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Abstract

Aims Molecular hydrogen has been exhibited a protective function in heart diseases. Our previous study demonstrated that
hydrogen-rich saline (HRS) could scavenge free radicals selectively and alleviate the inflammatory response in the myocardial
ischaemia/reperfusion (I/R) injury, but the underlying mechanism has not been fully clarified.
Methods and results Adult (10 weeks) C57BL/6 male mice and neonatal rat cardiomyocytes were used to establish I/R and
hypoxia/reoxygenation (H/R) injury models. I/R and H/R models were treated with HRS to classify the mechanisms of
cardioproctective function. In this study, we found that miR-124-3p was significantly decreased in both I/R and H/R models,
while it was partially ameliorated by HRS pretreatment. HRS treatment also alleviated ischaemia-induced apoptotic cell death
and increased cell viability during I/R process, whereas silencing expression of miR-124-3p abolished this protective effect. In
addition, we identified calpain1 as a direct target of miR-124-3p, and up-regulation of miR-124-3 produced both activity and
expression of calpain1. It was also found that compared with the HRS group, overexpression of calpain1 increased caspase-3
activities, promoted cleaved-caspase3 and Bax protein expressions, and correspondingly decreased Bcl-2, further reducing cell
viability. These results illustrated that calpain1 overexpression attenuated protective effect of HRS on cardiomyocytes in H/R
model.
Conclusions The present study showed a protective effect of HRS on I/R injury, which may be associated with miR-124-3p–
calpain1 signalling pathway.
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Introduction

Ischaemic heart disease including myocardial infarction (MI)
and myocardial injury is one of the leading causes of morbid-
ity and mortality in China, with age-standardized mortality in-
creased by 20.6% from 1990.1 Unrelieved ischaemia causes
permanent damage to the myocardium during acute MI.
Reperfusion therapy is the most common and effective
treatment against ischaemic heart disease; however, the pro-
cess of reperfusion after ischaemia causes ischaemia/reper-
fusion injury (I/R injury), which may induce sustained
myocardial damage.2 Hydrogen (H2) has been proved to be

protective in ischaemia reperfusion injury of several organs,
including brain, liver, transplanted ischaemic kidney and
myocardium,3–6 and even in experimental settings in
humans,7 but the accurate mechanism is not fully under-
stood. Recently, it was reported that hydrogen-rich saline
(HRS) exhibits the protective effects through interfering
miRNA expressions, and the research suggested that HRS
could regulate miR-21 and miR-210 in brain I/R process, fur-
ther offering a neuroprotective effect.8,9

MicroRNAs (miRNAs) are endogenous RNAs that play regu-
latory roles in multicellular organism by targeting mRNAs for
degradation or translational repression.10,11 It has been
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found that miRNA participated in the process of myocardial
I/R injury by regulating apoptosis-related genes. Some
miRNAs inhibited myocardial apoptosis; for example, overex-
pression of miR-494 reduced I/R injury and exerted myocar-
dial protection by regulating pro-apoptotic gene PTEN,12

whereas many miRNAs increased cell apoptosis, as reported
that miR-15b promoted cardiomyocyte apoptosis through
inhibiting the expression of Bcl-2 protein, promoted the re-
lease of mitochondrial cytochrome c, and increased the de-
polarization of mitochondrial membrane.13

MiR-124 was firstly reported being highly expressed in the
central nervous system.14 However, the critical roles of
miR-124 in the pathophysiology of various diseases are being
progressively recognized, especially in regulating process of
cell apoptosis. Several studies have suggested that miR-124
possesses anti-apoptosis effects, as proved that miR-124 in-
hibits spinal neuronal apoptosis through binding to GCH115

and that miR-124-3p attenuates hyperphosphorylation of
Tau protein-induced apoptosis.16 Conversely, inhibition of
miR-124 reduces cardiomyocyte apoptosis following MI via
targeting signal transducer and activator of transcription 3
(STAT3).17 However, it remains unclear whether miR-124
was downstream regulated by HRS and which genes it targets
during myocardial I/R injury.

