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Abstract
Myocardial ischemia/reperfusion injury (MIRI) causes severe damage in cardiac tissue, thereby resulting in a high rate of
mortality. 6-Gingerol (6-G) is reported to play an essential role in alleviating MIRI. However, the underlying mechanism
remains obscure. This study was intended to explore the potential mechanism by which 6-G functions. Q-PCR was
employed to quantify the relative RNA levels of long noncoding RNA (lncRNA) H19 (H19), miR-143, and ATG7, an
enzyme essential for autophagy, in HL-1 cells. Western blotting, immunofluorescence, and immunohistochemistry were
employed for protein evaluation in cultured cells or mouse tissues. Cell viability, cytotoxicity, and apoptosis were analysed
by CCK-8, LDH, and flow cytometry assays, respectively. The binding sites for miR-143 were predicted using starBase
software and experimentally validated through a dual-luciferase reporter system. Here, we found that 6-G elevated cellular
H19 expression in hypoxia/reoxygenation (H/R)-treated HL-1 cells. Moreover, 6-G increased Bcl-2 expression but reduced
cleaved caspase 3 and caspase 9 protein levels. Mechanistically, H19 directly interacted with miR-143 and lowered its
cellular abundance by acting as a molecular sponge. Importantly, ATG7 was validated as a regulated gene of miR-143, and
the depletion of miR-143 by H19 caused an increased in ATG7 expression, which in turn promoted the autophagy process.
Last, mouse experiments highly supported our in vitro findings that 6-G relieves MIRI by enhancing autophagy. The H19/
miR-143/ATG7 axis was shown to be critical for the function of 6-G in relieving MIRI.

Introduction

Acute myocardial infarction (AMI) is a leading threat to
human health and survival worldwide and confers high
morbidity and mortality [1]. Currently, rapid reperfusion is a
dominant strategy for the treatment of AMI, which, however,
induces abnormal cardiac functions, such as myocardial
ischemia/reperfusion injury (MIRI) [2]. Clinically, thrombo-
lytic therapy or percutaneous coronary intervention is a
widely adopted therapeutic strategy to reduce the incidence of
subsequent heart failure and mortality [3]. The mortality rate
of MIRI is still as high as 10% among AMI patients who
receive rapid reperfusion therapy [4]. Thus, there is an urgent
demand to develop novel drugs to prevent mortality caused
by MIRI.

Thus far, knowledge about the cellular mechanisms
underlying MIRI is still extremely limited. Previous find-
ings indicated that cellular oxidative induction, inflamma-
tory responses, Ca2+ overload, and apoptosis contribute
substantially to the incidence and pathophysiology of
MIRI [5].
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Among these, an increasing number of reports have
documented that inhibiting the apoptosis of cardiomyocytes
contributes greatly to alleviating MIRI [6, 7]. Autophagy is an
important intracellular degradation process that can be trig-
gered by cellular stress, such as hypoxia, energy depletion,
nutrient deprivation, and ER stress [8]. Previously, autophagy
was believed to play a protective role in alleviating MIRI [9].
Our pilot research showed that autophagy is closely involved
in the pathophysiology of MIRI, which suggested a sig-
nificantly reduced autophagy level in the MIRI model.
Accordingly, exploring core factors involved in MIRI and
developing a rational intervention to reduce apoptosis or
promote autophagy following ischemia-reperfusion is of great
clinical significance.

Noncoding RNAs, including long noncoding RNAs
(lncRNAs, > 200 nt) and microRNAs (miRNAs, approxi-
mately 20–22 nt), have already been extensively studied in
the last decade. Accumulating reports have indicated a close
association of lncRNAs with MIRI [10, 11]. Among these
lncRNAs, lncRNA H19, a core regulator in embryonic
development [12, 13], has also been widely indicated to be
involved in MIRI by regulating miRNA-dependent path-
ways [14, 15]. Interestingly, Zhou et al. reported that H19
could protect mice from AMI by activating autophagy [16].
These results greatly prompted us to explore potential drugs
targeting the H19 regulatory axis, which may provide a
novel therapeutic strategy for AMI.

