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Abstract. Myocardial ischemia‑reperfusion injury (MIRI) is 
one of the leading causes of morbidity and mortality world‑
wide, for which there is no effective treatment. The present 
study aimed to assess novel methods of clinical MIRI treat‑
ment by studying the effects of galectin‑1 (Gal‑1) on MIRI. 
Male 2‑month‑old Sprague Dawley rats and the rat cardiomyo‑
cyte cell line H9c2 were utilized in the present study. A rat 
model of MIRI was constructed by ligating the left anterior 
descending coronary artery, which was subsequently treated 
with Gal‑1. Differences in myocardial injury were then 
assessed by hematoxylin and eosin (H&E) staining. In addi‑
tion, the levels of inflammation and apoptosis in rat myocardial 
tissue were determined by immunohistochemistry staining. 
Hypoxia‑reoxygenation was used to construct a model of 
MIRI in H9c2 cells. The effect of Gal‑1 on the apoptosis and 
viability of H9c2 cells was also verified by flow cytometry 
and a Cell Counting Kit‑8 assay. The results of H&E staining 
revealed that Gal‑1 alleviated MIRI. Echocardiography 
demonstrated that Gal‑1 improved cardiac function in rats 
following MIRI. In addition, MIRI increased levels of 
inflammation and apoptosis in rat myocardial tissues, with 
Gal‑1 treatment reversing this effect. In cellular experiments, 
Gal‑1 served anti‑inflammatory and anti‑apoptotic effects in 
hypoxic/reoxygenated cardiomyocytes. In conclusion, Gal‑1 
served a significant protective effect on the myocardial 
tissue after ischemia‑reperfusion by reducing the level of 
inflammation and apoptosis in cardiomyocytes.

Introduction

Ischemic heart disease is one of the leading causes of 
morbidity and mortality worldwide (1). Clinically, the most 

effective intervention for myocardial ischemia is the restora‑
tion of blood flow perfusion, which reduces myocardial cell 
apoptosis, narrows the area of myocardial infarction and 
reverses cardiac dysfunction (2). However, reperfusion can 
also aggravate myocardial injury and myocardial cell death, 
in a process known as myocardial ischemia‑reperfusion 
injury (MIRI) (3). Reperfusion itself can induce the excessive 
production of reactive oxygen species, excessive inflammatory 
response and cell apoptosis, aggravating myocardial injury and 
cell death (4). However, current available treatment strategies 
for MIRI are limited (5). Therefore, it is important to elucidate 
novel therapies to reduce MIRI in patients with ischemic heart 
disease, which can help to prevent and reverse the occurrence 
and development of MIRI, in turn improving their prognoses.

The underlying mechanism of MIRI remains poorly under‑
stood. At the time of MIRI, it is hypothesized that increases in 
oxygen free radicals, accumulation of neutrophils, slow blood 
flow or no reflow of occluded blood vessels caused by cellular 
swelling and myocardial cell calcium overload are all involved 
in the occurrence of myocardial injury (6). Changes in cells or 
tissues during MIRI can result in the increased production of 
oxygen free radicals, which in turn leads to breakage of peptide 
chains and destruction of the cellular membrane (7). Therefore, 
intracellular ATP production is reduced and cellular energy 
metabolism is significantly affected (7). In addition, destruc‑
tion of cell membranes makes it easier for inflammatory 
cells to adhere to blood vessels, resulting in microcirculatory 
disorder and cell damage (8). Therefore, reducing oxidative 
stress and the inflammatory response during MIRI is key to 
effectively treating this disease.

The galectin (Gal) family represents a group of endogenous 
lectins with high affinities for polysaccharides containing 
β‑galactoside residues (9). To date, 15 members of the lectin 
family have been identified, all of which contain highly 
conserved sugar recognition domains (9). Gal‑1 is a member 
of the Gal family that is expressed in various types of cell, 
including thymic epithelial cells, endothelial cells, dendritic 
cells, macrophages, fibroblasts and bone marrow stromal 
cells  (9‑11). It is particularly abundant in skeletal muscle, 
smooth muscle, myocardium, sensory and motor neurons, and 
the placenta (10). Gal‑1 has been reported to mediate a variety 
of biological functions that regulate the level of inflammation 
and apoptosis in cells. Huang et al (11) used lipopolysaccha‑
ride (LPS) to induce acute lung injury in mice, and found that 
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Gal‑1 attenuated LPS‑induced lung injury and reduced inflam‑
mation, oxidative stress and apoptosis. However, there is a lack 
of knowledge on the possible role of Gal‑1 in MIRI. Therefore, 
the present study constructed a rat MIRI model and a model of 
MIRI in H9c2 cells. Gal‑1 treatment was then applied to assess 
the effects of Gal‑1 on MIRI.