Calpains belong to a family within the unique property of
using protein cleavage to modify the activity or function of
their substrate proteins, which was shown to be critical in nu-
merous cellular functions, including cytoskeletal remodelling,
cellular signalling, and apoptosis.18,19 Previous studies uncov-
ered the effects of calpain1 in heart diseases such as heart
failure, pathological cardiac remodelling, and cardiac
hypertrophy.20–22 However, the function of calpain1 in I/R in-
jury and its significance has not been fully demonstrated. It
was found in the prediction using TargetScan software that
calpain1 might be a potential target for miR-124. Here, we
hypothesized that miR-124–calpain1 signalling exerts a vital
regulatory effect on the protective function of HRS during
I/R injury.

Methods

Animals

Adult C57BL/6 mice weighing 20–25 g were obtained from
the Shanghai SLAC Laboratory Animal Co., Ltd and housed
with free access to food and water under 12 h light–dark cy-
cle and acclimated for 7 days prior to any experimental pro-
cedure. A total of 50 adult male mice were divided into five
groups; among the 10 mice per group, heart tissues from five
mice were used for the TTC/Evans staining and the others
were collected and stored at �80°C until detection. All exper-
imental procedures were approved by the Institutional Ani-

mal Care and Use Committee of the Shanghai Changzheng
Hospital and were conducted in strict accordance with the
National Institutes of Health guidelines for the use of experi-
mental animals. The investigation conforms to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1985).

Hydrogen-rich saline production

According to the procedure described in our previous
studies,23,24 hydrogen was dissolved in 0.9% saline for 6 h un-
der high pressure (0.4 MPa) to a supersaturated level by
using a hydrogen producing apparatus. HRS was stored under
an atmospheric pressure at 4°C in an aluminium bag with no
dead volume, sterilized by gamma radiation. To confirm the
concentration of hydrogen, gas chromatography was per-
formed. HRS was freshly prepared every week to ensure that
the concentration was maintained at 0.6 mmol/L.

Isolation of neonatal rat cardiomyocytes

Neonatal rat cardiomyocytes (NRCMs) were isolated accord-
ing to previous research.25,26 Briefly, neonatal rats (1-day-
old) were anaesthetized with carbon dioxide and sacrificed
by cervical dislocation. The hearts were quickly taken and
cut into pieces of ~1 mm3 in the pre-cooled Hank’s Balanced
Salt Solution, and the blood clot around the heart tissue was
removed as much as possible. Then cardiac tissues were
transferred to a glass bottle and digested in the enzyme so-
lution containing 0.125% trypsin and 0.1% type II collage-
nase. Next, the bottle was put into a preheated cell vibrator
for 30 min with 0.22 g at 37°C. After digestion, the superna-
tant was collected and added into Dulbecco’s modified
Eagle’s medium (DMEM)/F12 medium containing 10% foetal
bovine serum (FBS). Fresh enzyme solution buffer was
added into the remaining tissue pieces for another 20 min.
The digestion procedure was repeated four times. After
the last collection of all cell suspensions, the cells were fil-
tered through a 70 μm filter and centrifuged at 112 g for
10 min, and the supernatant was discarded. The total cells
were resuspended in DMEM/F12 medium containing 10%
FBS and seeded in a cell culture dish. After 2 h of incuba-
tion, cardiac fibroblasts adhered to the culture dish while
NRCM cells remained to suspend in medium. At this time,
the cell suspension was collected and seeded into a new cul-
ture dish at a concentration of 5 × 105/mL, and BrdU was
added to make the final concentration of 0.1 mmol/L. Fi-
nally, NRCM cells were cultured overnight for subsequent
experiments.
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In vitro hypoxia/reoxygenation injury

Hydrogen was diluted in normal culture medium to prepare
0.6 mmol/L of HRS culture medium as reported previously.23

In order to maintain a supersaturated concentration, HRS cul-
ture medium was freshly prepared every week. The proce-
dure of in vitro hypoxia/reoxygenation (H/R) injury was per-
formed as previously published.27 NRCM cells were cultured
in both serum- and glucose-free DMEM in a humidified envi-
ronment with 95% N2 and 5% CO2 for hypoxic conditions.
After 4 h of incubation, cells of the control group were
transferred with regular culture medium while cells of the
HRS group were cultured in HRS medium for 12 h of
reoxygenation.

