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Abstract. Moderate hypothermia plays a major role in 
myocardial cell death as a result of hypoxia/reoxygena-
tion  (H/R) injury. However, few studies have investigated 
the molecular mechanisms of hypothermic cardioprotection. 
Several responses to stress and other cell functions are regu-
lated by post‑translational protein modifications controlled by 
small ubiquitin‑like modifier (SUMO). Previous studies have 
established that high SUMOylation of proteins potentiates the 
ability of cells to withstand hypoxic‑ischemic stress. The level 
to which moderate hypothermia affects SUMOylation is not 
fully understood, as the functions of SUMOylation in the heart 
have not been studied in depth. The aim of the present study 
was to investigate the effect of moderate hypothermia (33˚C) on 
the protective functions of SUMOylation on myocardial cells. 
HL‑1 and H9c2 cells were treated with the hypoxia‑mimetic 
chemical CoCl2 and complete medium to simulate H/R 
injury. Hypothermia intervention was then administered. 
A Cell Counting kit‑8 assay was used to analyze cell viabi-
lity. Mitochondrial membrane potential and the generation of 
reactive oxygen species (ROS) were used as functional indexes 
of mitochondria dysfunction. Bcl‑2 and caspase‑3 expression 

levels were analyzed by western blotting. The present results 
suggested that moderate hypothermia significantly increased 
SUMO1 and Bcl‑2 expression levels, as well as the mito-
chondrial membrane potential, but significantly decreased 
the expression levels of caspase‑3 and mitochondrial ROS. 
Thus, moderate hypothermia may enhance SUMOylation and 
attenuate myocardial H/R injury. Moreover, a combination of 
SUMOylation and moderate hypothermia may be a potential 
cardiovascular intervention.

Introduction

Cardiovascular diseases pose a threat to public health; 
recent estimates show that the incidence of hypertension and 
coronary heart disease is rising  (1). Although reperfusion 
therapy for patients with myocardial ischemia is considered 
an effective treatment, reperfusion itself may induce adverse 
effects on the heart muscle  (2,3). However, suppression of 
apoptosis‑associated pathways may improve cardiac dysfunc-
tion (4). The morphology and mitochondrial structure of HL‑1 
and H9c2 cells are similar to primary myocardial cells in 
terms of biochemistry and bioenergy, and therefore these cells 
can be used to simulate cardiac ischemia‑reperfusion injury 
in vitro (5). It is important to investigate myocardial protection 
strategies and molecular mechanisms during reperfusion.

Previous studies have shown that therapeutic hypo-
thermia  (TH) may protect the nervous system of patients 
with neonatal hypoxic ischemic encephalopathy or cardiac 
arrest (6,7). Several studies have demonstrated that TH was 
effective in protecting the myocardium against hypoxia/reoxy-
genation  (H/R)‑induced damage by reducing the infarct 
size  (8,9). Application of TH to individuals with acute 
myocardial infarction at temperatures <35˚C prior to reperfu-
sion significantly reduced the infarct size and the release of 
adverse cardiac biochemical markers (10,11). To maximize the 
cardioprotective effect of TH, it is important to understand the 
protective mechanisms of hypothermia, in order to provide 
guidelines for managing patients with myocardial infarction.

Moderate hypothermia induces protection against 
hypoxia/reoxygenation injury by enhancing 
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Post‑translational modification (PTM) is crucial in regu-
lating protein functions and stability under physiological 
and pathological conditions. Small ubiquitin‑like modifier 
(SUMO)ylation is a PTM process that occurs by covalently 
and reversibly conjugating SUMO proteins with their target 
proteins (12). Previous studies have demonstrated the effects 
of SUMOylation on the control of several cellular func-
tions, including cell cycle control, apoptosis, epigenetic 
management and transcription (13‑15). Similarly, an imbal-
ance in the SUMOylation/de‑SUMOylation cycle has been 
implicated in several diseases  (16). Previous studies have 
reported that multiple signaling pathways serve a role in 
protein SUMOylation, which mostly affect cardiac function 
and development (17,18). SUMOylation is involved in cancer, 
abnormal cardiac development and cerebral ischemia (16), and 
promotes adaptation of the heart to pathological stress (19,20), 
suggesting that it is a valuable target for treating cardiovas-
cular disorders (21,22). Thus, SUMOylation may have a role 
in controlling the response of the heart to hypoxic‑ischemic 
stress. However, the protective roles of SUMOylation in 
H/R‑induced myocardial cell injury have not been fully inves-
tigated. Therefore, it is imperative to examine the mechanisms 
of myocardial cell fate regulated by SUMOylation under 
physiological and pathological conditions.

