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Abstract. Ischemia/reperfusion (I/R)-induced inf lam-
matory reaction is one of the most important elements in 
myocardial I/R injury. In addition, autophagy serves an 
important role in normal cardiac homeostasis, and obstruc-
tions to the autophagy process lead to severe consequences 
for the heart. Hydrogen exerts an effective therapeutic role 
in numerous diseases associated with I/R injury via its 
anti‑inflammation, anti‑apoptosis and anti‑oxidative proper-
ties. Therefore, the present study investigated the effect of 
hydrogen on the myocardial inflammation response and 
apoptosis in myocardial ischemic/reperfusion (MI/R) injury, 
and further explored the mechanism of PTEN-induced 
kinase 1 (PINK1)/Parkin-induced mitophagy in the protec-
tion of hydrogen on MI/R injury. MI/R injury was performed 
by surgical ligation of the left coronary artery in vivo and 
H9c2 cell injury was performed by hypoxia/reoxygenation 
(H/R) in vitro. Hydrogen-rich saline was administered twice 
through intraperitoneal injection at a daily dose of 10 ml/kg 
following the operation in the in vivo model, and hydrogen-rich 
medium culture was used for cells instead of normal medium 
in vitro. The infarction size of hearts, the levels of creati-
nine kinase-muscle/brain (cK-MB) and cardiac troponin I 
(cTnI), cardiac function, cell viability and lactate dehydro-
genase (LdH) release, levels of cytokines, apoptosis and the 
expression of autophagy-associated proteins were detected 
in the different treatment groups in vivo and in vitro. The 
results demonstrated that treatment with hydrogen improved 

the myocardial infarction size of hearts, cardiac function, 
apoptosis and cytokine release following MI/R in rats. In vitro, 
hydrogen improved cell viability and LdH release following 
hypoxia/reoxygenation in myocardial cells. In addition, it was 
demonstrated that hydrogen exerted an anti‑inflammatory and 
anti-apoptotic effect in myocardial cells induced by H/R via 
PINK1/Parkin mediated autophagy. These results suggested 
that hydrogen‑rich saline alleviated the inflammation response 
and apoptosis induced by MI/R or H/R in vivo or in vitro, and 
that hydrogen-rich saline contributed to the increased expres-
sion of proteins associated with autophagy. In summary, the 
present study indicated that treatment with hydrogen-rich 
saline improved the inflammatory response and apoptosis in 
MI/R via PINK1/Parkin-mediated mitophagy.

Introduction

Myocardial infarction is a major public health concern, and 
is one of the primary causes of mortality worldwide (1).
Thrombolysis, primary angioplasty, and cardiac surgery are 
all effective therapeutic methods to restore cardiac blood flow 
to the ischemic myocardium (2), which is aimed at promptly 
resuming blood supply to the ischemic myocardium and these 
methods are frequently used in clinical practice. However, 
reperfusion paradoxically results in insufficient protection of 
the myocardium and various disorders, including inflamma-
tion, apoptosis, oxidative stress injury and calcium overload. 
These pathological mechanisms underlie the myocardial 
ischemic/reperfusion (MI/R) injury (3,4), and severely influ-
ence surgical treatment and postoperative long-term recovery. 
Previous studies have demonstrated that hydrogen (H2) 
exerts an effective therapeutic role in a variety of I/R injury 
diseases, including MI/R (5,6), intestinal I/R injury (7), renal 
I/R injury (8), hepatic I/R injury (9) and retinal I/R injury (10). 
Hydrogen has been demonstrated to exhibit anti‑inflammation, 
anti-apoptosis and anti-oxidative properties (5-9,11-13). 
Numerous studies have reported that hydrogen exerts a protec-
tive role in myocardial related diseases (6,11,14).

I/R induced-inflammatory reaction is one of the most 
important elements in myocardial I/R (MI/R) injury (15). 
The main pathological process consists of the release of 
inflammatory cytokines and the aggregation and infiltration 
of inflammatory cells upon the inflammatory response (16). 
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During the process of inflammation, inflammatory cells are 
stimulated and various cytokines are released, including 
tumor necrosis factor α (TNF-α), interleukin (IL)-6 and 
IL-8 (17). In addition, myocardial apoptosis is also associated 
with MI/R injury (12). Myocardial apoptosis is considered to 
be one of the key pathological processes in MI/R injury, and 
may be associated with heart failure, the amount of which 
is determined by the severity of MI/R injury (18). during 
MI/R injury, myocardial apoptosis leads to myocardial 
contractile dysfunction, compensatory hypertrophy and 
reparative fibrosis, further increasing myocardial injury, 
which ultimately develops into cardiac dysfunction and 
failure (19).

Autophagy contributes to normal cardiac homeostasis, 
and impeding the autophagy process can lead to severe conse-
quences for the heart, such as the accumulation of protein 
aggregates and dysfunctional organelles, generating cellular 
dysfunction and cardiac failure (20). Nakai et al (20) reported 
that constitutive autophagy is a homeostatic mechanism for 
maintaining cardiomyocyte size and normal cardiac structure 
and function. Of note, mitophagy was activated and served a 
crucial role in cardioprotection in different models of cardiac 
injury (21,22). The PTEN-induced kinase 1 (PINK1)/Parkin 
pathway exerts pivotal functions in the clearing of defective 
mitochondria via autophagy in cells (23). It has also been 
reported that Parkin functions as a regulator, and activates 
mitochondrial autophagy for mitochondrial degradation 
in cardiac myocytes (24). A recent study suggested that 
PINK1/Parkin-induced mitophagy regulated mitochondrial 
dynamics and function in myocytes (25). The absence of 
Parkin resulted in accumulated dysfunctional mitochondria in 
the myocardium with age, which led to oxidative damage and 
mitochondrial respiration dysfunction (26,27).

consequently, it was hypothesized that PINK1/Parkin- 
mediated autophagy participated in the myocardial inflamma-
tion response and apoptosis in MI/R injury, and that hydrogen 
may alleviate the MI/R injury via PINK1/Parkin-mediated 
autophagy. To examine this hypothesis, the present study 
investigated the effect of hydrogen on myocardial inflamma-
tion response and apoptosis in MI/R injury in vivo and in vitro. 
In addition, the role of PINK1/Parkin-induced mitophagy was 
explored in the hydrogen-mediated myocardial protection.