In vivo mice ischaemia/reperfusion model

Ten-week-old male C57BL/6 mice were used in in vivo exper-
iments. The mice I/R injury model was established according
to previous research.28,29 Briefly, the mice were anaesthe-
tized with sodium pentobarbital (50 mg/kg i.p.) and thoracot-
omy was performed between the second and third ribs. After
the pericardium was incised, a 7–0 ligature was passed un-
derneath the left anterior descending coronary artery (LAD)
and was tied to produce an occlusion for 30 min of ischaemia.
The HRS solution (10 mL/kg) or normal saline (10 mL/kg) was
administered via intraperitoneal injection at 5 min prior to
reperfusion. Then the ligature was removed and the chest
was closed for 24 h of reperfusion. The mice of the sham
operation group included all procedures except ligation of
the LAD.

In vivo delivery of miR-124-3p inhibitor

After mice received sodium pentobarbital and thoracotomy
was performed, miR-124-3p inhibitor was prepared for injec-
tion. The administered dosage for each mouse was 3 nmol,
and every mouse received three injection points in left ven-
tricular anterior wall. After 24 h of injection, mice received
thoracotomy again, and then I/R model was established.
After LAD was ligated for 30 min and reperfusion for 24 h,
the TTC/Evans staining was performed and then the heart
was harvested.

Assessment of lactate dehydrogenase and
caspase-3 activity

The release of lactate dehydrogenase (LDH) in cell culture
medium was measured to detect the degree of myocardial in-
jury. LDH activities were detected using LDH detection kits
(Beyotime, China) according to the manufacturer’s instruc-

tions. Caspase-3 activity was determined using a commercial
caspase-3 activity assay kit (Promega Biotech Co., Ltd). Briefly,
NRCMs were plated in 96-well plates and exposed to H/R in-
jury, and the solution was replaced with either regular me-
dium or HRS medium before the reoxygenation process.
Ninety-six-well plates containing cells were removed from
the incubator, and 100 μL of Caspase-Glo® 3 Reagent was
added to each well. After being mixed softly for 1 min, the
96-well plates were incubated at 37°C for another 1 h. The lu-
minescence was then measured by luminometer.

Luciferase reporter assay and cell transfection

The full length of 3′-untranslated region (3′-UTR) calpain1
containing the predicted miR-124-3p binding sites were am-
plified by PCR and cloned into the downstream of the dual lu-
ciferase reporter gene in psiCHECK2 (Promega, USA) vectors.
Site-directed Gene Mutagenesis Kit (Beyotime) was used to
generate recombinant calpain1-mutation vector. 293A cells
were cotransfected with wild-type calpain1 (calpain1-wt) or
mutant-type calpain1 (calpain1-mut). The cells were also
cotransfected with miR-124-3p mimics or miR-negative con-
trol using the same methods. After 36 h of transfection, the
luciferase activity was determined using the Dual Luciferase
Reporter Gene Assay Kit (Beyotime). The Renilla luciferase ac-
tivity was regarded as the normalization. Transfections were
performed using Lipofectamine 3000 (Invitrogen) according
to the manufacturer’s instructions. miR-124-3p mimics and
inhibitors (Guangzhou RiboBio Co., Ltd) were also transfected
into NRCM cells using Lipo 3000 as a transfection reagent.

Quantitative real-time RT–PCR of miRNA

RNA (including miRNA) was extracted using a TRIzol kit
(Life Technologies) according to the product instructions.
miRcute Plus miRNA Kit (Tiangen Biotech) was used for reverse
transcription into cDNA. The housekeeping genes (U6) was
used for normalization. The primer sequences used were
as follows: miR-124-3p-forward: 5′-GCTTAAGGCACGCGG-3′,
miR-124-3p-reverse: 5′-GTGCAGGGTCCGAGG-3′; U6-forward:
5′-CTCGCTTCGGCAGCACATATACT-3′, U6-reverse: 5′-ACGCTT
CACGAATTTGCGTGT-3′.

