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Abstract. The present study aimed to investigate the protec-
tive effects of ghrelin against oxidative stress, inducible nitric 
oxide synthase (iNOS) and inflammation in a mouse model of 
myocardial ischemia/reperfusion injury (MIRI). In addition, 
the study aimed to determine its underlying mechanisms. A 
mouse model of MIRI was used in vivo, in order to ascertain 
the protective effects of ghrelin on MIRI. Commercial kits 
were used to measure the serum levels of creatine kinase (CK) 
and lactate dehydrogenase (LDH) in MIRI mice. Furthermore, 
Evan's Blue‑triphenyltetrazolium chloride solution was used 
to analyze the protective effects of ghrelin against infarct size 
in MIRI mice. The underlying mechanisms were determined 
by measuring MIRI‑induced tumor necrosis factor (TNF)‑α, 
interleukin (IL)‑6, superoxide dismutase (SOD), glutathione 
(GSH), GSH‑peroxidase (GSH‑PX), malondialdehyde (MDA) 
and caspase‑3/caspase‑9 activities, and iNOS, high mobility 
group box 1 (HMGB1), Toll‑like receptor 4 (TLR4) and nuclear 
factor (NF)‑κB protein expression in MIRI mice. The results 
demonstrated that MIRI led to an increase in infarct size; CK, 
LDH, TNF‑α, IL‑6, MDA, caspase‑3 and caspase‑9 serum 
levels; and iNOS protein expression. MIRI resulted in inhibition 
of SOD, FSH and GSH‑PX levels. Conversely, these alterations 
were significantly inhibited following treatment with ghrelin. 
In addition, the protective effects of ghrelin against MIRI 
suppressed HMGB1, TLR4 and NF‑κB protein expression in 
MIRI mice. The present study revealed that ghrelin exerted 
protective effects against oxidative stress, iNOS and inflam-
mation in MIRI mice via the HMGB1/TLR4/NF‑κB pathway.

Introduction

With the wide application of intravenous thrombolysis, 
percutaneous coronary intervention and coronary artery 
bypass grafting, physicians and researchers are beginning to 
realize the importance of myocardial ischemia/reperfusion 
injury (MIRI) (1). The most important therapeutic principle 
regarding ischemic heart disease and acute myocardial infarc-
tion is to open the related blood vessels as early as possible, 
in order to recover perfusion of ischemic myocardium and 
rescue myocardial tissue from necrosis (2). However, reperfu-
sion therapy is a double‑edged sword, which may aggravate 
tissue damage at the same time as recovering coronary blood 
flow (3). Issues including cardiac insufficiency, arrhythmia 
and extended myocardial infarction may occur; therefore, it 
is important to identify effective measures for the alleviation 
of MIRI.

MIRI is a complex pathological process. Well‑defined 
pathogenic mechanisms associated with MIRI include oxida-
tive stress injury, intracellular calcium overload, cell apoptosis, 
loss of cellular energy, and activation of the inflammatory 
response via neutrophils (4). Furthermore, MIRI is associ-
ated with the activation and inactivation of various regulatory 
mechanisms and signal pathways.

High mobility group box 1 (HMGB1) is a highly conserved 
DNA‑binding nonhistone protein, which exists in the karyon 
of eukaryotic cells (5). It has previously been demonstrated 
that HMGB1 participates in inflammation, where it acts as 
a proinflammatory cytokine (6). Under inflammatory condi-
tions, HMGB1 is passively released or actively secreted 
from affected monocytes/macrophages into the extracellular 
environment (6). Consequently, it can combine with receptor 
for advanced glycation end products or Toll‑like receptors 
(TLRs). Finally, nuclear factor (NF)‑κB can be activated and 
the inflammatory response mediated (7).

Ghrelin is found in the stomachs of mice, and was the 
first endogenous ligand of growth hormone secretagogue 
receptor to be reported to possess biological activity. Ghrelin 
is synthesized in the stomach and can promote the secretion 
of gastric acid and growth hormones via paracrine, autocrine 
and internal secretion (8). In addition, the functions of ghrelin 
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include improving ingestion, gastric acid secretion and gastro-
intestinal motility, and protecting the mucous membrane of 
the digestive system (9). Previous studies have reported that 
ghrelin exerts anti‑inflammatory, antioxidative and neuropro-
tective effects (10‑12). Therefore, the present study aimed to 
determine the protective effects of ghrelin against oxidative 
stress, inducible nitric oxide synthase (iNOS) and inflam-
mation in MIRI mice, and to investigate the mechanisms 
underlying the cardioprotective effects of ghrelin.