Materials and methods

Animals. A total of 72 Wistar male adult rats (age, 8-10 weeks; 
weight, 200-250 g) were obtained from the Laboratory Animal 
center of the Academy of Military Medical Sciences (Beijing, 
china). Rats were acclimated for 1 week prior to experiments. 
The rats were housed at a temperature‑controlled (25˚C) room 
under a 12-h light/dark cycle to mimic the normal physi-
ological day-night cycle. Standard chow and water were freely 
available to rats following sterilization. All experimental 
protocols were approved by the Institutional Animal care 
and Use committee of Tianjin Medical University and were 
conducted in strict accordance with the National Institutes of 
Health guidelines for the use of experimental animals.

Rat MI/R model. The MI/R injury model was induced according 
to previous research with some minor modifications (28). The 

rats were anesthetized with sodium pentobarbital (60 mg/kg, 
intraperitoneally) and the thoracic cavity was opened by left 
thoracotomy. After the pericardium was incised to expose the 
left anterior descending coronary artery (LAd), a 6-0 ligature 
was passed underneath the LAd and was tied to produce an 
occlusion. Thereafter, the artery was occluded by applying 
tension to the ligature. A successful ischemia was confirmed 
by persistent ST segment elevation on the electrocardio-
gram. After 30 min of ischemia, the ligature was removed. 
Reperfusion was confirmed by visible restoration of color in 
the ischemic tissue and inversion of the T wave on the electro-
cardiogram. The chest and skin were closed, and the rats were 
resuscitated by appropriate fluid replacement and placed on 
a 37˚C heating pad until they were awake. The sham operation 
included all procedures except ligation of the LAd.

Cell culture and hypoxia/reoxygenation (H/R) injury. 
H9c2 myocardial cells were maintained in our laboratory 
and obtained from the American Type culture collection. 
cells were grown in dMEM (Invitrogen; Thermo Fisher 
Scientific, Inc.) supplemented with 10% heat-inactivated 
FBS (Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml 
penicillin and 100 µg/ml streptomycin, and cultured at 37˚C 
with 5% cO2 in a humidified atmosphere. The medium 
was replaced every 2‑3 days. Confluent cells were used for 
subsequent experiments at 80‑90% confluence, between the 
4 and 6th passages. The cells were seeded at a density of 
1x106 cells/ml.

To mimic ischemic injury in vitro, the process of H/R injury 
was performed as previously published (29). cells were 
cultured in serum‑free DMEM (glucose‑free) in a humidified 
environment with 95% N2 and 5% cO2 for hypoxic conditions. 
Following a 4-h incubation, cells were transferred to normal 
culture conditions with routine culture medium in a normal 
oxygen environment for 24 h for reoxygenation.

Hydrogen treatment for rats in vivo. According to a previous 
study (6), hydrogen was dissolved in 0.9% saline for 6 h under 
high pressure (0.4 MPa) to a supersaturated level by using a 
hydrogen producing apparatus. Hydrogen-rich saline was 
stored under an atmospheric pressure at 4˚C in an aluminum 
bag with no dead volume, sterilized by gamma radiation, 
which was freshly prepared once a week to ensure that the 
concentration was maintained at 0.6 mmol/l. A needle-type 
hydrogen sensor (Unisense A/S) was used to detect the 
hydrogen concentration of the media, according to the protocol 
described in our previous study (13). The hydrogen-rich saline 
was administered via intraperitoneal injection at a dose of 
10 ml/kg and at 5 min prior to reperfusion, as described in a 
previous study (30).

Hydrogen treatment for cells in vitro. According to our previ-
ously study (13), hydrogen was diluted in normal medium 
(or as indicated) to prepare 0.6 mmol/l hydrogen-rich culture 
medium, using a hydrogen producing apparatus in our depart-
ment, following the same protocols as for the preparation of 
hydrogen-rich saline. To ensure a 0.6 mmol/l concentration, 
hydrogen-rich medium was freshly prepared each week. In the 
H2 group, hydrogen-rich medium was used to culture the cells 
instead of normal medium.
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PINK1 small interfering (si) RNA transfection. The 
PINK1-targeting siRNA and the scramble siRNA were 
designed and synthesized by Santa cruz Biotechnology, Inc. 
Transfection was performed according to the manufacturer's 
protocol. The sequences were: Scramble siRNA, 5'-UUc 
Ucc GAA cGU GUc AcG UTT-3'; and PINK1 siRNA, 5-Gcc 
AUc UUG AAc AcA AUG ATT-3. H9c2 cells were seeded 
in 6-well plates overnight, and then transfected with PINK1 
siRNA (50 nM) and scramble siRNA (50 nM) using siRNA 
Lipofectamine™ 2000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.).

Experiment 1: Effect of hydrogen on infarction size of hearts 
and cardiac function in rats induced by MI/R. A total of 
24 rats were randomly divided into four groups (n=6 rats per 
group): control (con), control + hydrogen (con+H2), MI/R 
(I/R), and MI/R + hydrogen (I/R+H2) groups. MI/R injury was 
performed by surgical ligation of the left coronary artery. At 
24 h following reperfusion, infarction size of hearts and cardiac 
function [maximum rate of increase of left ventricular pres-
sure (±dp/dtmax), left ventricular ejection fraction (LVEF), left 
ventricular end-diastolic pressure (LVEdP), heart rate (HR), 
systolic blood pressure (SBP), diastolic blood pressure (dBP) 
and mean arterial pressure (MAP)] were detected, and 
blood samples were collected for the detection of creatinine 
kinase-muscle/brain (cK-MB) and cardiac troponin I (cTnI) 
levels in the four groups.

Experiment 2: Effect of hydrogen on cytokines and autophagy 
in rats induced by MI/R. Another 24 rats were randomly divided 
into four groups (n=6 rats per group). The grouping method and 
experimental protocols were the same as experiment 1. At 24 h 
following reperfusion, heart tissues were collected for the detec-
tion of cytokine levels [TNF-α, IL-1β, IL-6 and high mobility 
group box 1 (HMGB1)] by ELISA. Apoptosis-related proteins 
(cleaved caspase-3, Bcl-2 and Bax) and autophagy-associated 
proteins [microtubule-associated protein 1 light chain 3α (Lc3), 
autophagy-related protein (ATG) 5, ATG12, Beclin1, PINK1 
and Parkin] were detected by western blotting.