Western blot

After different kinds of treatment, including miRNA transfec-
tion, adenovirus infection, and HRS pretreatment, NRCMs
were exposed to H/R injury. After reoxygenation, cells were
harvested in phosphate-buffered saline and lysates were
prepared by tissue lysis buffer. Protein concentration was
determined by bicinchoninic acid protein assay. Equal
amounts were separated by sodium dodecyl sulfate–
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polyacrylamide gel electrophoresis gels and then transferred
to a polyvinylidene difluoride (PVDF) membrane. The band
density of specific proteins was quantified after normalization
with the density of glyceraldehyde 3-phosphate
dehydrogenase.

Heart function evaluation

The heart function variables of C57BL/6 mice including
ejection fraction (EF%), heart rate, left ventricular
end-diastolic volume (LVEDV), left ventricular end-systolic
volume (LVESV), and left ventricular posterior wall were
measured by ultrasound (Vevo-2100). EF was calculated as
EF = [(LVEDV � LVESV)/LVEDV] × 100%.

TTC/Evans staining

At the end of the myocardial I/R protocol, the heart was re-
moved immediately, and then ~0.5 mL of 4% Evans blue
dye (Sigma) was injected into the aorta to show the
non-ischaemic area. Myocardial areas not stained with Evans
blue were defined as risk areas (AARS). The heart was
wrapped in polyethylene and frozen for 10 min to harden.
After that, the heart was cut into seven transverse slices
and incubated at room temperature in 1% TTC in
phosphate-buffered saline for 15 min to distinguish between
viable (brick red) and infarcted (pale) myocardium. Then, the
heart slices were fixed overnight in 10% neutral buffered
formaldehyde for better colour contrast and digital imaging.
Infarct size, AARS, and non-risk area were quantified by the
percentage of total myocardial area using the Image-Pro Plus
5.0 software.

Assessment of creatine kinase-MB and cardiac
troponin I

Mouse blood samples were collected from the heart, and
then blood were centrifuged at 1000 g for 5 min and stored
at �80°C until detection. The levels of serum creatine
kinase-MB and cardiac troponin I were measured with ELISA
Kit (Sigma and Abcam, USA) in accordance with the manufac-
turer’s instructions. Briefly, 100 μL standard or samples were
added to each well for 1.5 h at 37°C. Then, the liquid was
removed and added with conjugate antibody working solu-
tion for 1 h at 37°C. Thereafter, the wells were washed three
times before adding 100 μL of horseradish peroxidase-avidin
(1×) to each well for 1 h at 37°C. After washing for three
times, substrate reagent was added into each well for
15 min at 37°C in the dark. At last, the reaction was stopped
by adding top solution to each well and read at 450 nm
within 5 min.

Cell viability assessment

A Cell Counting Kit-8 (CCK-8) assay (Beijing Solarbio Science &
Technology Co., Ltd) was used to assess cell viability accord-
ing to the protocol of the kit. Briefly, NRCMs were seeded
into 96-well plates and grown to 75% confluence. Following
transfection, CCK-8 reagent was added to each well and incu-
bated for 1 h at 37°C. The absorbance of each well was mea-
sured at a wavelength of 450 nm on a microplate reader
(Thermo Fisher Scientific, Inc.). For clonogenic assays, NRCMs
were plated into six-well plates at a density of 4000–8000
cells per well. After 24 h, cells were cultured in a hypoxia
chamber (Billups-Rothenberg, Inc.) at 37°C for the indicated
time points. Cells were fixed with 10% formalin at room tem-
perature for 10 min, followed by staining with 0.02% crystal
violet at room temperature for 10 min. Then, cell numbers
were counted under a dissection microscope.