Materials and methods

Animals and grouping. A total of 60 2‑month‑old male 
Sprague‑Dawley rats (weight, 250‑350 g) were purchased 
from Charles River Laboratories, Inc. and housed in a temper‑
ature‑controlled room (21±2˚C) on a 12‑h light/dark cycle 
(lights on at 06:00) with a relative humidity range of 30‑40%. 
Animal health and behavior was monitored daily. The present 
study was approved by the Animal Ethics Committee of 
Chengdu Fifth People's Hospital Animal Center (Chengdu, 
China). Rats were housed in a standard environment, 
receiving rat food and clean drinking water ad libitum. Rats 
were randomly divided into the following groups (n=15 per 
group): i) Control; ii) Gal‑1; iii) MIRI; and iv) MIRI + Gal‑1. 
Animals in the Gal‑1 and MIRI + Gal‑1 groups were injected 
subcutaneously with Gal‑1 (5 µg/g; Invitrogen; Thermo Fisher 
Scientific, Inc.) once per day, 1 week prior to modeling (12). 
Rats in the control group underwent the same anesthetic and 
surgical procedures but without ligation of the left anterior 
descending coronary artery.

MIRI induction. After anesthetizing rats with an intraperito‑
neal injection of pentobarbital sodium at a dose of 40 mg/kg, 
rats were placed on the operating table in the supine position. 
A small animal ventilator was used to maintain breathing. 
Surgical scissors were subsequently used to gently cut the left 
side of the chest to expose the heart. After locating the left 
anterior descending coronary artery, a suture was introduced 
to perform gentle ligation. After 30 min, the suture was untied 
for the recanalization of the left anterior descending coro‑
nary artery for 2 h (6). Echocardiography was subsequently 
performed to monitor animal cardiac function, which included 
the following parameters: Left ventricular end‑systolic volume 
(ESV), left ventricular end‑diastolic volume (EDV), left 
ventricular end‑systolic diameter (LVIDs) and left ventricular 
end‑diastolic diameter (LVIDd). Two rats in each of the MIRI 
and MIRI + GAL‑1 groups died due to postoperative bleeding. 
At 2 h after reperfusion, the remaining 56 rats were euthanized 
via cervical dislocation after being anesthetized via intraperi‑
toneal injection of pentobarbital sodium at a dose of 40 mg/kg, 
before heart and blood samples were collected. Cardiac arrest 
in the rats indicated that the rats were dead.

Cell culture and treatment. The rat cardiomyocyte H9c2 cell 
line (American Type Culture Collection) was cultured in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 1% strep‑
tomycin (100 µg/ml) and 1% penicillin (100 U/ml) at pH 7.4 
in a 5% CO2 incubator at 37˚C. Hypoxia‑reoxygenation (HR) 
was used to construct an in vitro model of MIRI in H9c2 
cells. To mimic myocardial I/R in vitro, H9C2 cells at 80% 
confluence were incubated in DMEM without FBS (previously 
bubbled with gas mixture containing 95% N2 and 5% CO2) for 

6 h at 37˚C. The cells were provided with fresh medium and 
then moved to 95% O2/5% CO2 for reoxygenation. The control 
plates were kept in the incubator with 95% O2/5% CO2 at 37˚C. 
Cells were harvested 16 h post‑reoxygenation for analysis.

Ultrasonic cardiogram. At 2 h following recanalization, rats 
were placed in the left lateral position and cardiac function 
was assessed using Philips ultrasound equipment (Philips 
iE33; Philips Medical Systems B.V.). Left ventricular ESV, 
left ventricular EDV, LVIDs and LVIDd were all measured. 
Left ventricular ejection fraction (EF) was calculated using 
the following formula: EF=(EDV‑ESV)/EDV. Additionally, 
fraction shortening (FS) was calculated the following formula: 
FS=(LVIDd‑LVIDs)/LVIDd.