Previous studies have described the link between hypo-
thermia and SUMOylation in the brain, and indicated that 
hypothermia may regulate SUMOylation to provide protec-
tion to the nervous system during hypoxic ischemia (23,24). 
However, it is unknown whether hypothermia alters 
SUMOylation modifications in the heart. A previous study 
revealed that SUMO‑conjugated protein levels rose to varying 
degrees in organs in rats subjected to extracorporeal circulation 
at 18˚C (25). Currently, there is no systematic understanding 
of how moderate hypothermia contributes to SUMOylation 
modifications in the heart. Furthermore, several aspects of 
cellular mechanisms responsible for the cardioprotective 
effects of hypothermia are relatively unknown. To further 
understand the mechanisms underlying hypothermia‑induced 
cardioprotection, it is necessary to identify whether hypo-
thermia‑induced SUMOylation occurs in the heart.

The present study established an in vitro myocardial H/R 
model and detected the protein expression levels of SUMO1, 
SUMO2/3, caspase‑3 and Bcl‑2. In addition, changes in reac-
tive oxygen species  (ROS) production and mitochondrial 
membrane potential were evaluated. The present results 
suggested that moderate hypothermia enhanced SUMOylation 
in cardiomyocytes and antagonized H/R‑induced apoptosis. 
Thus, the present study indicated the treatment possibilities of 
moderate hypothermia for H/R injury.

Materials and methods

Cell culture. HL‑1 cardiomyocytes from a murine atrial tumor 
were provided by American Type Culture Collection (ATCC). 
The cells were grown at 37˚C with 5% CO2 in Claycomb 
medium (Sigma‑Aldrich; Merck KGaA) containing 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, 
100 µg/ml streptomycin, 2 mM L‑glutamine and 0.1 mM 
norepinephrine. H9c2 embryonic rat heart cells were purchased 
from ATCC and grown in DMEM (Gibco; Thermo Fisher 

Scientific, Inc.) containing 10% FBS at 37˚C in a 5% CO2‑95% 
air atmosphere. Cells were passaged to 80‑90% confluence at 
ratios of 1:3 or 1:4 using trypsin with 0.05% EDTA.

Small interfering RNA (siRNA) transfection. H9c2 and HL‑1 
cells were cultured in complete medium for 12 h. Transfections 
were performed using Lipofectamine® 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) by incubating cells 
(5.6x104 cells/well) with the respective siRNA (10 µM; devel-
oped and prepared by Shanghai GenePharma Co., Ltd.) for 48 h. 
SUMO1 siRNA sequences were as follows: SUMO1 siRNA‑1 
(5'‑TGACAACACATCTCAAGAA‑3'), SUMO1 siRNA‑2 
(5'‑GACAGGGTGTTCCAATGAA‑3'), SUMO1 siRNA‑3 
(5'‑TCTTTGAGGGTCAGAGGA7‑3') and negative control 
siRNA, 5'‑UUCUCCGACCGUGUCACGUTT‑3'. In addition, 
SUMO1 full‑length cDNA was subcloned into the mammalian 
expression plasmid pcDNA3.1 (Thermo Fisher Scientific, Inc.) 
with a Flag tag at the C‑terminus. The Flag‑SUMO1 plasmid 
and the empty vector (0.8 µg) were transiently transfected into 
HL‑1 and H9c2 cells (0.5‑2x105 cells/well) using 
Lipofectamine®  2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. All 
experiments were conducted 48 h post‑transfection.

H/R. H9c2 and HL‑1 cells were cultured with low‑glucose 
DMEM and subjected to chemical hypoxia using different 
concentrations of CoCl2 (50, 100, 300 and 600 µM; HEBIO). 
After 12 h of CoCl2‑induced hypoxia (37˚C), reoxygenation 
was achieved in complete medium with 10% FBS for 12 h 
(37˚C). Cells were subjected to 12 h of hypoxia and 12 h of 
reoxygenation (H/R). The schematic illustration of the H/R 
experimental protocol is shown in Fig. 1A. Cells were cultured 
under moderate hypothermia (33˚C) for 6 h before reoxygen-
ation. Control cells were cultured in DMEM supplemented 
with 10% FBS at 37˚C in a 5% CO2‑95% air atmosphere. All 
media were supplemented with 100 µM/ml penicillin/strepto-
mycin and 2 mM L‑glutamine.