Bioinformatics and statistical analysis

The miRNA targets predicted by computer-aided algorithms
were obtained from TargetScanMouse 7.1 (http://www.
targetscan.org). Statistical analysis was performed using
GraphPad Prism 5.01 software. All the data were presented
as means ± standard error of the mean. Comparisons be-
tween the two groups were analysed using a Student’s t-test.
A one-way ANOVA followed by post hoc Tukey’s test was
used to analyse differences between multiple groups.
P < 0.05 was considered as statistical significance.

Results

Hydrogen-rich saline improves heart function
after ischaemia/reperfusion and increases
miRNA-124-3p expression

To determine the in vivo and in vitro protective effects of
HRS, we first established mice I/R model and NRCM H/R
model as described in the Methods section. As shown in
Figure 1A,B,E,G, HRS treatment significantly improved mice
heart function after I/R injury. Furthermore, treatment of
HRS solution alleviated the damage of hypoxia to cardiomyo-
cytes. CCK-8 assay revealed that cell viability was markedly in-
creased while the expression of LDH in culture medium and
cell caspase-3 activity was both decreased after being ex-
posed to HRS solution (Figure 2A–C). To clarify which miRNAs
were involved in protective effect of HRS in myocardial I/R in-
jury, real-time quantitative PCR analysis was conducted and
the results showed that the expression of miR-124-3p in
cardiomyocyte was decreased both in I/R injury and in H/R
injury, which was partially rescued by HRS treatment,
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Figure 1 Hydrogen-rich saline (HRS) improves heart function after ischaemia/reperfusion (I/R). (A) TTC/Evans staining of mice heart after I/R injury. (B)
Infarct size of mice heart after I/R injury. (C) Representative images of ultrasound for mice heart function. (D–G) Heart rate (HR), left ventricular
end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), and ejection fraction (EF) in different groups. *P < 0.05, **P < 0.01,
and ***P < 0.001.
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Figure 2 Hydrogen-rich saline (HRS) decreases neonatal rat cardiomyocyte (NRCM) apoptosis in response to hypoxia/reoxygenation (H/R) injury and
increases miRNA-124-3p expression. (A) Cell viability of NRCMs after H/R injury was measured. (B) Lactate dehydrogenase (LDH) activity of NRCM cul-
ture medium after H/R injury was measured. (C) Caspase-3 activity of NRCMs after H/R injury was measured. (D, E) miRNA-124-3p expression was
measured after ischaemia/reperfusion (I/R) and H/R injury. *P < 0.05, **P < 0.01, and ***P < 0.001.
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indicating that miR-124-3p may exert potential role in HRS
treatment.

Overexpression of miRNA-124-3p decreases
neonatal rat cardiomyocyte apoptosis induced by
hypoxia/reoxygenation injury

At present, many researchers have reported the function of
miR-124-3p in regulating apoptosis. However, there are few
studies focused on the role of miR-124-3p in the cardiovascu-
lar system. We found that miR-124-3p was decreased after
I/R in vivo and H/R injury in vitro (Figure 2D,E). In that case,
we then examined the effect of miR-124-3p on H/R-induced
myocardial apoptosis. As shown in Figure 3A, the expression
level of miR-124-3p was effectively elevated by miR-124-3p
mimic. Caspase-3 activities and LDH were reduced and cell

viability was increased in the miRNA-124-3p overexpression
group compared with the H/R group. Then, we tested the ef-
fect of miR-124-3p mimic on the apoptosis proteins, such as
cleaved-caspase3, Bax, and Bcl-2 via western blot assay. As
shown in Figure 3, the protein expressions of cleaved-
caspase3 and Bax significantly declined after being
transfected with miR-124-3p mimic, while Bcl-2 protein was
increased.

Down-regulation of miR-124-3p abolishes heart
protective effect of hydrogen-rich saline

To explore the role of miR-124-3p in HRS-induced heart pro-
tective effect, the expression of miR-124-3p was repressed by
miR-124 inhibitor. As shown in Figure 4A, the expression level
of miR-124-3p was effectively reduced by miR-124-3p

Figure 3 Overexpression of miRNA-124-3p decreases myocardial apoptosis induced by hypoxia/reoxygenation (H/R) injury. (A) Expression of miR-124-
3p increased after transfection of miR-124-3p mimic in neonatal rat cardiomyocytes (NRCMs). (B) Cell viability of NRCMs after H/R injury was mea-
sured. (C) Lactate dehydrogenase (LDH) activity of NRCM culture medium after H/R injury was measured. (D) Caspase-3 activity of NRCMs after H/
R injury was measured. (E, F) Protein expressions of caspase-3, Bcl-2, and Bax were detected by western blot. *P< 0.05, **P< 0.01, and ***P< 0.001.