Encouragingly, ginger, an ancient traditional medicinal
and edible plant, has broad applications in treating car-
diovascular diseases for thousands of years in China. 6-
Gingerol (6-G), a core ingredient in ginger, plays critical
roles in regulating inflammation as well as the PI3K/Akt
signaling pathway [17, 18]. However, it is still unclear
whether 6-G is involved in regulating H19-mediated MIRI
alleviation.

Therefore, we performed the present study to investigate
whether and how 6-G regulates H19-mediated MIRI alle-
viation. We revealed that cellular H19 was upregulated by
6-G and subsequently promoted the autophagy process,
which in turn provided myocardial protection against MIRI.

Materials and methods

Cell culture and treatment

HL-1 cells were commercially provided by American Type
Culture Collection (ATCC, VA, USA) and maintained in
Claycomb Medium supplemented with 10% FBS, 100 µM
norepinephrine, 2 mM L‐glutamine, 100 U/ml streptomy-
cin, and 100 U/ml penicillin at 37 °C with 5% CO2. For
hypoxia/reoxygenation (H/R) treatment, 105 cells were
prepared in 6-well plates and incubated in a hypoxia

chamber (94% N2, 5% CO2 and 1% O2 at 37 °C) for 16 h.
Thereafter, the cells were incubated in an atmosphere of
5% CO2 for 6 h. To evaluate the effect of 6-G on H/R-
induced MIRI, different experimental groups were estab-
lished as follows: (1) control group (cultured under normal
culture conditions); (2) H/R-challenged group; (3) H/R-
treated cells cultured with 20 µM 6-G; and (4) other
components added accordingly, such as 3-methyladenine
(3-MA; 5 mM), chloroquine (CQ; 10 µM), sh NC (60 nM),
sh H19 (60 nM), miR-143 inhibitor (60 nM), and
pcDNA3.1-ATG7 (1 µg). The cells were then harvested for
subsequent assays.

Plasmid construction and cell transfection

The shRNA oligonucleotides against H19 were synthesized
by GenePharma (Shanghai, China) and cloned into the
pLKO.1 puro vector (Addgene, USA). ATG7 cDNA was
acquired through RT-PCR and then cloned into the pcDNA
3.1-expressing vector (Invitrogen). The transfection of the
indicated constructs was conducted by using Lipofectamine
3000 following the manufacturer’s guidance (Invitrogen,
USA). After 48 h, the cells were used for subsequent
experiments.

Cell viability assay

Cell viability was determined by a CCK-8 kit (Donjindo)
according to the manufacturer’s instructions. Briefly, 1 ×
103 cells were plated in 96-well plates and incubated
overnight. Then, cells in each well were mixed with 10 μl
CCK-8 solution and incubated for 2 h. The absorbance at
450 nm was measured using a microplate reader (Bio-Rad,
Hercules, CA, USA).

Cytotoxicity assay

The cytotoxic activity was determined by measuring the
level of lactate dehydrogenase (LDH) in the medium with
an LDH Cytotoxicity Detection Kit (Roche, Basel, Swit-
zerland) according to the manufacturer’s instructions. The
absorbance of each well was determined at 490 nm using a
microplate reader (Becton Dickinson, USA).

Cell apoptosis assay

HL-1 cells were pretreated with 6-G and transfected with
the indicated plasmids. Twenty-four hours later, cells from
each well were collected and washed with PBS. The cells
were then incubated with 5 µl of annexin V-fluorescein
isothiocyanate for 15 min, followed by 2 µl of propidium
iodide (PI) for 10 min. Apoptotic cells were quantified by a
flow cytometer (BD Biosciences, USA).
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RNA extraction and quantitative PCR

Total RNA extraction was completed by using TRIzol
reagent (Invitrogen, USA). Total RNA was reverse tran-
scribed into cDNA using a cDNA synthesis kit (Thermo
Fisher). Gene expression was quantitatively analysed by
using SYBR green with the 7500 Real-Time PCR system
(Takara, China). The 2−ΔΔCt method was applied to calcu-
late the relative expression of genes using GAPDH and U6
RNA as reference genes. The PCR primers for the qPCR are
listed in Table 1.