Materials and methods

Experimental animals, grouping and MIRI model. A total of 
30 male C57BL/6 mice (weight, 20‑25 g; age, 6‑8 weeks) were 
obtained from the Shanghai SLAC Laboratory Animal Center 
Co., Ltd. (Shanghai, China) and were maintained in a standard 
animal room (temperature, 25±1˚C; humidity, 70‑80%; 12‑h 
light/dark cycle). All mice received humane care in accordance 
with the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health (Bethesda, 
MD, USA) and the present study was approved by the ethics 
committee of Tianjin Medical University General Hospital. All 
mice were randomly distributed into three groups of 10 mice: 
(i) Control group, mice were anesthetized and a suture was 
passed under the left anterior descending artery without occlu-
sion; (ii) MIRI group, mice were anesthetized and used to 
generate a MIRI model, the mice were pretreated with 0.5 ml 
normal saline administered by gavage; (iii) MIRI + ghrelin 
(Sigma‑Aldrich, St. Louis, MO, USA) group, MIRI mice were 
pretreated with 0.8 mg/kg ghrelin twice daily by gavage for 
3 days.

Briefly, mice were intraperitoneally injected with 7 mg/kg 
ketamine and 45 mg/kg pentobarbital sodium. The left ante-
rior descending coronary artery was ligated and sutured using 
7‑0 silk. Visual observation of pale color development in the 
myocardium was considered to indicate regional ischemia. 
Mice in the control group were also anesthetized and a suture 
was passed under the left anterior descending artery without 
occlusion. Mice were sacrificed by overdose of pentobarbital 
sodium (100 mg/kg). Blood samples were collected from the 
cardiopuncture of each mouse, and the heart tissues were 
harvested and washed with ice‑cold normal saline.

Serum creatine kinase (CK) and lactate dehydrogenase (LDH) 
levels. The CK and LDH serum levels were measured in each 
mouse to determine the degree of myocardial injury using 
commercial kits (Wuhan Elabscience Biotechnology Co., Ltd., 
Wuhan, China), according to the manufacturers' protocols.

Assessment of myocardial infarct size. Following 2 h reper-
fusion, the left anterior descending artery was re‑occluded 
and 0.3 ml Evan's Blue‑triphenyltetrazolium chloride (TTC, 
2%) was injected into the right jugular vein to determine 
myocardial infarct size and identify the area prone to isch-
emic damage. Subsequently, the heart was rapidly excised 
and rinsed in normal saline, and the left ventricle was isolated 
and frozen at ‑80˚C for 10‑15 min. The frozen left ventricle 
was cut into 1‑mm slices, and was incubated in 1% TTC for 
15 min at 37˚C. The infarct areas were measured using an 
image analyzer.

Assessment of caspase activity. Left ventricular samples 
were homogenized in radioimmunoprecipitation assay lysis 
buffer (Beyotime Institute of Biotechnology, Nanjing, China) 
followed by centrifugation at 12,000 x g for 30 min at 4˚C. 
The supernatant was collected and used to measure protein 
concentration with the bicinchoninic acid method. Lysate 
proteins (100 µg) were treated with 50 µl Ac‑DEVD‑pNA and 
Ac‑LEHD‑pNA (Beyotime Institute of Biotechnology) for 1 h 
at 37˚C. Caspase‑3 and caspase‑9 activities were monitored 
using a microplate reader at 405 nm.

Assessment of tumor necrosis factor (TNF)‑α, interleukin 
(IL)‑6, superoxide dismutase (SOD), glutathione (GSH), 
GSH‑peroxidase (GSH‑PX) and malondialdehyde (MDA) 
activities. Whole blood samples were homogenized by 
centrifugation at 12,000 x g for 10 min at 4˚C. The samples 
were used to measured TNF‑α, IL‑6, SOD, GSH, GSH‑PX and 
MDA activities in the mice according to the manufacturer's 
protocols (Beyotime Institute of Biotechnology).

Western blotting. Protein extracts from the heart samples 
were subjected to western blotting. Briefly, the heart samples 
were homogenized by centrifugation at 12,000 x g for 10 min 
at 4˚C in Nuclear and Cytoplasmic Protein Extraction kit 
(Beyotime Institute of Biotechnology). Protein concentrations 
were measured using a Bicinchoninic Acid Protein Assay 
kit (PerkinElmer, Waltham, MA, USA). Equal amounts of 
protein (50‑80 µg) were separated by 8‑10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (Beyotime Institute 
of Biotechnology) and were transferred to polyvinylidene fluo-
ride membranes.