HRS alleviates I/R injury by reducing expression of calpain1 3083

ESC Heart Failure 2023; 10: 3077–3090
DOI: 10.1002/ehf2.14492



inhibitor both in vivo and in vitro. The results of CCK-8, LDH,
and caspase-3 activity assays showed that after H/R injury,
LDH from culture medium and caspase-3 activity in the
HRS + miR-124-3p inhibitor group were remarkably in-
creased, while cell viability was lower, than those in the
HRS + miR-negative-control inhibitor group, and the differ-
ences were statistically significant. In vivo experiments
showed that significant decreased myocardial infarct size
was observed in the HRS treatment group relative to the I/
R group. However, we found that in vivo delivery of miR-
124-3p inhibitor into the myocardium markedly abolished
HRS-induced cardiac protection Figure 5. In addition, the
values of EF in HRS + miR-124-3p inhibitor transfected hearts
were significantly lower than the HRS group after I/R.

Calpain1 is a direct target of miR-124-3p

As a key cellular survival factor, calpain1 played crucial roles in
regulating apoptosis not only in cancer cells19,30,31 but also in
cardiac pathophysiology. Previous studies demonstrated that
calpain1 is important in promoting cardiomyocyte apoptosis
under various pathological conditions.32–34 In response to
hypoxia, calpain1 is activated and contributes to I/R injury.
However, the upstream regulatory molecules of calpain1 and
the relationship between calpain1 and miRNAs had not been
fully clarified. In this study, it was found that calpain1 might
be a potential target gene for miR-124-3p analysed by
TargetScan 7.1 software, and one miR-124-3p binding site
was identified within the 3′-UTR of calpain1 mRNA. In order

Figure 4 Down-regulation of miR-124-3p abolishes heart protective effect of hydrogen-rich saline (HRS) induced by hypoxia/reoxygenation (H/R) in-
jury. (A) Expression of miR-124-3p decreased both in vivo and in vitro after being treated with miR-124-3p inhibitor. (B) Cell viability of neonatal rat
cardiomyocytes (NRCMs) after H/R injury was measured. (C) Lactate dehydrogenase (LDH) activity of NRCM culture medium after H/R injury was mea-
sured. (D) Caspase-3 activity of NRCMs after H/R injury was measured. *P < 0.05, **P < 0.01, and ***P < 0.001.
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to further confirm the interaction between miR-124-3p and
calpain1 in cardiomyocyte, relevant assays were applied. As
shown in Figure 6C–E, transfection of miR-124-3p mimic de-
creased both expression of calpain1 and calpain1 activity in
NRCMs. In order to further confirm the interaction between
miR-124-3p and calpain1, the responses of the calpain1-wt
and calpain1-mut to miR-124-3p and miR-NC were examined
by dual luciferase assay. The results showed that the lucifer-
ase activity was significantly decreased in the miR-124-3p
mimic + calpain1-wt group compared with the miR-
NC + calpain1-wt group, while it had no significant changes
in the miR-124-3p mimic + calpain1-mut group (Figure 6A,B).

These results demonstrated that miR-124-3p mimic could de-
crease the level of calpain1 through targeting the predicted
sequence. All the data illustrated that miR-124-3p inhibited
the expression of calpain1 in cardiomyocyte.

Calpain1 overexpression attenuates protective
effect of hydrogen-rich saline on cardiomyocytes

To further confirm the functional involvement of calpain1 in
the regulation of apoptosis by HRS solution, both adenovirus
of calpain1 and HRS were used in the following experiments.