Hematoxylin and eosin staining. Rat myocardial tissue was 
fixed with 4% paraformaldehyde at 4˚C. After 24 h, myocardial 
tissue was dehydrated and embedded in paraffin. A microtome 
was subsequently used to section the myocardial tissue (thick‑
ness, 5 µm). Sections were dewaxed, hydrated and stained with 
hematoxylin solution (Beyotime Institute of Biotechnology) 
for 1  min at  37˚C. After rinsing sections for 3  min with 
running water, excess stain was removed with hydrochloric 
acid alcohol (Beyotime Institute of Biotechnology). Samples 
were then immersed in eosin solution (Beyotime Institute of 
Biotechnology) for 1 min and dehydrated at 37˚C. Neutral 
gum was used to seal sections. Images were acquired using a 
light microscope (Nikon/80i; Nikon Corporation) and a digital 
camera (DP71CCD; Olympus Corporation).

Immunohistochemical (IHC) staining. After paraffin‑embedded 
myocardial tissue was dewaxed and hydrated, sections (5 µm) 
were placed in citrate buffer and microwaved for 20 min. After 
the water was naturally cooled, sections were treated with 3% 
hydrogen peroxide for 30 min at 37˚C. Subsequently, 10% goat 
serum (Beyotime Institute of Biotechnology) was used to treat 
sections for 1 h at 37˚C. Samples were then incubated with 
the following primary antibodies at 4˚C overnight (all Abcam, 
all 1:100): IL‑1β (cat. no.  ab9722), IL‑6 (cat. no.  ab6672), 
caspase‑3 (cat. no. ab4051) and caspase‑8 (cat. no. ab25901). 
Subsequently, sections were washed with PBS and incu‑
bated with secondary antibodies (Abcam). After DAB and 
hematoxylin staining, the slides were dehydrated, cleared 
with xylene, mounted with permanent mounting medium, 
then photographed via light microscopy (Nikon/80i; Nikon 
Corporation). The resulting images were analyzed by Image 
Pro‑plus 6.0 software (Media Cybernetics, Inc.).

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from left ventricular 
anterior wall tissues of rats and H9c2 cells using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols. After determining the concentration 
of extracted RNA using a spectrophotometer, RNA was reverse 
transcribed into cDNA using an RT‑qPCR kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's protocols. The SYBR Green Master Mix (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to amplify cDNA. 
The total reaction system volume was 25 µl. The thermocy‑
cling conditions were as follows: Pre‑denaturation at 95˚C 
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for 5 min, followed by 35 cycles of denaturation at 95˚C for 
30 sec, annealing at 60˚C for 45 sec, extension at 72˚C for 
3 min and a final extension at 72˚C for 5 min. PCR products 
were stored at 4˚C. The primers used for cDNA amplifica‑
tion were constructed by Generay Biotech Co., Ltd. and are 
listed in Table I. Using the 2‑ΔΔCq method (13), the expression 
of endogenous GAPDH was used as the reference gene to 
calculate the expression of each mRNA.

Immunofluorescence (IF) staining. H9c2 cells were fixed using 
4% paraformaldehyde at 4˚C for 1 h and treated with PBS 
containing 0.2% Triton X‑100 for 15 min at 4˚C. After blocking 
with 10% goat serum at 4˚C for 30 min, cells were incubated 
with primary antibodies against caspase‑3 and caspase‑8 
(the same as the above) at 4˚C overnight. After washing with 
PBS, cells were incubated with fluorescent secondary anti‑
bodies, including Alexa Fluor 546 goat anti‑mouse lgG (H+L; 
1:200; cat. no. A11030; Invitrogen; Thermo Fisher Scientific, 
Inc.) and donkey anti‑rabbit‑CY3 (1:200; cat. no. A21206; 
Molecular Probes; Thermo Fisher Scientific, Inc.) at 4˚C for 2 
h at room temperature. Samples were then stained with DAPI 
(Fluoroshield with DAPI; cat.  no.  F6057; Gibco; Thermo 
Fisher Scientific, Inc.) for 5 min at 4˚C, washed with PBS and 
observed under a fluorescent microscope (Leica DM3000; 
Leica Microsystems GmbH; magnification, x60).