The membranes were then blocked with 5% skim milk 
solution, followed by an overnight incubation at 4˚C with 
rabbit anti‑HMGB1 (1:4,000; Cell Signaling Technology, Inc., 
Danvers, MA, USA; cat. no. 6893), rabbit anti‑TLR4 (1:3,000; 
Cell Signaling Technology, Inc.; cat. no.  14358), rabbit 
anti‑NF‑κB (1:3,000; Beyotime Institute of Biotechnology; 
cat. no. AN365) and mouse anti‑glyceraldehyde 3‑phosphate 
dehydrogenase (GAPDH; 1:5,000; Beyotime Institute of 
Biotechnology; cat. no.  AF0006). The membranes were 
then incubated with goat anti‑mouse immunoglobulin (Ig)G 
(1:5,000; Beyotime Institute of Biotechnology; cat. no. A0216) 
and goat anti‑rabbit IgG (1:5,000; Beyotime Institute of 
Biotechnology; cat. no. A0208) secondary antibodies for 1 h at 
room temperature and washed with Tris‑buffered saline/0.1% 
Tween‑20. The relative intensity of the bands was quantified 
using ImageJ 3.0 software (imagej.nih.gov).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Statistical comparisons for continuous variables 
were performed using analysis of variance and Tukey's test 
with SPSS 12.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Protective effects of ghrelin against CK and LDH levels in 
MIRI mice. As shown in Fig. 1, ghrelin exerted protective 
effects against CK and LDH levels in MIRI mice. Compared 
with the control group, MIRI induced a significant increase 
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in CK levels (Fig. 1A). Furthermore, the LDH levels were 
markedly increased in the MIRI group compared with in the 
control mice (Fig. 1B). Conversely, CK and LDH levels were 
markedly reduced following ghrelin treatment compared with 
in the MIRI group (Fig. 1A and B).

Protective effects of ghrelin against infarct size in MIRI mice. 
The effects of ghrelin on representative myocardial infarct 
size in MIRI mice are presented in Fig. 2. Compared with the 
control group, MIRI increased myocardial infarct size (Fig. 2). 
Conversely, ghrelin treatment effectively suppressed myocar-
dial infarct size compared with in the MIRI group (Fig. 2).

Protective effects of ghrelin against caspase‑3/caspase‑9 
activities in MIRI mice. Apoptosis is the major mechanism 
of cell death following MIRI; therefore, in the present study, 
caspase‑3/caspase‑9 activities were measured using a microplate 
reader. The effects of ghrelin treatment on caspase‑3/caspase‑9 
activities in MIRI mice are presented in Fig. 3. Compared with 
the control group, MIRI increased caspase‑3/caspase‑9 activi-
ties. Conversely, pretreatment with ghrelin effectively attenuated 
the increase in caspase‑3/caspase‑9 activities in MIRI mice.

Protective effects of ghrelin against oxidative stress in MIRI 
mice. A microplate reader was used after 3 days to determine 
the effects of ghrelin on oxidative stress following MIRI. 
MDA activity levels were significantly higher in the MIRI 
group compared with in the control mice (Fig. 4). However, 
SOD, GSH and GSH‑PX activities were significantly lower in 
the MIRI group compared with in the control mice (Fig. 4). 

Compared with the MIRI group, MDA levels were markedly 
decreased, whereas SOD, GSH and GSH‑PX activities were 
markedly increased following treatment with ghrelin (Fig. 4).

Protective effects of ghrelin against iNOS in MIRI mice. 
The protein expression levels of iNOS following MIRI were 
detected by western blotting (Fig.  5). Compared with the 
control group, the protein expression levels of iNOS were 
significantly increased in response to MIRI. Pretreatment with 
ghrelin significantly alleviated MIRI‑induced iNOS protein 
expression.

Protective effects of ghrelin against inflammation in MIRI 
mice. The extent of inflammation was determined to assess 
the protective effects of ghrelin against MIRI. TNF‑α and 
IL‑6 activities were markedly increased in the MIRI group 
compared with in the control group (Fig. 6). However, ghrelin 
treatment significantly inhibited the increase in TNF‑α and 
IL‑6 activities in MIRI mice (Fig. 6).