Figure 5 Down-regulation of miR-124-3p abolishes heart protective effect of hydrogen-rich saline (HRS). (A) Infarct size of mice heart after ischaemia/
reperfusion (I/R) injury. (B) Heart rate (HR), (C) left ventricular end-diastolic volume (LVEDV), (D) left ventricular end-systolic volume (LVESV).
*P < 0.05, **P < 0.01, and ***P < 0.001.
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We found that ad-calpain1 significantly increased the calpain1
expression in NRCMs. Furthermore, as shown in Figure 7,
caspase-3 activities and LDH were increased and cell viability
was reduced in the calpain1 overexpression group compared

with the HRS group. Next, apoptosis-related proteins includ-
ing cleaved-caspase3, Bax, and Bcl-2 were examined via west-
ern blot assay. We found that compared with HRS-treated
NRCMs, the protein expressions of cleaved-caspase3 and

Figure 6 Calpain1 is a direct target of miR-124-3p. (A) The predicted binding sites for miR-124-3p in calpain1 mRNA. (B) MiR-124-3p significantly de-
creased the luciferase activity of wild-type calpain1 (calpain1-wt) but not mutant-type calpain1 (calpain1-mut) in 293A cells. (C) Expression of calpain1
mRNA decreased after overexpression of miR-124-3p. (D) Calpain1 activity decreased after overexpression of miR-124-3p. (E) Expression of calpain1
protein decreased after overexpression of miR-124-3p.
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Figure 7 Calpain1 overexpression attenuates protective effect of hydrogen-rich saline (HRS) on cardiomyocytes. (A) Expression of calpain1 increased
after being treated with Ad-calpain1 in neonatal rat cardiomyocytes (NRCMs). (B) Cell viability of NRCMs after hypoxia/reoxygenation (H/R) injury was
measured. (C) Lactate dehydrogenase (LDH) activity of NRCM culture medium after H/R injury was measured. (D) Caspase-3 activity of NRCMs after H/
R injury was measured. (E, F) Protein expressions of caspase-3, Bcl-2, and Bax were detected by western blot. *P< 0.05, **P< 0.01, and ***P< 0.001.
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Bax significantly increased after calpain1 overexpression,
while bcl-2 protein was decreased. These results illustrated
that calpain1 overexpression abolished protective effect of
HRS on cardiomyocytes in H/R model.

Discussion

HRS has been shown to possess anti-inflammatory,
anti-apoptosis, and anti-oxidative stress effects, further
exhibiting a protective function in heart diseases,6,35,36 but
the accurate mechanism underlying this protection is not very
clear. Recently, it was reported that the protective effect of
HRS on acute cerebral I/R was partially involved in regulating
the expression of miR-21 and miR-210. Several studies have
investigated that HRS treatment up-regulated the expression
of miR-21 and down-regulated the expression of miR-1 in
the myocardium.We also reported the miR-1 in the protective
effect of hydrogen sulfide against cardiomyocyte apoptosis
induced by I/R.37 Additionally, HRS pretreatment altered
levels of a total of 64 intestinal I/R-responsive miRNAs, includ-
ing miR-199a-3p, miR-296-5p, miR-5126, and miR-6538.8,9

However, the miRNAs regulated by HRS in myocardial I/R
injury remain unknown. In the present study, we focused on
the expression changes of miRNAs and its potential function
during HRS treatment in mice I/R model. Our data illustrated
that miR-124 was decreased after I/R injury, while HRS
treatment partly reversed this effect, indicating that
miR-124 may take part in the HRS-induced protective effect.

MiR-124 is highly expressed in normal brain of human.38

Previous studies mainly focused on the role of miR-124 in
neuronal functions and injuries.39–41 Studies have shown that
miR-124 plays an important role in the neuroprotection fol-
lowing I/R injury, suggesting that it may be involved in the
pathophysiology of heart I/R injury. Recently, many re-
searchers have illustrated that miR-124 is also involved in
the regulation of heart diseases. For example, it was found
that cardiac expression of miR-124 was increased in patients
and mice with heart failure, and miR-124 is an important neg-
ative regulator of cardiac angiogenesis and function, likely by
suppressing the expression of CD151 in heart cells.42 More-
over, doxorubicin has been shown to promote the generation
of reactive oxygen species and cardiomyocyte apoptosis,
while miR-124 could attenuate this oxidative stress injury by
inhibiting p66Shc signalling pathway.43 In addition, miR-124
has been shown to possess regulatory functions in MI. By
using the bioinformatics network analysis of microarray data,
miR-124 was identified as a critical modulator in MI.44 It was
found that miR-124 was increased in a mouse MI model.17