ELISA. Myocardial tissue of the left ventricular anterior wall 
of each rat was removed and lysed with RIPA (Beyotime 
Institute of Biotechnology). Rat blood samples were collected 
by cardiac puncture. Rat serum was then isolated by centrifu‑
gation (2,200 x g for 15 min, 4˚C) and the resultant supernatant 
was stored at ‑80˚C. ELISA kits (all Invitrogen; Thermo 
Fisher Scientific, Inc.) were subsequently used to determine 
the concentrations of creatine kinase (CK; cat. no. A032‑1‑1), 
lactate dehydrogenase (LDH; cat.  no.  A020‑2‑2), IL‑6 
(cat.  no.  H007‑1‑1), IL‑8 (cat.  no.  H008) and TNF‑α 

(cat.  no.  H052‑1) (all, Nanjing Jiancheng Bioengineering 
Institute) in the lysate according to the manufacturer's proto‑
cols. Inflammatory factors in the supernatants of H9c2 cells 
were similar to that of myocardial tissue.

Cell counting kit‑8 (CCK‑8) assay. H9c2 cells were seeded 
into 96‑well plates at a density of 3.0x104 cells/ml. After 
confluence reached 50%, various concentrations of Gal‑1 
(1, 3, 5, 10 and 20 µM) were used to treat H9c2 cells (after 
hypoxia/reoxygenation). After 24 h at 20˚C, 10 µM CCK‑8 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was added 
into each well of the 96‑well plate. After a 2 h incubation 
at 20˚C, a microplate reader (cat. no. HBS‑1096A; Nanjing 
Detie Experimental Equipment Co., Ltd.) was used to measure 
the absorbance of each well at 450 nm.

Flow cytometry. Apoptosis rate was determined using 
flow cytometry. A cellular sieve (Beyotime Institute of 
Biotechnology) was utilized to extract cardiomyocytes 
from the rat myocardium, after which an Annexin V‑FITC 
kit (Shanghai GeneChem Co., Ltd.) was used to detect the 
apoptotic rate of cardiomyocytes in accordance with the 
manufacturer's protocol. H9c2 cells were collected when the 
cell density reached 50%. The cells were then resuspended in 
500 µl Binding buffer. Annexin V (5 µl) and PI (10 µl) were 
added into Binding buffer, after which cells were incubated 
in the dark for 5 min at room temperature. Early apoptotic 
cells were presented in the lower right quadrant of the plot, 
while late apoptotic and necrotic cells were demonstrated 
in the upper right quadrant of the plot. A flow cytometer 
(FACSCalibur; BD Biosciences) was used for analysis. Data 
were obtained and analyzed using CellQuest professional 
software (Version 3.3; Becton‑Dickinson and Company).

Statistical analysis. SPSS 20.0 (IBM Corp.) and GraphPad 
Prism 7.0 (GraphPad Software, Inc.) software were used for 

Table I. Primer sequences.

Name	 Forward/reverse	 Sequence (5'‑3')

IL‑1β	 Forward	 CCCTTGACTTGGGCTGT
	 Reverse	 CGAGATGCTGCTGTGAGA
IL‑8	 Forward	 GAGCAACCCATACCCATCGA
	 Reverse	 TGGTCCCACCATATCTTCTTAATCT
TNF‑α	 Forward	 CAGCCAGGAGGGAGAAC
	 Reverse	 GTATGAGAGGGACGGAACC
Caspase‑3	 Forward	 GGAACGCGAAGAAAAGTG
	 Reverse	 ATTTTGAATCCACGGAGGT
Caspase‑8	 Forward	 CACATCCCGCAGAAGAAG
	 Reverse	 GATCCCGCCGACTGATA
Bax	 Forward	 GAGGTCTTCTTCCGTGTGG
	 Reverse	 GATCAGCTCGGGCACTTT
Bcl‑2	 Forward	 AGGAACTCTTCAGGGATGG
	 Reverse	 GCGATGTTGTCCACCAG
GAPDH	 Forward	 ATGGCTACAGCAACAGGGT
	 Reverse	 TTATGGGGTCTGGGATGG