Experiment 3: Effect of hydrogen on cell viability and lactate 
dehydrogenase (LDH) release in H9C2 cells stimulated by 
H/R in vitro. H9c2 cells were divided into four groups (n=6): 
control (con), control + hydrogen (con+H2), H/R treatment 
(H/R), and H/R + hydrogen (H/R+H2) groups. H9c2 cell 
injury was performed by hypoxia and reoxygenation, as afore-
mentioned. The c+H2 and I/R+H2 groups were cultured using 
hydrogen-rich medium throughout both the hypoxia and the 
reoxygenation. At 4 h following hypoxia and 24 h of reoxygen-
ation, cells were harvested to detect cell viability by the MTT 
assay and LdH activity.

Experiment 4: Effect of hydrogen on autophagy‑related 
proteins in H9C2 cells stimulated by H/R in vitro. H9c2 cells 
were divided into four groups (n=6). The grouping method and 
experimental protocols were the same as described in experi-
ment 3. At 4 h following hypoxia and 24 h of reoxygenation, 
cells were collected to detect the protein expression levels of 
Lc3, ATG5, ATG12, Beclin1, PINK1 and Parkin by western 
blot analysis.

Experiment 5: Effect of autophagy on cytokine levels and apop‑
tosis in H9C2 cells treated with hydrogen and H/R in vitro. 
H9c2 cells were divided into eight groups (n=6): control 
(con), control + hydrogen (con+H2), H/R treatment (H/R), 
H/R + hydrogen (H/R+H2), H/R treatment + autophagy inducer 
rapamycin (H/R+Rap), H/R treatment + autophagy inhibitor 
3-MA (H/R+3-MA), H/R treatment + hydrogen + autophagy 
inducer rapamycin (H/R+H2+Rap), and H/R treat-
ment + hydrogen+ autophagy inhibitor 3-MA (H/R+H2+3-MA) 
groups. Rap (20 µM; Sigma-Aldrich; Merck KGaA) and 3-MA 
(1 mM; Sigma-Aldrich; Merck KGaA) were added to the 
medium 2 h prior to the experiment. Then, hydrogen, 3-MA 
and/or Rap were administered throughout the hypoxia and the 
reoxygenation phases. At 4 h following hypoxia and 24 h of 
reoxygenation, the cells were collected to detect cytokine levels 
(TNF-α, IL-1β, IL-6 and HMGB1) by ELISA and expression 
levels of apoptosis-related proteins (cleaved caspase-3, Bcl-2, 
Bax) by western blotting.

Experiment 6: Effect of PINK silencing on cytokine levels 
and apoptosis in H9C2 cells treated with hydrogen and 
H/R in vitro. H9c2 cells were divided into eight groups 
(n=6): control (c), control + hydrogen (c+H2), H/R treat-
ment (H/R), H/R treatment + hydrogen (H/R+H2), H/R 
treatment + scramble siRNA (H/R+scramble siRNA), H/R 
treatment + hydrogen + scramble siRNA (H/R+H2+scramble 
siRNA), H/R treatment + PINK siRNA (H/R+PINK1 
siRNA), and H/R treatment + hydrogen + PINK siRNA 
(H/R+H2+PINK1 siRNA) groups. At 4 h following hypoxia 
and 24 h reoxygenation, cells were collected to detect cyto-
kine levels (TNF-α, IL-1β, IL-6 and HMGB1) by ELISA 
and expression levels of apoptosis-related proteins (cleaved 
caspase-3, Bcl-2 and Bax) by western blotting.

Detection of cardiac function and hemodynamic change. 
Following 1 h reperfusion, a fluid‑filled latex balloon connected 
to a Millar transducer (pressure sensor) was inserted into the 
left ventricle as described previously (14), and ±dp/dtmax, LVEF, 
LVEdP, HR, SBP, dBP and MAP were measured.

Determination of myocardial infarct size. The hearts were 
rapidly excised and frozen at ‑20˚C. The left ventricles 
were cut into 5 transverse slices, which were incubated in 
2% triphenyltetrazolium chloride (TTc) solution in phosphate 
buffer (pH 7.4, at 37˚C) in the dark for 20 min. The slices 
were subsequently photographed and measured to delineate 
the area of infarct size (IS; TTc-negative) and area at risk 
(AAR; TTc-stained). The images were captured using a light 
microscope (magnification, x4; Leica Microsystems GmbH). 
Myocardial infarct sizes (IS/AARx100%) were calculated by 
Image-Pro Plus software (Media cybernetics, Inc.).

Detection of apoptosis by TUNEL. After the experiments were 
performed, the heart tissue was collected to detect apoptosis by 
using an in situ cell death detection kit (Roche diagnostics), 
according to the manufacturer's protocol. The heart tissue was 
perfused with 10% formalin and placed in 10% formalin for 
24 h in room temperature, embedded in paraffin, and sectioned 
into 5‑µm thickness slices. Paraffin sections of heart tissue 
were stained with the TUNEL kit, which results in the nuclei 



YAO et al:  HYdROGEN-RIcH SALINE ALLEVIATES MYOcARdIAL I/R INJURY VIA AUTOPHAGY 1051

of apoptotic cells to be stained red. Total dNA in all cell nuclei 
was counterstained blue with dAPI. The apoptosis rate was 
calculated as the ratio of red to blue stained nuclei and relative 
to the control group.

Detection of CK‑MB and cTnI release in serum. After the 
measurement of hemodynamics and cardiac function param-
eters, blood samples were collected from the heart. The serum 
was separated by centrifugation at 3,000 x g for 15 min at 
4˚C, aliquoted, and stored at ‑20˚C until subsequent experi-
mentation. The levels of cK-MB and cTnI were detected using 
commercially available ELISA kits on a microplate reader 
(cat. no. AKc0305 for cK-MA; cat. no. MA1-20112. for cTnI; 
Thermo Fisher Scientific, Inc.). All procedures were performed 
in accordance with the manufacturer's protocol.

