic heart failure.
The LC3 protein expression was observe
decrease in a rat model of ischemic heart fail-
ure, compared with sham group (Figure 8).
However, treatment with intermedin clearly
increased the LC3 protein expression in rat
with ischemic heart failure (Figure 8).

Discussion sympathetic nervous system [15]. Heart failure

also leads to the activation of various endoge-
Heart failure is a progressive disease, even if nous neuroendocrine secretion and cytokines.
there is no new myocardial damage and it is at The long-term and chronic activation promotes

9841 Int J Clin Exp Pathol 2015;8(9):9836-9844
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myocardial remodeling, aggravates damage to
myocardium and deterioration of cardiac func-
tion; and further activates the neuroendocrine
secretion and cytokines, etc., thus all these fac-
tors mentioned above form a vicious cycle and
aggravates the situation of heart failure [16]. In
the present study, we observed that Intermedin
attenuates myocardial infarction and the serum
concentrations of CK, CK-MB, LDH and cTnT
and inhibited the serum concentrations of
TNF-a and IL-6 in a rat model of ischemic heart
failure.

Under various causes of ischemic heart failure,
myocardial contractility is weakened in equal
degree, which transforms ATP in the cell into
CAMP. The increase of CAMP in the cell strength-
ens the permeability toward Ca?* of the cell
membrane, and the heart rate will be faster,
myocardial oxygen consumption increased cor-
respondingly, therefore, further ischemic myo-
cardial damage will be caused. And cAMP
results in malignant ventricular arrhythmia by
activating calcium channel, changing the per-
meability toward Ca?* of the cell membrane and
promoting adipose decompose of myocardial
cell. We observed that myocardial infarction,
intermedin reduced the intracellular cAMP con-
tents in a rat model of ischemic heart failure. Li
et al. suggest that intermedin enhances sympa-
thetic outflow through cAMP/PKA signaling
pathway [17].

Nowadays most theories believe that apoptosis
is a “waterfall” activation process, which is reg-
ulated by the endogenous genes of cell,
enzymes and signal conduction. However, the
caspase family is the common pathway for all
the apoptosis signals, and it is an important
symbol of apoptosis. In the human cardiovas-
cular system, the present studies confirm that
caspases are expressed in myocardial cells,
vascular smooth muscle cells, endothelial cells
and fibroblasts. Caspase family consists of 13
members, of which the caspase-3 is the core
member because of its apoptosis executive
function. The distribution of Caspase-3 is more
extensive. However, intermedin attenuates the
caspase-3 protein in a rat model of ischemic
heart failure. In addition, Du et al. reported that
intermedin protected myocardial cell through
suppression of caspase-3 in a rat model of
severe acute pancreatitis [18].
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After the activation of ERK1/2, the activated
ERK1/2 shifts into series of transcription fac-
tors involving the nucleus phosphorylation and
causes cell proliferation and differentiation
[19]. Many studies have confirmed that ERK1/2
protein in hypertrophy myocardial tissue is
expressed obviously for the patients suffering
from hypertension and heart failure [19]. And
its expression will progressively increase along
with the deterioration of cardiac function.
Judging from this point, it is obvious that
ERK1/2 is closely related to the pathological
myocardial remodeling [20]. In addition, other
related researches show that the MEKI1-
ERK1/2 signal channel has close relationship
with physiological cardiac hypertrophy, myocar-
dial function enhancement and antiapoptotic
effect, instead of the activation of P38 or JNK
[21]. There are related signal pathways between
physiological myocardial hypertrophy and path-
ological myocardial hypertrophy. But the exer-
cise-oriented myocardial hypertrophy is often
characterized by strengthening the function of
cardiovascular system while pathological myo-
cardial hypertrophy results in the decrease of
cardiac function. In this study, intermedin
increases the ERK1/2 protein in a rat model of
ischemic heart failure. nXiong et al. indicate
that intermedin inhibit chronic neuropathic
pain injury through ERK1/2 [22].

Based on the present observation results,
autophagy also appears in the myocardial cells
with heart failure, including dilated cardiomy-
opathy, valvular heart disease and heart failure
caused by ischemic heart disease [9, 23].
Ischemic heart disease and dilated cardiomy-
opathy lead to 0.3% cells in the patients’ myo-
cardial cells to produce cytoplasm of ubiquitin
protein polymers in the form of particles at the
end stage. And autophagy, apoptosis cells and
necrosis cells can be detected in myocardial
cells of dilated cardiomyopathy [23]. Besides,
autophagy also can be found in animal models.
In the animal models of human dilated cardio-
myopathy, a typical autophagy vacuole is found
in the myocardial cells of ground squirrels [24].
The fact that excessive expression of cathepsin
D exists in the myocardial cells, and that
cathepsin D existing in the membrane of myo-
cardial cells is positive [23]. According to the
facts mentioned above, we can know that the
death of myocardial cell is secondary to autoph-
agy. Autophagy also exists in the degradatied

Int J Clin Exp Pathol 2015;8(9):9836-9844
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myocardial cells influenced by diphtheria toxin
of transgenic ground squirrel [9]. We surprised
to find Intermedin activates the autophagy in a
rat model of ischemic heart failure. Chen et al.
indicate that intermedin activated autophagy
and suppresses pressure overload cardiac
hypertrophy [10]. These results indicated
Intermedin attenuates myocardial infarction
through activation of autophagy in a rat model
of ischemic heart failure.

LC3 is the homologue of ATG8 gene in mamma-
lian cells, and LC3 is located in autophagy bub-
ble and in the membrane surface of autophagy
bubble [25]. It involves in the formation of
autophagy body. LC3 can be divided into type |
and type Il. Before the formation of autophagy,
the synthesis LC3 in cells develops into the LC3
of | type-the soluble in the cytoplasm after pro-
cessing. This kind of LC3 belongs to regular
expressive forms [26]. When the autophagy
occurs, LC3 of type | goes through the process-
ing and modification process of the ubiquitin
sample, and gradually combines with phospha-
tidyl ethanolamine existing in the membrane
surface of autophagy, in the end, LC3 of type Il
is formed [27]. The combination of LC3-lI
always exists in the membrane of intracellular
autophagy body, and the amount of its content
is in direct proportion to the number of autoph-
agy bubble [28]. So the expressive intensity of
LC3 is closely related to the activity of autopha-
gy. In the present study, we observed that inter-
medin activates the LC3 protein in a rat model
of ischemic heart failure. Chen et al. indicated
that intermedin activated autophagy and sup-
presses pressure overload cardiac hypertrophy
through regulating LC3 protein expression [10].

Our observation suggests that intermedin
attenuates myocardial infarction-induced the
serum concentrations of CK, CK-MB, LDH, cTnT,
TNF-a and IL-6 in a rat model of ischemic heart
failure. These results provide a protective effect
of intermedin in ischemic heart failure and may
be an interesting new approach for preventing
myocardial infarction associated with suppres-
sion of CAMP and activation of MAPK/ERK1/2
pathways.
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