Moderate hypothermia protocol. The European Resuscitation 
Council for cardiac arrest survivors guidelines (26) were used 
in the present study. After 6 h of hypoxia, the temperature 
of the CO2 incubator was adjusted and maintained at 33˚C 
during simulated reperfusion in the TH group of cells. During 
12 h of reoxygenation, H9c2 and HL‑1 cells were incubated 
in DMEM containing 10% FBS at 33˚C with 5% CO2‑95% 
air. The temperature of control group cells was maintained at 
37˚C. After 24 h the samples were analyzed. The schematic 
illustration of the H/R and hypothermia experimental protocol 
is shown in Fig. 1A.

Cell viability assay. Cell viability was examined using 
a Cell Counting Kit‑8 (CCK‑8) (Beijing Solarbio 
Science & Technology Co., Ltd.) assay. H9c2 and HL‑1 cells 
were cultured in 96‑well plates (2x103 cells/well) and were 
treated as aforementioned. Subsequently, 10 µl CCK‑8 solu-
tion was added to each well and incubated at 37˚C for 2 h. A 
microplate reader (VersaMax Absorbance microplate reader; 
Molecular Devices) was used to analyze the absorbance at 
450 nm. To increase the reliability of measures, each experi-
ment was performed three times.
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Determination of intracellular ROS levels. ROS was detected 
using the fluorescent probe 2'7'‑dichlorodihydrofluorescein 
diacetate (DCFH‑DA; Beijing Solarbio Science & Technology 
Co., Ltd.). DCFH‑DA has no fluorescence and can freely 
penetrate the cell membrane. In the presence of ROS, DCFH is 
oxidized into fluorescent DCF. Thus, the fluorescence intensity 
and the level of intracellular ROS are directly proportional. After 
H/R, 10 µM DCFH‑DA was added to cells at 37˚C for 30 min. 
The cells were then washed three times with serum‑free cell 
culture medium. The fluorescence of DCF was detected using 
a microplate reader (Gemini XPS microplate reader; Molecular 
Devices) at excitation and emission wavelengths of 488 and 
525 nm, respectively, to measure intracellular ROS levels.

Detection of changes in the mitochondrial membrane potential. 
The fluorescent probe 5,5',6,6'‑tetrachloro‑1,1',3,3'‑tetraethyl-
benzi‑midazolylcarbocyanine iodide (JC‑1; Beijing Solarbio 
Science & Technology Co., Ltd.) was used to measure the 
mitochondrial membrane potential. After incubation at 37˚C 
for 20 min in a cell incubator with 1 ml JC‑1 staining solution, 
the cells were washed two times using JC‑1 staining buffer 
according to the manufacturer's instructions. Changes in 
laser‑induced fluorescence of JC‑1 were detected by confocal 
microscopy (Olympus Corporation).

Western blot analysis. H9c2 and HL‑1 cells were washed 
twice with cold PBS. To avoid de‑SUMOylation of proteins 
during sample preparation, cells were lysed for 30  min 
with 120  µl ice‑cold RIPA lysis buffer (Beijing Solarbio 
Science & Technology Co., Ltd.) with 100:1 phenylmeth-
anesulfonyl fluoride and 10:1 N‑ethlmaleimide. The protein 
supernatant was collected after centrifugation at 10,000 x g 
at 4˚C for 15  min. Protein concentration was measured 
using a bicinchoninic acid protein assay (Beijing Solarbio 
Science & Technology Co., Ltd.). A mixture of the samples 
and 4X SDS‑PAGE loading buffer was incubated for 5 min 
at 95˚C, then 40 µg/lane samples underwent SDS‑PAGE on 
12% gels. Subsequently, proteins were transferred to a PVDF 
membrane at 110 mV for 2 h. The membrane was blocked 
for 1  h at room temperature using Tris‑HCl containing 
0.1% Tween‑20 and 5% skim milk powder (Thermo Fisher 
Scientific, Inc.), followed by overnight incubation at 4˚C with 
anti‑SUMO1 antibody (cat. no. ab11672; 1:1,000; Abcam), 
anti‑SUMO2/3 antibody (cat. no. ab3742; 1:1,000; Abcam), 
anti‑caspase‑3 antibody (cat. no.  ab13847; 1:500; Abcam), 
anti‑Bcl‑2 antibody (cat. no.  ab692; 1:500; Abcam) and 
anti‑GAPDH antibody (cat. no. ab8245; 1:1,000; Abcam). The 
membranes were incubated at room temperature for 1 h with 
goat anti‑rabbit IgG (cat. no. 111‑035‑003; 1:2,000; Jackson 
ImmunoResearch Laboratories, Inc.) or goat anti‑mouse IgG 
(cat. no.  115‑035‑003; 1:2,000; Jackson ImmunoResearch 
Laboratories, Inc.) as the secondary antibody. Subsequently, 
blotted membranes were visualized with enhanced chemilu-
minescence reagents (EMD Millipore). Protein bands were 
detected using a C‑DiGit Blot Scanner (LI‑COR Biosciences) 
and ImageJ software (version 1.8.0.112; National Institutes of 
Health) was used to normalize the data.