Cytokine detection by ELISA. Following 1 h of reperfusion or 
24 h of reoxygenation, heart tissues and culture media were 
collected for the detection of cytokine levels by ELISA. Heart 
tissues were homogenized and centrifuged at 10,000 x g for 
20 min at 4˚C, and the cell culture media was collected and 
centrifuged at 3,000 x g for 10 min at 4˚C. The supernatants 
were harvested and stored at ‑20˚C until detection of the 
cytokines TNF-α (cat. no. RTA00; R&d Systems, Inc.), IL-1β 
(cat. no. RLB00; R&d Systems, Inc.), IL-6 (cat. no. R6000B; 
R&d Systems, Inc.) and HMGB1 (cat. no. ST51011; 
IBL International GmbH) by ELISA, according to the manu-
facturer's protocol.

Analysis of cell viability and LDH activity. H9c2 cells were 
seeded in a 96-well plate for at least 12 h at a density of 
1x104 cells/well and then were subjected to the different treat-
ments. cell viability was determined by the MTT assay, and 
cytotoxicity was detected by an LDH assay. Briefly, after 24 h 
of reoxygenation, MTT (5 mg/ml) was added to the medium 
supplemented with 10% FBS for 4 h at 37˚C, then the medium 
was discarded, and formazan blue was dissolved in 100 µl 
of dMSO. The absorbance was detected at 490 nm using a 
microplate reader. Relative cell viability was quantified rela-
tive to the control group. The cells in the control group were 
considered 100% viable.

cardiomyocyte injury was measured by LdH release. At 
24 h following reoxygenation, the supernatant was harvested 
to detect LdH activity, according to the manufacturer's 
protocol (cat. no. 04744926001; Roche diagnostics GmbH). 
LdH activity was expressed as a percentage relative to the 
control cell cultures.

Western blot analysis. Following 1 h of reperfusion or 24 h 
of reoxygenation, heart tissue and H9c2 cells were collected 
for the detection of caspase-3, Bcl-2, Bax, ATG5, ATG12, 
Beclin1, PINK1 and Parkin by western blotting. Heart 
tissue or H9c2 cells were resuspended in radioimmunopre-
cipitation assay (RIPA) lysis buffer (Beyotime Institute of 
Biotechnology) on ice for 30 min. The samples were centri-
fuged at 15,000 x g for 20 min at 4˚C, and the supernatants 
were collected and boiled for 5 min. Protein concentrations 
were quantified using the Bradford protein assay (Thermo 
Fisher Scientific, Inc.). denatured proteins (15 µg) were 
separated by 12% SdS-PAGE and then electrotransferred 

onto polyvinylidene difluoride membranes (EMD Millipore). 
Following blocking with 5% non-fat milk blocking buffer for 
1 h at room temperature, the membranes were incubated with 
primary antibodies (all from Abcam) against cleaved caspase-3 
(cat. no. ab13847; 1:500), Bcl-2 (cat. no. ab196495; 1:1,000), Bax 
(cat. no. ab32503; 1:2,000), Lc3 (cat. no. ab48394; 1:1,000), 
ATG5 (cat. no. ab108327; 1:2,000), ATG12 (cat. no. ab155589; 
1:1,000), Beclin1 (cat. no. ab62557; 1:1,000), PINK1 
(cat. no. ab23707; 1:500) and Parkin (cat. no. ab77924; 1:500) 
and β‑actin (cat. no. ab8227; 1:1,000) overnight at 4˚C. The 
membranes were subsequently washed with PBS three times 
and incubated with secondary antibodies (cat. nos. ab6721 
and ab6728; 1:5,000; Abcam) at room temperature for 1 h. 
The labeled bands were visualized with an enhanced chemi-
luminescence reagent using the Bio-Rad Gel doc 2000 
system (Bio‑Rad Laboratories, Inc.), and quantified with the 
QuantityOne software (v4.6; Bio-Rad Laboratories, Inc.). 
Protein expressions were normalized to β-actin.

Statistical analysis. All data are presented as the mean ± stan-
dard error of the mean. Statistical analysis was performed using 
GraphPad Prism 5 (GraphPad Software, Inc.). differences 
between groups were evaluated by one-way analysis of vari-
ance followed by Tukey's post hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Hydrogen alleviates myocardial infarction size of hearts. MI/R 
leads to myocardial cell injury (31). To investigate the effect of 
hydrogen on myocardial injury, TTc staining was performed 
to analyze the infarct area, and cTnI and cKMB levels were 
detected in the hearts of MI/R-treated rats. compared with 
the control group, myocardial infarct, cTnI and cKMB were 
significantly elevated in the I/R group (P<0.05; Fig. 1A-c). 
compared with the I/R group, these indicators of myocar-
dial injury were significantly attenuated in the IR+H2 group 
(P<0.05; Fig. 1A-c). These results indicated that hydrogen 
alleviated myocardial injury induced by I/R.

Effect of hydrogen‑rich saline on cardiac function. To 
investigate the effect of hydrogen on cardiac function, the 
present study measured cardiac function and hemodynamic 
indexes in MI/R-treated rats, namely ±dp/dtmax, LVEF, 
LVEdP, HR, SBP, dBP and MAP. compared with the control 
group, ±dp/dtmax and LVEF at the end of the reperfusion period 
were significantly decreased, and LVEDP was increased, in 
the I/R group (P<0.05; Fig. 2A-d). Treatment with hydrogen 
significantly increased the value of ±dp/dtmax and LVEF, and 
decreased LVEdP at the end of the reperfusion period in the 
I/R+H2 group (P<0.05; Fig. 2A-d).