https://www.spandidos-publications.com/10.3892/etm.2021.11066
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statistical analysis. All experiments were repeated in triplicate 
and experimental data were expressed as the mean ± standard 
deviation. Comparisons between multiple groups were 
performed using one‑way ANOVA followed by Bonferroni 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Gal‑1 treatment attenuates MIRI and improves cardiac func‑
tion in rats. To determine the potential effects of Gal‑1 on 
rat myocardial tissue, H&E staining was performed to detect 
morphological changes after inducing MIRI. The results 
revealed that the structure of the myocardial tissue from rats 
in the MIRI group was disordered, and the number of cardio‑
myocytes was markedly decreased (Fig. 1A). By contrast, 
morphology of the tissues from rats in the MIRI + Gal‑1 
group was visibly improved compared with that in the MIRI 
group (Fig.  1A). There was no marked difference in the 

morphology of myocardial tissues between the Gal‑1 and the 
control groups. ELISA was subsequently performed to detect 
the levels of CK (Fig. 1B) and LDH (Fig. 1C) in rat serum. 
The results demonstrated that Gal‑1 reduced the levels of 
CK and LDH at the MIRI level. Echocardiography was next 
performed to determine rat cardiac function (Fig. 1D‑I). The 
ESV, EDV, LVIDs and LVIDd of MIRI rats were significantly 
higher compared with those in the control group, whereas the 
EF and FS were found to be lower when compared with those 
in the control group. Gal‑1 treatment significantly reversed the 
effects of MIRI on each of the aforementioned parameters of 
rat cardiac function (Fig. 1D‑I).

Gal‑1 reduces inflammation after MIRI. The expression of 
IL‑1β and IL‑6 was next detected in rat myocardial tissued 
via IHC staining (Fig. 2A). The expression of IL‑1β and IL‑6 
in the myocardial tissue of the MIRI group was markedly 
higher compared with that in the control group, whilst tissues 
in the MIRI + Gal‑1 treatment exhibited decreased IL‑1β and 

Figure 1. Galectin‑1 attenuates myocardial ischemia‑reperfusion injury and improves cardiac function in rats. (A) Representative H&E staining images 
of rat myocardial tissues. Magnification, x200. ELISA results of (B) CK and (C) LDH in rat serum. Results of rat echocardiography, including (D) ESV, 
(E) EDV, (F) LVIDs, (G) LVIDd, (H) EF and (I) FS. *P<0.05. CK, creatine kinase; LDH, lactate dehydrogenase; MIRI, myocardial ischemia‑reperfusion injury; 
ESV, left ventricular end‑systolic volume; EDV, left ventricular end‑diastolic volume; LVIDs, left ventricular end‑systolic diameter; LVIDd, left ventricular 
end‑diastolic diameter; EF, left ventricular ejection fraction; FS, fraction shortening; Gal‑1, galectin‑1.
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IL‑6 staining compared with that in the MIRI alone group. 
In addition, at basal level, the expression level of IL‑1β and 
IL‑6 in the myocardial tissue of the Gal‑1 group was also 
lower compared with that in the control group. The levels of 
inflammatory factors (IL‑6, IL‑8 and TNF‑α) in rat serum 
were next measured by performing ELISA (Fig. 2B‑D). The 
results revealed that Gal‑1 significantly reduced their expres‑
sion in rat serum. The results of RT‑qPCR also confirmed the 
anti‑inflammatory effect of Gal‑1 on rat MIRI (Fig. 2E‑G). In 
summary, IL‑1β, IL‑6, IL‑8 and TNF‑α increased after MIRI, 
but were reduced after treatment with Gal‑1.

Gal‑1 reduces cardiomyocyte apoptosis after MIRI. The expres‑
sion of caspase‑3 and ‑8 was assessed in rat myocardial tissue 

following IHC staining. The results of IHC staining revealed that 
the expression of caspase‑3 and ‑8 was markedly increased in 
myocardial tissue after MIRI, whilst Gal‑1 treatment decreased 
the expression of caspase‑3 and caspase‑8 compared with that 
at basal and MIRI alone (Fig. 3A). The expression of caspase‑3, 
caspase‑8, Bax and Bcl‑2 mRNA in rat myocardial tissue was 
next detected using RT‑qPCR (Fig. 3B‑E). Similar to the results 
of IHC staining, Gal‑1 treatment also significantly reduced the 
expression of caspase‑3, ‑8 and Bax and Bcl‑2 mRNA. In addi‑
tion, the apoptotic rate of rat cardiomyocytes was assessed via 
flow cytometry. The results demonstrated that rat cardiomyo‑
cyte apoptosis was significantly increased in the MIRI group 
compared with that in the control group, which was significantly 
reversed by Gal‑1 treatment (Fig. 3F).