Furthermore, miR-124 overexpression aggravated hypoxia in-
jury by decreasing viability, migration, and invasion, as well as
promoting apoptosis.45 Nevertheless, the function of miR-
124-3p in the pathogenesis of I/R remains unclear. A recent

study46 showed that the expression of miR-124 in the infarct
zone was increased relative to the remote zone and miR-124
promoted cell apoptosis in a rat MI model. In this study, how-
ever, we found that miR-124 decreased in mice I/R model
with 30 min of ischaemia and reperfusion for 24 h compared
with the sham group, indicating that the miR-124 level might
fluctuate with different reperfusion durations. However,
further research is needed to fully understand the effects of
HRS treatment on the expression profile of miRNAs in the
myocardium.

It was proved that miR-124 played an important role in
modulating the process of cell apoptosis and related to sev-
eral target genes, such as GCH1, EDNRB, and PDCD6.47–49 In
this study, it was found that, for the first time, calpain1 might
be another direct target gene for miR-124 analysed by
TargetScan software, and the interaction between miR-124
and calpain1 in cardiomyocyte was confirmed through rele-
vant assays. Previous studies showed that calpain1 not only
participated in the progress of apoptosis but also possessed
both anti-apoptosis and pro-apoptosis effects.32,50,51 In the
present study, we found that both the activity and protein ex-
pression of calpain1 increased after H/R injury, and it could
be reversed by HRS treatment. In addition, it was showed
that ad-calpain1 significantly increased the calpain1 expres-
sion and caspase-3 activities were increased in the calpain1
overexpression group compared with the HRS group. Further-
more, we found that compared with HRS-treated NRCMs, the
apoptosis-related protein expressions of cleaved-caspase3
and Bax significantly increased after calpain1 overexpression,
while Bcl-2 protein was decreased. These results illustrated
that calpain1 overexpression abolished protective effect of
HRS on cardiomyocytes in H/R injury, further supporting the
role of calpain1 as a pro-apoptotic factor in myocardial H/R
injury. In this study, we focused on the effects of miR-124
on the expression of calpain1. Excluding calpain1, miR-124
has several putative target molecules including tumour ne-
crosis factor-α, interleukin-6, hypoxia-inducible factor-1α,
and STAT3 according to the papers published previously,
but these additional target molecules were not investigated
in this study. It is possible that these target molecules could
contribute to the protective effect of HRS. However, few
studies focused on the relationship between HRS–miR-124
and target molecules, and further investigations are needed
to explore the effects of miR-124 modulation on these
potential targets and to determine their role in the protective
effect of HRS.

Several study limitations should be considered in this
study. First, the present study did not include the long-term
effects of HRS treatment on cardiac function and overall sur-
vival after I/R injury, which needs further investigation. Sec-
ond, the effect of miR-124 cardiac-specific overexpression
on the I/R mouse model was not investigated in this study.
Third, the study mainly focused on the miR-124-3p and
calpain1 signalling pathway, but other potential signalling

3088 X. Xue et al.

ESC Heart Failure 2023; 10: 3077–3090
DOI: 10.1002/ehf2.14492



contributing to the cardioprotective effects of HRS might not
have been considered.

In conclusion, our study demonstrated that HRS treatment
could protect cardiomyocytes from I/R and H/R injury by reg-
ulating the miR-124-3p/calpain1 pathway. These findings pro-
vide new insights into the underlying mechanisms of
HRS-mediated cardioprotection and suggest that HRS, miR-
124-3p, and calpain1 may be potential therapeutic targets
for the clinical treatment of myocardial I/R injury in human.
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