MI/R induced deterioration of the hemodynamic indexes 
(HR, SBP, dBP and MAP) in the I/R group compared with 
the control group (P<0.05; Fig. 3A-d). compared with the 
I/R group, hydrogen-rich saline administration improved the 
absolute values of HR, SBP, dBP and MAP in the I/R+H2 group 
(P<0.05; Fig. 3A-d). Taken together, these results indicated 
that hydrogen-rich saline contributed to the recovery of 
cardiac function and hemodynamic change and improved the 
tolerance of hearts against I/R injury.
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Hydrogen attenuates the expression of cytokines and 
apoptosis‑related proteins following MI/R in rats. 
Inflammatory reaction is an integral part of the immune 
response to myocardial I/R injury (31). Markers of inflamma-
tion, such as TNF-α and IL-6, are usually present at undetected 
levels in the normal heart; however, they are upregulated under 
stressful conditions, such as MI/R injury (32). To examine the 
effect of hydrogen on cytokine production in MI/R rats, the 
present study detected the levels of TNF-α, IL-1β, IL-6 and 
HMGB1 in the hearts of the rats at the end of reperfusion. 
The results demonstrated that the release of TNF-α, IL-1β, 
IL‑6 and HMGB1 was significantly increased in the I/R group 
compared with the control group, while treatment with 
hydrogen‑rich saline significantly downregulated the levels 
of the inflammatory markers in the I/R+H2 group (P<0.05; 
Fig. 4A-d).

The present study then investigated whether hydrogen 
regulated myocardial apoptosis induced by I/R injury, by 
detecting the expression levels of the cleaved caspase-3, Bcl-2 
and Bax proteins in myocardial rat tissues using western 
blotting. caspase-3 and Bax are proapoptotic proteins, while 
Bcl-2 is anti-apoptotic (33). caspase-3 levels were higher 
and Bcl-2/bax ratio was lower in the I/R group, compared 
with the control group (P<0.05; Fig. 5A-c). compared with 
the I/R group, caspase-3 expression was reduced, while the 
Bcl-2/bax ratio was increased, in the I/R+H2 group (P<0.05; 
Fig. 5A-c). Apoptosis rates were further confirmed in the 
myocardial tissues by TUNEL staining. I/R treatment 
increased the number of apoptotic cells in the heart sections 
compared with the control group, while administration of 
hydrogen-rich saline markedly reversed this I/R-induced 
effect (Fig. 5d and E). These results indicated that hydrogen 

Figure 1. Hydrogen alleviates myocardial infarction size and cTnI and cK-MB in rats induced by myocardial I/R. Myocardial injury was performed by 30 min 
of ischemia and 24 h of reperfusion. Following ischemia, rats were treated by intraperitoneal injection of H2 saline at 5 min prior to left anterior descending 
coronary artery reperfusion. Heart tissue and blood samples were collected for detection of (A) infarct area, (B) cTnI and (c) cK-MB. Values are presented 
as mean ± standard error of the mean (n=6 rats per group). *P<0.05 vs. control group; and #P<0.05 vs. I/R group. cTnI, cardiac troponin I; cK-MB, creatinine 
kinase-muscle/brain; I/R, ischemia/reperfusion; con, control.

Figure 2. Hydrogen improves cardiac dysfunction in rats induced by myocardial I/R. Myocardial injury and hydrogen treatment was performed as outlined in 
Fig. 1. (A) -dp/dtmax, (B) +dp/dtmax, (c) LVEF and (d) LVEdP were measured. Values are presented as mean ± standard error of the mean (n=6 rats per group). 
*P<0.05 vs. control group; and #P<0.05 vs. I/R group. I/R, ischemia/reperfusion; -dp/dtmax, maximal rate of the decrease of left ventricular pressure; +dp/dtmax, 
maximal rate of the increase of left ventricular pressure; LVEF, left ventricular ejection fraction; LVEdP, left ventricular ejection fraction; con, control.
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administration improved myocardial cell apoptosis following 
reperfusion.

Effect of hydrogen on cell viability and LDH release following 
hypoxia and reoxygenation in myocardial cells. The present 

Figure 3. Hydrogen improves cardiac dysfunction in rats induced by myocardial I/R. Myocardial injury and hydrogen treatment was performed as outlined in 
Fig. 1. (A) SBP, (B) dBP, (c) MAP and (d) HR were measured. Values are presented as the mean ± standard error of the mean (n=6 rats per group). *P<0.05 vs. 
control group; and #P<0.05 vs. I/R group. I/R, ischemia/reperfusion; SBP, systolic blood pressure; dBP, diastolic blood pressure; MAP, mean arterial pressure; 
HR, heart rate; con, control.

Figure 4. Effect of hydrogen on cytokine levels after myocardial injury induced by I/R. Myocardial injury and hydrogen treatment was performed as outlined in 
Fig. 1. Heart tissues were collected to detect the levels of (A) TNF-α, (B) IL-1β, (c) IL-6 and (d) HMGB1 by ELISA. Values are presented as the mean ± stan-
dard error of the mean (n=6 rats per group). *P<0.05 vs. control group; and #P<0.05 vs. I/R group. I/R, ischemia/reperfusion; TNF, tumor necrosis factor; 
IL, interleukin; HMGB1, high mobility group box 1; con, control.
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study used the MTT assay to assess the effect of hydrogen on 
cell viability following H/R in myocardial cells. The results 
revealed that cell viability was reduced following H/R in 

myocardial cells compared with the control group (P<0.05; 
Fig. 6A); however, hydrogen significantly increased the cell 
viability in the H/R+H2 group compared with the H/R group 

Figure 5. Effect of hydrogen on apoptosis after myocardial injury induced by I/R. Myocardial injury and hydrogen treatment was performed as outlined in 
Fig. 1. Heart tissues were collected to detect the expression of apoptosis-related proteins and apoptosis rates by TUNEL staining. (A) Representative images 
from western blot analysis. (B) Quantification of cleaved caspase‑3 levels. (C) Ratio of Bcl‑2/Bax expression. (D) Quantification of TUNEL staining and 
(E) representative images. Values are presented as the mean ± standard error of the mean (n=6 rats per group). *P<0.05 vs. control group; #P<0.05 vs. I/R group. 
I/R, ischemia/reperfusion; con, control.
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(P<0.05; Fig. 6A). The present study also investigated the cell 
toxicity by measuring the release of LdH. H/R induced LdH 
increase in the H/R group compared with the control group 
(P<0.05; Fig. 6B). LdH release was significantly decreased 
in the H/R+H2 group compared with the H/R group (P<0.05; 
Fig. 6B).