Statistical analysis. All HL‑1 and H9c2 cell culture dishes 
were randomly assigned to different experimental groups 

(n=5). Data are presented as the mean ± SD. Statistical analysis 
was performed using GraphPad Prism 6.0 software (GraphPad 
Software, Inc.). Statistical significance was determined using 
a one‑way ANOVA followed by Tukey's test or two‑way 
ANOVA followed by Bonferroni's test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Effects of different concentrations of CoCl2 on cell viability. 
CCK‑8 assay was used to analyze how different concentrations 
of CoCl2 (50, 100, 300 and 600 µM) affected the cytotoxicity 
of myocardial cells. The viability of HL‑1 and H9c2 cells was 
reduced significantly with CoCl2 doses >300 µM. Moreover, 
with 50 and 100  µM CoCl2, cell viability was decreased 
slightly compared with the control group (Fig. 1B and D). 
In addition, the cytotoxic damage was greatest at 600 µM. It 
was found that at 300 µM, moderate TH (33˚C) antagonized 
H/R‑induced cytotoxicity of cardiomyocytes (Fig. 1C and E).

Moderate TH antagonizes the decrease in mitochondrial 
membrane potential and ROS production triggered by H/R in 
cardiomyocytes. In both the brain and heart, the pathological 
mechanisms of H/R‑induced injury are homoplastic, and involve 
numerous processes such as mitochondrial dysfunction, intracel-
lular acid‑base disturbance and disrupted ion homeostasis (27,28). 
During hypoxic ischemia, mitochondrial dysfunction can cause 
insufficient ATP production and produce excessive ROS, which 
impair the homeostasis of ions in cardiac cells and excitability of 
the cytomembrane (29). To establish whether TH has a protective 
function in mitochondria, the present study established a H/R 
model in vitro. ROS production was quantified by flow cytom-
etry (Fig. 2A). It was revealed that after exposure to moderate 
TH, the production of mitochondrial ROS was significantly 
reduced compared with in the H/R group (Fig. 2B). Changes in 
laser‑induced fluorescence of JC‑1 were detected by confocal 
microscopy to assess the early variation of mitochondrial 
membrane potential (Fig. 2C). It was demonstrated that exposure 
of cells to moderate TH significantly increased the mitochondrial 
membrane potential compared with in the H/R group (Fig. 2D). 
Thus, the present results suggested that moderate TH improved 
mitochondrial functions.

Moderate TH affects protein SUMOylation after myocardial 
H/R injury. Further experiments were performed in the present 
study to investigate the signaling pathways involved in protein 
SUMOylation. SUMOylation is an important cellular process. 
Previous studies have investigated the relationship between 
moderate hypothermia and SUMOylation, and have suggested 
that moderate hypothermia can trigger SUMOylation, 
which is an active process that regulates protein function 
in vitro (23,30). Therefore, the aim of the present study was to 
determine how moderate TH affected protein SUMOylation 
in the heart. Western blotting (Fig. 3A and B) was used to 
detect the expression of SUMO1 and SUMO2/3 proteins, 
and SUMOylation of cardiomyocytes was evaluated in vitro. 
It was revealed that exposure of cells to H/R decreased the 
protein expression levels of SUMO1 compared with in the 
control group (Fig. 3A and B). TH during reoxygenation partly 
reversed the reduction in SUMO1 protein expression in the 
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Figure 1. Effect of different concentrations of CoCl2 on cell viability. A Cell Counting Kit‑8 assay was used to determine cell viability. (A) Schematic illustra-
tion of the H/R and hypothermia experimental protocol. (B) Viability of H9c2 cells subjected to CoCl2‑induced hypoxia/reoxygenation. *P<0.05 vs. Control. 
(C) Viability of H9c2 cells at different temperatures. *P<0.05 vs. 37˚C PBS; #P<0.05 vs. 37˚C CoCl2. (D) Viability of HL‑1 cells at different CoCl2 concentrations. 
*P<0.05 vs. Control. (E) Viability of HL‑1 at different temperatures. *P<0.05 vs. 37˚C PBS; #P<0.05 vs. 37˚C CoCl2. Data are expressed as means ± SE (n=5).