Protective effects of ghrelin on HMGB1 in MIRI mice. MIRI 
induced HMGB1 expression (Fig.  7). Compared with in 
the control group, HMGB1 protein expression levels were 
significantly increased in the MIRI group. However, ghrelin 
pretreatment significantly inhibited the MIRI‑induced increase 
in HMGB1 protein expression (Fig. 7).

Protective effects of ghrelin on TLR4 in MIRI mice. The 
present study examined the protective effects of ghrelin on 
TLR4 in MIRI mice. MIRI induced an increase in TLR4 
protein expression levels compared with in the control group 
(Fig. 8). Conversely, ghrelin pretreatment inhibited TLR4 
protein expression in MIRI mice (Fig. 8).

Protective effects of ghrelin on NF‑κB in MIRI mice. In order 
to investigate whether ghrelin pretreatment protected against 
MIRI‑induced NF‑κB, the expression levels of NF‑κB were 
detected. MIRI markedly increased NF‑κB protein expres-
sion compared with in the control group (Fig. 9). Following 
ghrelin treatment, MIRI‑induced NF‑κB protein expression 
was downregulated (Fig. 9).

Discussion

MIRI refers to serious damage to previously ischemic myocar-
dial tissues after a short period of myocardial blood flow 

Figure 1. Protective effects of ghrelin against (A) creatine kinase (CK) and (B) lactate dehydrogenase (LDH) levels in myocardial ischemia/reperfusion injury 
(MIRI) mice. Data are presented as the mean ± standard deviation. #P<0.01 compared with the control group, *P<0.01 compared with the MIRI group.

Figure 2. Protective effects of ghrelin against infarct size in myocardial 
ischemia/reperfusion injury (MIRI) mice. Data are presented as the 
mean ± standard deviation. #P<0.01 compared with the control group, *P<0.01 
compared with the MIRI group.
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failure (13). The clinical manifestations of MIRI after recana-
lization of an obstructed coronary artery include reperfusion 
arrhythmias, extension of the area of infarcted cardiac muscle, 
cardiac insufficiency or sudden mortality (14). Post‑reperfusion 
of ischemic myocardium, metabolic disturbances to myocar-
dial cells and morphological structural damage are also 
serious complications (15). In addition, the number of necrotic 
myocardial cells is increased by ~25% (16). Therefore, methods 
of coronary artery recanalization, including thrombolysis, are 
a double‑edged sword  (17), since MIRI may lead to novel 
complications, which greatly decrease the efficacy of therapies 

attempting to improve myocardial blood supply and rescue 
infarcted myocardium. The present study demonstrated that 
the protective effects of ghrelin inhibited MIRI‑induce CK 
and LDH levels, and reduced infarct size in a mouse model 
of MIRI.

HMGBl shares features with cytokines, and can be 
actively secreted by activated immune cells and act on the 
surface receptors of immune cells and endothelial cells in 
order to induce expression of inflammatory factors and further 
HMGB1 release, resulting in promotion of the inflammatory 
cascade  (18). Furthermore, HMGB1 has been reported to 

Figure 3. Protective effects of ghrelin against (A) caspase‑3 and (B) caspase‑9 activities in myocardial ischemia/reperfusion injury (MIRI) mice. Data are 
presented as the mean ± standard deviation. #P<0.01 compared with the control group, *P<0.01 compared with the MIRI group.

Figure 4. Protective effects of ghrelin against oxidative stress in myocardial ischemia/reperfusion injury (MIRI) mice. Protective effect of ghrelin against 
(A) malondialdehyde (MDA), (B) superoxide dismutase (SOD), (C) glutathione‑peroxidase (GSH‑PX) and (D) GSH activities in MIRI mice. Data are presented 
as the mean ± standard deviation. #P<0.01 compared with the control group, *P<0.01 compared with the MIRI group.