Expression of autophagy‑related proteins following treatment 
with hydrogen in injury induced by I/R and H/R in vivo and 

in vitro. To examine the effects in autophagy in myocardial 
cells, the present study measured the protein expression levels 
of ATG5, ATG12 and Beclin1 by western blotting in injured 
myocardial cells induced by I/R in vivo and H/R in vitro. The 
results demonstrated that the ratio of Lc3II/Lc3I, ATG5, 
ATG12 and Beclin1 expression levels were increased in the 
I/R group compared with the control group, while hydrogen 
further augmented these effects in the I/R+H2 group when 
compared with the I/R group (P<0.05; Fig. 7A-E). The results 

Figure 6. Effect of hydrogen on cell viability and cell injury induced by H/R in H9c2 cells. Myocardial injury of H9c2 cells in vitro was induced by hypoxia 
followed by reoxygenation. Following a 4 h hypoxia, normal medium was replaced with hydrogen-rich medium in the con+H2 and H/R +H2 groups. At 24 h 
following reoxygenation, the cells and medium were harvested to detect (A) cell viability by MTT assay and (B) LdH release in the four groups. Values are 
presented as the mean ± standard error of the mean (n=6). *P<0.05 vs. control group; and #P<0.05 vs. H/R group. H/R, hypoxia/reoxygenation; con, control; 
LdH, lactate dehydrogenase.

Figure 7. Effect of hydrogen on autophagy-associated protein expression following myocardial injury induced by I/R in vivo. Myocardial injury and hydrogen 
treatment were performed as outlined in Fig. 1. Heart tissues were collected to detect the protein expression levels of autophagy-associated proteins by western 
blotting. (A) Representative blot images. (B) Quantification of LC3, (C) ATG5, (D) ATG2, (E) Beclin1, (F) PINK1 and (G) Parkin levels. Values are presented 
as the mean ± standard error of the mean (n=6). *P<0.05 vs. control group; and #P<0.05 vs. I/R group. I/R, ischemia/reperfusion; Lc3, microtubule-associated 
protein 1 light chain 3α; ATG, autophagy-related protein; PINK1, PTEN-induced kinase 1; con, control.
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from the in vitro experiments were consisted with the in vivo 
protein expression; H/R induced an increase in the ratio 
of Lc3II/Lc3I, and in ATG5, ATG12 and Beclin1 protein 
expression compared with the control group, and hydrogen 
further increased these effects (Fig. 8A-E).

Mitophagy mediated by PINK1/Parkin exerts a crucial 
function in the degradation process of injured mitochon-
dria (34). The results of the present study demonstrated that 
PINK1 and Parkin were increased in the I/R group in vivo 
compared with the control group, and treatment with hydrogen 
enhanced the expressions of PINK1 and Parkin in myocardial 
tissue in the I/R+H2 group (P<0.05; Fig. 7A,F and G). These 
results were also observed in vitro. compared with the control 
group, H/R induced the expressions of PINK1 and Parkin 
in myocardial cells, while a further increase was observed 
following hydrogen treatment (P<0.05; Fig. 8A,F and G).

Hydrogen treatment improves cytokines release and apoptosis 
via autophagy in H/R‑induced myocardial cell injury in vitro. 
The aforementioned results demonstrated that hydrogen 
exerted an anti‑inflammatory response via decreasing the level 
of cytokines and an anti-apoptotic effect via increasing the 
Bcl-2/bax ratio and reducing caspase-3 in rats with I/R injury. 
In addition, it was observed that treatment with hydrogen 
improved the expression of proteins associated with autophagy 
in I/R rats. In order to investigate whether hydrogen regulated 

inflammation and apoptosis via autophagy in myocardial 
cells, the present study investigated the effect of autophagy, 
using rapamycin or 3-MA to induce or inhibit the autophagy 
process, respectively.

The present results demonstrated that H/R induced the 
release of the cytokines TNF-α, IL-1β, IL-6 and HMGB1, and 
enhanced the expression of caspase-3 in H9c2 cells (P<0.05; 
Fig. 9A-E). In addition, the Bcl-2/Bax ratio was decreased 
in myocardial cells stimulated by H/R compared with the 
control group (P<0.05; Fig. 9F). Treatment with hydrogen 
alleviated the excessive release of the cytokines, increased the 
expression of caspase-3, and decreased the Bcl-2/Bax ratio in 
the H/R+H2 group, compared with the H/R group (P<0.05; 
Fig. 9A-F). Similarly, in comparison to the H/R group, there 
was a decrease in cytokine and caspase-3 expression levels, 
and an increase in the Bcl-2/Bax ratio, in the H/R+Rap and 
H/R+H2+Rap groups (P<0.05; Fig. 9A-F). Treatment with 
3-MA partly reversed the inhibitory effect of hydrogen and 
Rap on cytokine expression, caspase-3 and promotion of the 
Bcl-2/Bax ratio in H/R myocardial cells (Fig. 9A-F).

Hydrogen exerts anti‑inf lammatory and anti‑apop‑
totic ef fects in myocardial cells induced by H/R via 
PINK/Parkin‑mediated autophagy. Autophagy, especially 
mitophagy, is a critical process of elimination of damaged 
organelles in the cells process during MI/R injury (35,36). 