Figure 2. Galectin‑1 reduces inflammation in rats after myocardial ischemia‑reperfusion injury. (A) Representative immunohistochemistry staining images 
of IL‑1β and IL‑6 in rat myocardial tissues. Magnification, x200. ELISA results of (B) IL‑6, (C) IL‑8 and (D) TNF‑α. mRNA expression levels of (E) IL‑1β, 
(F) IL‑8 and (G) TNF‑α were measured. *P<0.05. MIRI, myocardial ischemia‑reperfusion injury; Gal‑1, galectin‑1.
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Gal‑1 reduces inflammation and apoptosis in H9c2 cells. To 
verify the potential effects of Gal‑1 on cardiomyocytes, H9c2 
cells were cultured, and the effects of Gal‑1 on inflammation and 
apoptosis were determined. The effect of different concentrations 
of Gal‑1 (1, 3, 5, 10 and 20 µM) on the viability of H9c2 cells was 
assessed by performing a CCK‑8 assay. As the effect of 10 µM 
Gal‑1 on the viability of H9c2 cells under standard conditions 
was the most pronounced, this was used for subsequent experi‑
ments (Fig. 4A). The levels of IL‑6 (Fig. 4B) and IL‑8 (Fig. 4C) 
in H9c2 cell supernatants were also examined by ELISA. Gal‑1 
stimulation was determined to inhibit the inflammatory response 
of H9c2 cells induced by HR. Furthermore, IF staining revealed 
that the expression of caspase‑3 and caspase‑8 was decreased in 
H9c2 cells following Gal‑1 stimulation (Fig. 4D and E). Gal‑1 was 
also found to reduce the rate of apoptosis in H9c2 cells (Fig. 4F). 
Therefore, it was concluded that Gal‑1 exerted anti‑inflammatory 
and anti‑apoptotic effects on H9c2 cells.

Discussion

Ischemic heart disease is the main cause of death worldwide, 
accounting for >9 million deaths in 2016 according to the 
World Health Organization estimates (4). In addition to drug 
treatment, reperfusion therapy can improve the symptoms 
and prognosis of patients with ischemic heart disease, in turn 
increasing the cure rate of acute myocardial infarction (4). 
However, irreversible damage to the myocardium may occur 
prior to treatment, leading to myocardial necrosis, electrical 
remodeling and anatomical remodeling of the ventricle (14). 
MIRI serves an important role throughout this process (15). 
Previous studies have shown that MIRI may be associated with 
cardiomyocyte apoptosis, excessive oxygen free radical produc‑
tion, calcium overload and inflammation  (6,7,14). Gal‑1 is 
closely associated with cardiac function and metabolism, which 
has been previously demonstrated to mediate cardiovascular 

Figure 3. Galectin‑1 reduces cardiomyocyte apoptosis after myocardial ischemia‑reperfusion injury. (A) Representative immunohistochemistry staining images 
of caspase‑3 and caspase‑8 in rat myocardial tissues. Magnification, x200. mRNA expression levels of (B) caspase‑3, (C) caspase‑8, (D) Bax and (E) Bcl‑2 was 
determined. (F) Apoptosis rate of cardiomyocytes was assessed. *P<0.05. MIRI, myocardial ischemia‑reperfusion injury; Gal‑1, galectin‑1; AV, Annexin V.
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inflammation, serving as an important therapeutic target for 
cardiovascular related diseases (15). A previous study revealed 
that Gal‑1 alleviated myocardial hypertrophy by regulating 
calcium channels in 293 cells (16). In addition, Gal‑1 inhibited 
myocardial inflammation and thus served a protective role in 
ventricular remodeling in a mouse model of acute myocardial 
infarction (17). The present study investigated the effects of 
Gal‑1 on heart function, inflammation and apoptosis in the rat 
myocardium after MIRI. The results indicated that Gal‑1 treat‑
ment improved MIRI‑induced myocardial injury, and reduced 
the extent of inflammation and apoptosis in myocardial tissue. 
In addition, the protective effects of Gal‑1 on cardiomyocytes 
were verified in H9c2 cells. These results may prove to be 
helpful for the clinical treatment of MIRI.