Figure 2. Moderate hypothermia antagonizes the decrease in mitochondrial membrane potential and the production of ROS triggered by H/R in cardiomyo-
cytes. (A) Flow cytometric analysis of ROS generation. Data are presented as the mean ± SE, n=5. (B) Summarized data of DCF fluorescence in HL‑1 and 
H9c2 cells expressed as % of baseline. (C) Confocal fluorescence images (magnification, x60) of H9c2 and HL‑1 cells loaded with JC‑1. Scale bar, 40 µm. 
(D) Quantified data showing the JC‑1 ratio. *P<0.05 vs. control; #P<0.05 vs. H/R. DCF, dichlorofluorescein; H/R, hypoxia/reoxygenation; JC‑1, 5,5',6,6'‑tetra-
chloro‑1,1',3,3'‑tetraethylbenzi‑midazolylcarbocyanine iodide; ROS, reactive oxygen species.



Molecular Medicine REPORTS  22:  2617-2626,  2020 2621

H/R group (Fig. 3C). However, the protein expression levels of 
SUMO2/3 were not significantly altered (Fig. 3D). The present 
results indicated how hypothermia may regulate SUMOylation 
levels and suggested that, following moderate TH, production 
of new SUMO1 conjugates may have cytoprotective effects.

Overexpression of SUMO1 strengthens the protective effect 
of TH on cardiomyocytes under H/R conditions. The present 

study transfected H9c2 and HL‑1 cells with Flag‑SUMO1 to 
induce overexpression of SUMO1 under normal conditions. 
Western blotting results indicated that SUMO1 overexpres-
sion was effective (Fig. 4A and B). Western blotting was also 
used to determine the protein expression levels of caspase‑3 
and Bcl‑2 in H9c2 (Fig. 4C) and HL‑1 (Fig. 4D) cells. The 
present results suggested that SUMO1 overexpression in the 
H/R + Flag‑SUMO1 group reduced the expression levels 

Figure 3. Moderate hypothermia controls SUMOylation of proteins in response to myocardial H/R Injury. (A) SUMO1 expression measured by western 
blotting. (B) SUMO2/3 expression measured by western blotting. (C) Ratios of SUMO1 conjugate proteins to the control group, n=6. (D) Ratios of SUMO2/3 
conjugate proteins to the control group (n=6). *P<0.05 vs. control; #P<0.05 vs. H/R. H/R, hypoxia/reoxygenation; SUMO, small ubiquitin‑like modifier.

Figure 4. SUMO1 overexpression reversed the effects of H/R on apoptotic proteins. Protein expression levels of SUMO1 in (A) H9c2 cells and (B) HL‑1 cells 
after Flag‑SUMO1 transfection under normal conditions. After transfection with Flag‑SUMO1, western blotting was used to measure the expression levels 
of Bcl‑2 and caspase‑3 in (C) H9c2 and (D) HL‑1cells. GAPDH was used to normalize the relative expression levels of caspase‑3 and Bcl‑2 in (E) H9c2 and 
(F) HL‑1 cells. *P<0.05 vs. Vector; #P<0.05 vs. H/R. H/R, hypoxia/reoxygenation; SUMO, small ubiquitin‑like modifier.
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of caspase‑3 and increased the expression levels of Bcl‑2 
compared with the H/R group (Fig. 4E and F). In addition, 
the similar effect of moderate TH treatment and overexpres-
sion of SUMO1 reduced the expression levels of caspase‑3 
and increased the expression levels of Bcl‑2 compared with 
H/R group of H9c2 and HL‑1 cells (Fig. 4E and F). Therefore, 
the present results suggested that the protective effects of 
moderate TH may be potentiated through SUMO1 overex-
pression.