Figure 8. Effect of hydrogen on autophagy-associated protein expression following cell injury induced by H/R in H9c2 cells. Myocardial injury in vitro 
was induced by hypoxia followed by reoxygenation. Following a 4 h hypoxia, normal medium was replaced with hydrogen-rich medium in the con+H2 and 
H/R+H2 groups. At 24 h following reoxygenation, cells were harvested to detect the expression levels of autophagy-associated proteins by western blotting. 
(A) Representative blot images. (B) Quantification of LC3, (C) ATG5, (D) ATG2, (E) Beclin1, (F) PINK1 and (G) Parkin levels. Values are presented as the 
mean ± standard error of the mean (n=6). *P<0.05 vs. control group; and #P<0.05 vs. H/R group. H/R, hypoxia/reoxygenation; con, control; Lc3, microtu-
bule-associated protein 1 light chain 3α; ATG, autophagy-related protein; PINK1, PTEN-induced kinase 1.
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PINK1/Parkin serve a key regulatory role in autophagy 
and mitophagy (24). Our previous research demonstrated 
that hydrogen could regulate PINK1 and Parkin in 
myocardial cells induced by H/R. The present study used 
a PINK1‑specific siRNA to knock down its expression in 
myocardial cells, and successful knockdown was confirmed 
(Fig. S1). compared with the H/R or H/R+H2 groups, there 
was not a significant difference in TNF‑α, IL-1β, IL-6 and 
HMGB1, caspase-3, Bcl-2/Bax ratio in H/R+scramble siRNA 

group or H/R+H2+scramble siRNA group, respectively 
(P<0.05; Fig. 10A-F). However, compared with the H/R or 
H/R+H2 groups, levels of TNF-α, IL-1β, IL-6 and HMGB1 
were increased, caspase-3 expression was enhanced and the 
Bcl-2/Bax ratio was decreased in the H/R+PINK1siRNA 
or HR+H2+PINK1siRNA groups, respectively (P<0.05; 
Fig. 10A-F). These results indicated that PINK silencing 
reversed the anti‑inflammatory and anti‑apoptotic effects of 
hydrogen in myocardial cells induced by H/R.

Figure 9. Effect of hydrogen on cytokine levels and apoptosis induced by H/R in H9c2 cells. Rap and 3-MA were added to the medium 2 h prior to the 
experiment. cell injury and hydrogen treatment were described in Fig. 6. At 24 h following reoxygenation, cells were harvested to detect the levels of 
(A) TNF-α, (B) IL-1β, (c) IL-6 and (d) HMGB1 by ELISA. (E) The protein expression levels of cleaved caspase-3 and (F) the Bcl-2/Bax ratio were detected 
by western blotting. Values are presented as the mean ± standard error of the mean (n=6). *P<0.05 vs. control group; #P<0.05 vs. H/R group; and &P<0.05 vs. 
H/R+H2 group. H/R, hypoxia/reoxygenation; Rap, rapamycin; TNF, tumor necrosis factor; IL, interleukin; HMGB1, high mobility group box 1; con, control.
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Discussion

Myocardial infarction is one of the main causes of mortality, 
and its incidence continues to increase worldwide, while 

the early restoration of coronary blood flow is conducive to 
attenuate myocardial tissue injury (1). However, reperfusion 
may lead to further myocardial injury, including inflamma-
tion response (37), apoptosis (38) and oxidative damage (39). 

Figure 10. Effect of hydrogen on cytokine levels and apoptosis induced by H/R in H9c2 cells. Prior to the experiment, scramble control siRNA and 
PINK1‑specific siRNA were transfected into H9C2 cells. Myocardial injury and hydrogen treatment were described in Fig. 6. At 24 h following reoxygenation, 
cells were harvested to detect the levels of (A) TNF-α, (B) IL-1β, (c) IL-6 and (d) HMGB1 by ELISA. (E) The expression levels of cleaved caspase-3 and 
(F) the Bcl-2/Bax ratio were detected by western blotting. Values are presented as the mean ± standard error of the mean (n=6). *P<0.05 vs. control group; 
#P<0.05 vs. H/R group; and $P<0.05 vs. H/R+H2 group. H/R, hypoxia/reoxygenation; siRNA, small interfering RNA; PINK1, PTEN-induced kinase 1; TNF, 
tumor necrosis factor; IL, interleukin; HMGB1, high mobility group box 1; con, control.
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Hydrogen has been observed to exert an anti‑inflammatory, 
anti-apoptotic and anti-oxidative injury effect, and has a 
protective role in heart diseases (6). In the present study, the 
effect of hydrogen on MI/R injury was investigated, and the 
mechanism associated with I/R injury in myocardial cells 
in vivo and in vitro was discussed. The results demonstrated 
that hydrogen-rich saline attenuated the myocardial infarc-
tion size and improved cardiac dysfunction, and exerted 
anti-inflammatory and anti-apoptotic effects in the heart 
tissues in vivo. Treatment with hydrogen-rich media also 
reduced myocardial cell injury in vitro. In addition, myocardial 
cell injury contributed to the activation of autophagy, which 
was evidenced by an increase in the protein expression levels 
of Lc3, ATG-5, ATG12, Beclin1, PINK1 and Parkin in vivo 
and in vitro; hydrogen could affect the expression of these 
proteins in vivo and in vitro, via the PINK1/Parkin pathway. 
These findings indicated that hydrogen regulated the process 
of autophagy and further alleviated the inflammation response 
and apoptosis in myocardial cell injury.

Therapy for myocardial ischemic disease depends on 
myocardial reperfusion treatment; however, this process 
not only has complex obstacles for effective treatment, but 
also induces cardiac dysfunction (40). For the recovery of 
cardiac function, myocardial enzyme release and infarct size 
measurement have been considered as endpoints for I/R injury 
evaluation (41). Nandi et al (42) reported that MI/R led to 
cardiac dysfunction and NaHS had a protective role. It has 
previously been reported that hydrogen exerts myocardial 
protection from heart diseases via inhibiting oxidative injury, 
apoptosis and cytokines release (6,11,43,44). In addition, 
hydrogen protected from MI/R injury via regulating the 
glycogen synthase kinase 3β (GSK3β) and autophagy signaling 

pathways (45,46). The present study predominantly focused 
on hydrogen treatment on MI/R injury and the mechanism of 
PINK1-mediated autophagy. The present results demonstrated 
that MI/R deteriorated the myocardial infarction size, and the 
markers ±dp/dtmax, LVEF and LVEdP and HR, SBP, dBP and 
MAP in MI/R injured rats. According to previously published 
research (47,48), 10 ml/kg hydrogen-rich saline was safe and 
had a positive therapeutic effect on MI/R injury. Similarly, 
the present study found that hydrogen improved myocardial 
infarction size, cardiac function and hemodynamic changes 
following reperfusion of cardiac blood flow. In addition, in the 
in vitro experiments, hydrogen ameliorated the LdH release 
and increased the cell viability in myocardial cell injury 
stimulated by H/R. These results were consistent with the 
finding that hydrogen‑rich saline improved the hemodynamic 
parameters LVSP, +(dP/dt)max, and -(dP/dt)max and infarct size 
in MI/R-treated rats (11).