The inflammatory response is an important mechanism 
of MIRI, where a number of studies have confirmed that 

anti‑inflammatory therapy is beneficial to MIRI (15,18). MIRI 
promotes the production of various inflammatory cytokines, 
including IL‑1, IL‑6 and TNF‑α, and promotes the infiltra‑
tion of inflammatory cells to the myocardial tissue (15). A 
continuous inflammatory response not only affects the isch‑
emic organ itself, but can also cause damage to other organs 
or tissues, potentially leading to multiple organ failure (19). 
In the present study, after rats were treated with Gal‑1, the 
expression of inflammatory factors in the myocardial tissue 
and serum was significantly decreased. This suggested that 
Gal‑1 is an important factor that improves heart function in 
rats. Related studies have also previously demonstrated that 
ischemia‑reperfusion not only causes severe tissue injury, 
but also excessive inflammatory reactions by activating both 
innate and adaptive immune responses (6,7). Activation of the 
innate or adaptive immune response causes a large number of 

Figure 4. Galectin‑1 reduces inflammation and apoptosis in H9c2 cells. (A) Cell Counting Kit‑8 cell viability results for H9c2 cells are presented. ELISA was 
performed in the cell culture supernatants to detect (B) IL‑6 and (C) IL‑8 levels. Representative immunofluorescence staining images of (D) caspase‑3 and 
(E) caspase‑8 in H9c2 cells are presented. Magnification, x200. (F) Rate of apoptosis was calculated in H9c2 cells. *P<0.05. MIRI, myocardial ischemia‑reper‑
fusion injury; Gal‑1, galectin‑1; AV, Annexin V.
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inflammatory cells to be produced and activated, leading to 
inflammatory reactions in several organs.

Studies have previously demonstrated that leukocytes are 
involved in the process of ischemia‑reperfusion injury (6,15). 
The earliest example of leukocyte involvement in isch‑
emia‑reperfusion injury was reported by Romson et al (20). 
Their results revealed that the administration of leukocytes 
with anti‑leukocyte serum reduced the extent of myocar‑
dial infarction in dogs to the same extent as that mediated 
by oxygen radical scavengers, suggesting that leukocytes 
were involved in ischemia‑reperfusion injury. Furthermore, 
Frey et al (21) revealed that after 3 h of myocardial ischemia 
in dogs, a large number of leukocytes accumulated in the 
capillaries, resulting in increased local vascular resistance, no 
reflow and tissue edema. In the same study, they also found 
that following anti‑leukocyte administration, the number of 
capillaries without reflow was significantly reduced. In addi‑
tion, capillary blockage was significantly reduced and the 
incidence of ventricular arrhythmia was also significantly 
reduced after treatment with caspase inhibitors in a rabbit 
cardiomyocyte ischemia reperfusion model (22). Although cell 
membrane damage occurs during ischemia‑reperfusion, cell 
membrane‑related degradation products increase (23). Certain 
degradation products, such as reactive oxygen species, have 
been reported to strongly mediate inflammatory chemotaxis, 
which results in a large number of leukocytes adsorbing to 
the vascular endothelium, increasing the number of leuko‑
cytes in the microcirculation and circulation surrounding the 
organ (24). During the process of ischemia‑reperfusion, the 
release of a variety of intercellular adhesion molecules, such 
as intercellular cell adhesion molecule‑1 and E‑selectin, may 
cause neutrophil infiltration (25). The infiltration of neutro‑
phils also embolizes part of the capillary blood vessel (25). 
After restoring blood perfusion, some ischemic tissues remain 
unable to achieve blood perfusion, which is the main reason 
for the occurrence of no‑reflow after tissue ischemia‑reperfu‑
sion (26). Therefore, the anti‑inflammatory effects of Gal‑1 on 
cardiomyocytes were largely proposed to ameliorate MIRI in 
the current study.