Knockdown of SUMO1 weakens the protective effect of TH in 
cardiomyocytes under H/R conditions. To further investigate 
whether overexpression of SUMO1 can reduce cardiomyo-
cyte apoptosis, siRNAs (si‑SUMO1‑1, si‑SUMO1‑2 and 
si‑SUMO1‑3) were used to knock down the expression of 
SUMO1 in HL‑1 and H9c2 cells. Post‑transfection with 
si‑SUMO1, the protein expression levels of SUMO1 were 
decreased compared with in the si‑NC groups (Fig. 5A). In 
addition, cell viability was significantly decreased compared 
with in the H/R + hypothermia groups (Fig. 5B). As SUMO1 
siRNA‑2 had the highest efficiency, HL‑1 and H9c2 cells 
were transfected with SUMO1 siRNA‑2 and then subjected 
to TH. Western blotting was performed to assess the protein 
expression levels of caspase‑3 and Bcl‑2. In the present study, 
it was demonstrated that SUMO1 knockdown and hypo-
thermia increased the expression levels of caspase‑3 and 
reduced the expression levels of Bcl‑2 compared with in the 
hypothermia group without siRNA transfection (Fig. 5C‑F). 
Collectively, the present results suggested that SUMO1 
affected apoptosis of H9c2 and HL‑1 cells following expo-
sure to moderate TH.

Under moderate TH, SUMO1 knockdown reduces the mito-
chondrial membrane potential and enhances ROS production 
in cardiomyocytes. To further demonstrate that TH antago-
nizes cardiomyocyte apoptosis by enhancing SUMOylation, 
SUMO1 was knocked down, and the mitochondrial membrane 
potential (Fig. 6A) and ROS in cardiomyocytes were measured. 
It was demonstrated that SUMO1 knockdown significantly 
increased mitochondrial ROS levels (Fig. 6B) and significantly 
decreased the mitochondrial membrane potential (Fig. 6C) 
compared with in the H/R + hypothermia group. Therefore, 
the present results suggested that SUMO1 knockdown reversed 
the protective effect of TH on cardiomyocytes.

Discussion

While previous studies have demonstrated the importance of 
applying moderate hypothermia in simulated hypoxic ischemia 
to attenuate apoptosis of cardiomyocytes, the mechanisms by 
which moderate hypothermia reduces cell death has not been 
fully elucidated (29). In the hypoxic ischemia model of HL‑1 
and H9c2 cardiomyocytes, the application of hypothermia 
treatment can effectively maintain the integrity and function 
of the mitochondrial membrane of cells (31,32). In the present 
study, it was demonstrated that hypothermia treatment during 
reoxygenation reduced ROS release and enhanced mitochon-
drial membrane potential, as indicated by flow cytometric 
measurement of the intensity of DCF fluorescence and JC‑1 
detection. Furthermore, these indicators were not significantly 
different between HL‑1 and H9c2 myocardial cells, which is 
inconsistent with results that HL‑1 cells may be more resistant 
to hypoxia than H9c2 cells (5), possibly because these two 

Figure 5. Knockdown of SUMO1 weakens the protective effect of TH on cardiomyocytes. (A) si‑SUMO1 transfection caused a marked reduction in SUMO1 
protein expression. (B) After transfection with si‑SUMO1, a Cell Counting Kit‑8 assay was used to investigate the viability of cells. (C) Western blotting was 
used to measure the protein expression levels of Bcl‑2 and caspase‑3 in H9c2 cells. (D) GAPDH was used to determine the relative expression levels of caspase‑3 
and Bcl‑2 in H9c2 cells. (E) Western blotting was used to measure the protein expression levels of Bcl‑2 and caspase‑3 in HL‑1 cells. (F) Relative expression 
levels of Bcl‑2 and caspase‑3 normalized to GAPDH in HL‑1 cells. *P<0.05 vs. si‑NC; #P<0.05 vs. H/R; &P<0.05 vs. H/R + hypothermia. H/R, hypoxia/
reoxygenation; NC, negative control; siRNA, small interfering RNA; SUMO, small ubiquitin‑like modifier.
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cell lines have a similar tolerance to H/R injury. Therefore, 
the present results support the hypothesis that moderate hypo-
thermia attenuates mitochondrial dysfunction and preserves 
the integrity of the mitochondrial membrane, which is impor-
tant for inhibiting apoptosis following H/R injury.