Apoptosis is a major cause of tissue damage, second only 
to reperfusion injury following ischemia (47). It has recently 
been reported that myocardial apoptosis is initiated by isch-
emia and amplified by reperfusion, which partially contributes 
to myocardial dysfunction and cardiomyocyte death and even 
heart failure (48,49). caspase-3 exerts a pivotal role in the 
process of cell apoptosis, which is downstream of the Bcl-2 
family (50). The Bcl-2 family includes the anti-apoptotic Bcl-2 
and the pro-apoptotic Bax, and an increased Bcl-2/Bax ratio 
represents a protective effect of cells against apoptosis (50). 
In the process of apoptosis, Bcl-2 is capable of forming a 
heterodimer with Bax, thereby preventing Bax homodimeriza-
tion and the sequential activation of caspase-3 (51). Numerous 
studies have demonstrated that MI/R or H/R induce myocar-
dial apoptosis in in vivo and in vitro experiments (52,53). 

Figure 11. Hydrogen‑rich saline alleviates the inflammation response and apoptosis via PINK1/Parkin‑mediated mitophagy. (A) Myocardial I/R in vivo or 
H/R-induced injury in H9c2 cells in vitro led to autophagy and mitophagy activation, as evidenced by an increase in the expression of autophagy-associ-
ated proteins. In addition, the inflammation response and apoptosis were enhanced, thus resulting in deteriorated cardiac dysfunction. (B) Treatment with 
hydrogen ameliorated the aforementioned detrimental response. (c) Inhibition of autophagy by 3-MA treatment, or inhibition of mitophagy by PINK1 siRNA 
silencing, reversed the protection of hydrogen on cardiac function and myocardial cell injury. PINK1, PTEN-induced kinase 1; I/R, ischemia/reperfusion; 
H/R, hypoxia/reoxygenation; siRNA, small interfering RNA.



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  44:  1048-1062,  20191060

Sun et al (11) reported that I/R led to myocardial cell apoptosis 
by detection of caspase-3 and TUNEL and that hydrogen atten-
uated apoptosis in myocardial cells. This was corroborated by 
the findings of the present study. Treatment with hydrogen 
obviously inhibited apoptosis, by mitigating caspase-3 expres-
sion and alleviating the Bcl-2/bax ratio in MI/R-treated heart 
tissues, and hydrogen administration in vitro attenuated apop-
tosis in myocardial cell injury induced by H/R. Myocardial 
apoptosis triggers the inflammatory response and the release 
of excessive cytokines from the infarcted myocardium after 
acute myocardial infarction, consequently the secreted cyto-
kine TNF-α further stimulates infiltrating leukocytes and 
endothelial cells to release proinflammatory cytokines, such 
as IL-1β and IL-6, which then initiates the inflammation 
cascade, inflammation response, and the subsequent myocar-
dial dysfunction (54-57). downregulation of HMGB1 was 
reported to partially reduce myocardial I/R injury (58). In the 
present study, I/R or H/R injury caused the excessive release 
of TNF-α, IL-1β, IL-6 and HMGB1 in myocardium tissues 
and cells, and treatment with hydrogen significantly inhibited 
these effects.

Numerous studies have reported that under conditions of 
cellular stress, autophagy is increased in the myocardium, 
which is initially a protective response activated by the 
cells (20,23,35). ATG5, ATG12, beclin1 and Lc3 are key 
regulatory proteins of autophagy in cells (59). decreased 
mitochondrial autophagy (termed mitophagy) can cause 
inflammation and cell death, which results in degenera-
tive diseases (60). The PINK1/Parkin pathway is associated 
with marking dysfunctional mitochondria for clearance by 
autophagy (61). PINK1‑deficiency increased the susceptibility 
of the heart to I/R injury ex vivo (62). PINK1‑deficiency in mice 
contributed to heart failure more rapidly in response to pressure 
overload compared with wild-type mice (63). It has previously 
been reported that hydrogen-rich saline exerts a protective role 
in myocardial I/R injury via anti-oxidative, anti-apoptosis and 
anti‑inflammation mechanisms, which inhibit endoplasmic 
reticulum stress, regulate Akt and GSK3β protein expres-
sion and the expressions of the autophagy-related proteins 
mammalian target of rapamycin (mTOR), Beclin1 and Lc3, 
and mitochondrial-associated protein expression (30,44,64). 
Based on this previous literature, the present study focused on 
the mechanisms associated with autophagy, and then further 
examined the effect of PINK1/Parkin-mediated autophagy. 
The results of the present study indicated that MI/R or 
myocardial H/R induced mitophagy by increasing the expres-
sion levels of Lc3, ATG5, ATG12, beclin1, PINK1 and Parkin 
in vitro and in vivo, which are markers of mitophagy activity in 
cells. To further investigate the effect PINK1/Parkin-mediated 
autophagy on the hydrogen-treated myocardial H/R injury, 
specific siRNAs were used to silence the expression PINK1 
in myocardial cells. compared with the H/R group, PINK1 
silencing elevated the expression levels of the cytokines 
TNF-α, IL-1β, IL-6 and HMGB1, elevated caspase-3 expres-
sion, and decreased the Bcl-2/Bax ratio following H/R in 
myocardial cells. Therefore, PINK1 silencing partly reversed 
the protective effect of hydrogen on inflammation response 
and apoptosis in vitro.

In summary, the results of the present study demon-
strated that hydrogen‑rich saline alleviated the inflammatory 

response and apoptosis induced by MI/R or H/R, and contrib-
uted to the increased expression of proteins associated with 
autophagy. These findings suggested that hydrogen-rich 
saline alleviated the inflammatory response and apoptosis 
via PINK1/Parkin-mediated mitophagy. The present study 
also elucidated the detailed mechanism by which hydrogen 
protected myocardial injury from the inflammation response 
and apoptosis (Fig. 11). Since the present study provides a 
novel hypothesis for the mechanisms of hydrogen therapy, 
further studies will be needed in the future to fully eluci-
date the underlying mechanisms of hydrogen treatment in 
disease.
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