Apoptosis, also known as programmed cell death, is a 
form of active gene‑regulated cell death (27). Cardiomyocyte 
apoptosis is an important factor mediating myocardial 
injury, determining the area of myocardial infarction and 
promoting myocardial remodeling (28,29). The apoptosis of 
cardiomyocytes may result in decreased systolic function, 
thereby leading to a decrease in cardiac pump function (30). 
In the present study, Gal‑1 reduced the expression of the 
caspase family of proteins in cardiomyocytes and increased 
the ratio of Bcl‑2 and Bax. The results of flow cytometry 
also demonstrated that Gal‑1 reduced the rate of apoptosis 
in rat cardiomyocytes, indicating that cardiomyocyte apop‑
tosis was suppressed during MIRI by Gal‑1. Apoptosis is 
an important factor in MIRI (31). Apoptotic cells have been 
previously identified in rabbit models of MIRI, which further 
confirmed that apoptosis occurs in the marginal zone of 
myocardial infarction (32). Other studies using MIRI rabbit 
models confirmed that apoptosis did not occur after reperfu‑
sion for 4 h following myocardial ischemia for 5 min (33,34). 
Additionally, no myocardial apoptosis was detected after 
30 min of ischemia (35). However, after ischemia for 30 min 

and reperfusion for 4 h, cardiomyocytes exhibited marked 
apoptosis, suggesting that cardiomyocyte apoptosis is not 
only dependent on reperfusion injury, but also on the length of 
ischemia. A previous study utilizing dogs to establish an MIRI 
model revealed no obvious apoptosis after 7 h myocardial isch‑
emia (36). Apoptosis was observed following ischemia for 1 h 
and reperfusion for 6 h. It is considered that apoptosis is more 
likely to occur in myocardial reperfusion (24). In a clinical 
study, myocardial tests were conducted in 8 patients who were 
diagnosed with acute myocardial infarction (37). Hemorrhagic 
infarction, spontaneous subintimal myocardial ischemia and 
reperfusion injury, and apoptosis around the infarction area 
were all found, indicating an association between MIRI and 
apoptosis (38). Therefore, apoptosis is an important mecha‑
nism of MIRI. Additionally, the anti‑apoptotic effect of Gal‑1 
was hypothesized to improve myocardial cell survival and 
MIRI in the present study.

The activation of inflammatory cells and the release 
of inflammatory factors are important for cardiomyocyte 
apoptosis during MIRI (39). NF‑κB is a key protein that 
regulates the immune response and proinf lammatory 
cytokine expression (39). The NF‑κB signal transduction 
pathway is closely associated with the production and 
release of pro‑inf lammatory cytokines and the occur‑
rence of cardiomyocyte apoptosis  (40). Previous studies 
reported that MIRI induces the activation of NF‑κB, the 
inflammatory cascade of which promotes the occurrence 
of cardiomyocyte apoptosis (41,42). In addition, TNF‑α has 
also been documented to increase vascular permeability, 
enhance neutrophil adhesion and induce cardiomyocyte 
apoptosis (43). IL‑6 is a fast‑acting inflammatory cytokine 
that responds to stress within the heart  (44). IL‑6 acts 
directly on cardiomyocytes to induce myocardial inhibition 
by altering the function of the sarcoplasmic reticulum and 
reducing the concentration of calcium ions in the cell cyto‑
plasm (44). IL‑6 has also been previously revealed to serve 
an important regulatory role in myocardial apoptosis in a 
rat model of MIRI (35). Therefore, the anti‑inflammatory 
and anti‑apoptotic effects of Gal‑1 significantly alleviated 
MIRI in rats in the current study.

However, there were some limitations in the present study. 
MIRI is the result of multiple pathological mechanisms. The 
present study only investigated the effect of Gal‑1 on inflam‑
mation and apoptosis during MIRI, but did not investigate the 
effect of Gal‑1 on other pathological mechanisms of MIRI, 
such as oxidative stress and calcium ion overload. In addition, 
the target of Gal‑1 in cardiomyocytes remains unclear. 
Therefore, the role of Gal‑1 in MIRI requires further study; 
specifically, the target of Gal‑1 needs to be identified through 
techniques such as gene sequencing.

In the present study, Gal‑1 significantly alleviated the 
disorder of cardiomyocytes caused by MIRI and improved 
cardiac function in rats. In addition, MIRI was accompanied 
by an excessive inflammatory response with increased apop‑
tosis in rat myocardial tissues, both of which were alleviated 
by Gal‑1 treatment.
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