A number of signaling pathways are influenced by 
SUMOylation (13). SUMOylation plays a role in the progres-
sion of several human diseases, such as heart failure and 
abnormal heart development (16). Previous studies demon-
strated that congenital heart defects and retarded cardiac 
development occurred in mice with SUMO1 knockdown 
and in mice with SUMO‑specific peptidase 2 overexpres-
sion (18,33). However, the kinetics of SUMO2/3 and SUMO1 
changes during myocardial injury are not fully understood. 
SUMO1 and SUMO2/3 are coupled by common enzymes 
and their modification effects on some proteins overlap; 
these proteins can also specifically target certain proteins 
and exhibit diverse kinetics (17,34,35). Almost all SUMO1 
binds to proteins under physiological conditions (36). Under 
stress conditions, the dynamic conjugation of SUMO2/3 
is increased, which prevents its interaction with target 
proteins (37). Moreover, in the brain, a strong relationship 
between SUMO2/3 modifications and neuroprotection has 
been identified (38,39). In addition, it has been reported that 
SUMO1 and SUMO2/3 protein modifications are increased 
during the early stage of myocardial I/R injury (40). However, 

to the best of our knowledge, no previous study has reported 
the detailed molecular mechanism of SUMO1 and SUMO2/3 
modifications during myocardial H/R‑induced injury. In the 
present study, an increase in SUMO1 protein modification in 
the early stage of hypothermia was observed when myocardial 
H/R injury was initiated. This is similar to previous studies, in 
which the effect of SUMO1 on preventing harmful ventricular 
remodeling and abnormal myocardial cell functional response 
was reported (41,42). However, no differences were found in 
SUMO2/3 protein modifications in the present study, which 
is inconsistent with previous studies that showed an early 
increase in SUMO2/3 protein expression following myocar-
dial H/R injury (43). The cause of this discrepancy is unclear 
but may be due to the binding of different types of proteins to 
SUMOs in different tissues and organs, or due to differences 
in degrees of binding between target proteins and SUMOs 
during hypothermia.

It has been reported that TH as an adjunctive therapy to 
treat patients with acute myocardial infarction had no signifi-
cant clinical advantage (44). The hypothesis that moderate 
hypothermia can stop the apoptosis of cardiomyocytes in 
response to H/R‑induced injury via multiple pathways has 
been questioned based on results from conflicting studies. 
Previous work demonstrated that moderate hypothermia 
provided cardioprotection after injury triggered by H/R 
in HL‑1 cardiomyocytes by reducing the activation of 

Figure 6. Under moderate hypothermia conditions, SUMO1 knockdown decreases mitochondrial membrane potential and enhances the production of reactive 
oxygen species in cardiomyocytes. (A) Confocal fluorescence images of HL‑1 (magnification, x100) and H9c2 (magnification, x60) cells loaded with JC‑1. Scale 
bars, 20 and 10 µm. (B) Fluorescence of H9c2 and HL‑1 cells loaded with DCF. (C) Quantified data showing the JC‑1 ratio. *P<0.05 vs. control (NC siRNA); 
#P<0.05 vs. H/R (NC siRNA); &P<0.05 vs. H/R + hypothermia (NC siRNA). DCF, dichlorofluorescein; H/R, hypoxia/reoxygenation; NC, negative control; 
JC‑1, 5,5',6,6'‑tetrachloro‑1,1',3,3'‑tetraethylbenzi‑midazolylcarbocyanine iodide; siRNA, small interfering RNA; SUMO, small ubiquitin‑like modifier.