Figure 5. Protective effects of ghrelin against inducible nitric oxide synthase (iNOS) in myocardial ischemia/reperfusion injury (MIRI) mice were detected by 
(A) western blotting and (B) statistical analysis of iNOS protein expression. Data are presented as the mean ± standard deviation. #P<0.01 compared with the 
control group, *P<0.01 compared with the MIRI group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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stimulate the release of cytokines and adhesion molecules; 
promote inflammatory cells; destroy epithelial barriers and 
extend the inflammatory response  (19). The results of the 
present study suggested that ghrelin pretreatment inhibited 
caspase‑3 and caspase‑9 activities; alleviated oxidative stress, 
iNOS protein expression and inflammation; and suppressed 
HMGB1 protein expression in MIRI mice. Wang et al (20) 
demonstrated that ghrelin protects mice against endo-
toxemia‑induced acute kidney injury via the suppression 
of nitric oxide, and inhibition of TNF‑α, IL‑1β and IL‑6. 
Koyuturk et al (10) indicated that ghrelin inhibited apoptosis, 
cell proliferation and the oxidant‑antioxidant system via 
caspase‑8 and caspase‑3 in the liver of neonatal diabetic rats. 
Furthermore, Ercan et al (21) suggested that ghrelin treatment 
suppressed sodium metabisulfite‑induced oxidative stress and 
caspase‑3 expression in rat gastric mucosa.

TLRs are receptors of HMGB1. TLRs are signal trans-
duction transmembrane receptors that are found on the cell 
surface. Among the TLR family, TLR2/4 are able to recognize 
the majority of pathogenic microorganisms (22). Distributed 
in mononuclear cells, macrophages, neutrophils, dendritic 
cells and cancer cells, TLR2/4 exerts innate immune functions 
against bacteria, viruses, fungi and other pathogenic infec-
tions (23). It acts as a bridge between congenital immunity and 
acquired immunity (24). TLR2 and TLR4 can integrate with 
HMGB1, which is secreted by macrophages and neutrophils, 
and induce the occurrence of inflammation (23). In addition, it 
has been reported that TLR2 and TLR4 are potential receptors 
of HMGB1. The present study indicated that ghrelin treatment 
inhibited TLR4 protein expression in MIRI mice. Liu et al (25) 
reported that ghrelin reduced high glucose‑induced PC12 cell 
apoptosis via the TLR4/NF‑κB pathway.

Figure 7. Protective effects of ghrelin on high mobility group box 1 (HMGB1) in myocardial ischemia/reperfusion injury (MIRI) mice were detected by 
(A) western blotting and (B) statistical analysis of HMGB1 protein expression. Data are presented as the mean ± standard deviation. #P<0.01 compared with 
the control group, *P<0.01 compared with the MIRI group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Figure 6. Protective effects of ghrelin against inflammation in myocardial ischemia/reperfusion injury (MIRI) mice. Protective effects of ghrelin against 
(A) tumor necrosis factor (TNF)‑α and (B) interleukin (IL)‑6 activities in MIRI mice. Data are presented as the mean ± standard deviation. #P<0.01 compared 
with the control group, *P<0.01 compared with the MIRI group.

Figure 8. Protective effects of ghrelin on Toll‑like receptor 4 (TLR4) in myocardial ischemia/reperfusion injury (MIRI) mice were detected by (A) western 
blotting and (B) statistical analysis of TLR4 protein expression. Data are presented as the mean ± standard deviation. #P<0.01 compared with the control group, 
*P<0.01 compared with the MIRI group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Following integration of cytokines and receptor proteins, a 
series of signal transduction molecules are required to transmit 
signals into cells. The signal transduction pathway mediated 
by TLR2/4 is as follows. Specific ligands that are recognized 
by the TLR2/4 transmembrane domain induce the release of 
signals into the cells (26). Subsequently, the toll‑IL‑1 receptor 
cytoplasmic domain of TLR2/4 combines with various down-
stream molecular regulators, thus activating downstream signal 
transduction cascades by MyD88‑dependent or ‑independent 
pathways (27). Finally, transcription factors, such as NF‑κB 
and interferon regulatory factor 3, are activated; inflammatory 
cytokines, such as IFN‑β, and thus inflammation are induced; 
inflammatory cell infiltration is induced by chemotaxis, and 
innate immunity is activated (28). The present study revealed 
the protective effects of ghrelin, which was shown to inhibit 
NF‑κB expression in MIRI mice. Liu et al (25) reported that 
ghrelin reduced high glucose‑induced PC12 cell apoptosis via 
the TLR4/NF‑κB pathway. Furthermore, Rezaeian et al (29) 
demonstrated that ghrelin protects musculocutaneous tissue 
via NF‑κB in ischemic necrosis.

In conclusion, as shown in Fig. 10, ghrelin exerts protec-
tive effects against oxidative stress, iNOS and inflammation 

in MIRI mice via the HMGB1 andTLR4/NF‑κB pathway. 
Therefore, ghrelin may be a clinically useful agent in the treat-
ment of MIRI.
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