CHEN et al:  MODERATE HYPOTHERMIA ENHANCES SUMOYLATION2624

caspase‑3  (45). In addition, hypothermia may maintain 
integrity of the mitochondrial membrane, thus decreasing the 
release of cytochrome c and apoptosis‑inducing factor, which 
minimizes caspase‑dependent and caspase‑independent cell 
death (29). Bcl‑2 proteins largely control mitochondria‑asso-
ciated release of apoptotic factors, but data on the expression 
of Bcl‑2 in response to cryogenic regulation is limited. It was 
previously reported that moderate hypothermia after ischemia 
significantly decreased Bax protein expression, and increased 
Bcl‑2 expression levels in a human umbilical vein endothelial 
cell model  (46). In addition, cardiac arrest liquid cooling 
to 20˚C for 20 min in H9c2 cardiac muscle cells increased 
Bcl‑2 expression levels (31). Moreover, in vitro rabbit heart 
and in vivo studies have shown that as temperature decreases 
to 30˚C, the expression levels of Bcl‑2 family proteins 
may increase (47). Thus, the integrity of the mitochondrial 
membrane may be upheld by increasing Bcl‑2 expression 
levels via TH (32). Apoptosis can be assessed by measuring 
Bcl‑2 expression levels in H9c2 cardiomyocytes  (48). 
Myocardial energy metabolism is a highly controlled process. 
The mitochondria forms 40% of myocardial intracellular 
volume, and the continuous need for ATP is achieved via 
aerobic metabolism  (49). Therefore, the stability of heart 
function is highly dependent on normal energy metabolism in 
the mitochondria. If hypoxic ischemia is succeeded by reoxy-
genation, reintroduction of nutrients and oxygen contributes 
to overproduction of ROS, which decreases mitochondrial 
membrane potential and subsequent apoptosis (5). However, 
the use of TH as a treatment for patients with severe myocar-
dial infarction has demonstrated beneficial effect in reducing 
reperfusion injury  (44,50). The present study investigated 
the therapeutic roles of hypothermia in H/R, and identified 
that the expression levels of SUMO1 were increased during 
hypothermia therapy. The present results suggested that TH 
during reperfusion conferred myocardial protection, rather 
than hypothermia intervention after ischemia and hypoxia.

To further investigate the role of SUMO1, the effects of 
moderate hypothermia on cell apoptosis, mitochondrial 
membrane potential and ROS generation were examined. 
Using a SUMO1 knockdown model, it was demonstrated that 
SUMO1 protected cardiomyocytes against H/R injury. In 
addition, ROS generation was decreased and mitochondrial 
membrane potential was increased during reperfusion as a 
result of moderate hypothermia treatment. The present study 
assessed the expression levels of SUMO1 during H/R with 
moderate hypothermia treatment. It was revealed that SUMO1 
knockdown blocked the binding of SUMO1 to its target 
proteins, which in turn decreased the expression levels of Bcl‑2. 
The present results suggested that the protein expression levels 
of apoptosis‑related caspase‑3 were significantly increased. 
Moreover, siSUMO1 enhanced ROS generation and the mito-
chondrial membrane potential was decreased. Therefore, the 
present results suggested that SUMOylation may have a role in 
the cardioprotective mechanisms of moderate hypothermia. In 
the present study, overexpression of SUMO1 was sufficient to 
inhibit the expression of apoptosis‑associated proteins, thereby 
indicating better protection in conjunction with moderate 
hypothermia. The present results indicated that knockdown 
of SUMO1 protein expression during moderate hypothermia 
treatment exacerbated H/R‑induced cardiomyocyte injury.

There are still mechanisms that require further investiga-
tion; in particular, it is not clear whether moderate hypothermia 
enhanced the protective effect of myocardial cells via other 
signaling pathways. A previous study demonstrated that hypo-
thermia reduced the effects of ischemia/reperfusion injury 
on myocardial cell apoptosis by minimizing autophagy (51). 
However, the effect of moderate hypothermia on autophagy is 
a controversial topic, and whether other target proteins (such 
as the dynamin‑related protein‑1) bound to SUMO are present 
in the mitochondria of cardiomyocytes is not fully understood. 
Due to practical constraints, in the present study the protec-
tive mechanisms of hypothermia were studied using in vitro 
models, which does not accurately simulate the systemic 
responses to myocardial H/R injury. Moreover, the present 
study did not conduct a detailed analysis on side effects 
related to arrhythmia and changes in myocardial contractility. 
In addition, the present study investigated H/R‑induced mito-
chondrial damage but did not examine alternative sources of 
myocardial dysfunction after H/R injury, including myocar-
dial injury and microvascular obstruction. Götberg et al (8) 
demonstrated that low temperature after ischemia did not alter 
the myocardial infarct area of pigs, but did significantly reduce 
microvascular obstruction. Hence, further research is required 
to better understand the functional implications of the associa-
tion between the specific target proteins that conjugate with 
SUMO1. In vivo models need to be established to investigate 
the feasibility of moderate hypothermia treatment, while mini-
mizing adverse reactions.

In conclusion, moderate hypothermia significantly 
enhanced the ability of SUMO1 to bind to target proteins in 
cardiomyocytes, which suggests an important role in antago-
nizing myocardial apoptosis and preserving mitochondrial 
function following hypoxic ischemia/reoxygenation. The 
present study provides novel evidence on the molecular 
mechanisms underlying the protective effects of moderate 
hypothermia. Further research will continue to examine the 
theoretical mechanisms demonstrated in the present study to 
facilitate the development of new drugs for improved patient 
management.
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