Immunofluorescence

HL-1 cells were collected and seeded on cover slips. Next,
cells were fixed with methanol for 30 min at −20 °C. After
washing with PBS, cells were blocked with 5% BSA for
2 h, followed by incubation with LC3 antibody (1:2000,
ab51520, Abcam) overnight at 4 °C. The next day, cells
were incubated with Alexa Fluor 546-conjugated secondary
antibody (1:200, Invitrogen, USA) for 2 h and stained with
DAPI to visualize DNA. The images were acquired using
fluorescence microscopy.

Autophagic flux assay

HL-1 cells were cultured and transfected with mRFP-GFP-
LC3B adenovirus according to the manufacturer’s instruc-
tions (Hanbio, China). After 24 h of transfection, cells were
washed with PBS and then treated as indicated groups.
After 48 h of treatment, the cells were washed with PBS,
fixed with 4% paraformaldehyde, and stained with DAPI.
The fluorescence was observed under a confocal laser
scanning microscope (Zeiss, Germany). Finally, the number
of puncta per cell was determined using NIH ImageJ
software.

Western blot analysis

HL-1 cells and myocardial tissues were washed and lysed
with RIPA lysis buffer (Beyotime, Shanghai, China), and
myocardial tissue protein was prepared as previously

described [17]. Proteins in lysates were quantified, and
20 µg of total protein was loaded and separated by 10%
SDS-PAGE and transferred to a PVDF membrane. The
membrane was then blocked in 5% BSA and incubated with
primary antibodies: LC-3I (ab239849, 1:500), LC-3II
(ab48394, 1:500), Bcl-2 (ab196495, 1:1000), cleaved cas-
pase 3 (ab49822, 1:500), cleaved caspase 9 (ab52298,
1:1000), Beclin-1 (ab210498, 1:1000), p62 (ab56416,
1:1000), ATG7 (ab52472, 1:5000), and β-actin (ab8227,
1:1000). After washing with PBST, the membrane was
probed with HRP-labeled goat anti-mouse/rabbit IgG
(1:5000, Sigma, USA) for 2 h at room temperature. Finally,
signals were visualized using enhanced chemiluminescence
reagent (EMD Millipore, USA) and analysed using Image-
Pro Plus 6.0 software.

Dual luciferase assays

The wild-type and mutant miR-143 target segments of H19
and ATG7 mRNA 3′-UTRs were inserted into the pGL3
vector (Promega, Madison, USA) and named H19-WT,
H19-MUT, ATG7-WT, and ATG7-MUT, respectively. For
luciferase reporter assays, HL-1 cells were cotransfected
with H19-WT or H19-MUT and miR-143 mimics or NC
mimics using Lipofectamine 3000 (Invitrogen). Luciferase
activity was measured using the Dual-Luciferase Reporter
Assay System (Promega). The examination of the interplay
between miR-143 and ATG7 was performed as the same as
the validation between miR-143 and H19.

Animals and ethics

Male C57BL/6 mice (25–30 g, 10–12 weeks old) were
provided by the Guilin Medical University Animal
Experiment Center, reared under standard conditions and
had free access to clean drinking water and feed throughout
the day. The animal ethics involved in the experiment were
approved by the Guilin Medical University Laboratory
Animal Ethics Committee. In the animal experiment, all
trauma operations were performed under anesthesia (pen-
tobarbital sodium, 40 mg/kg) to avoid bearing pain and
suffering.

Table 1 Primer sequences for
quantitative PCR.

Gene Forward sequence Reverse sequence

H19 5′-AAGAGCTCGGACTGGAGACT-3′ 5′-AAGAAGGCTGGATGACTGCC-3′

miR-143-3p 5′-GAGATGAAGCACTGTAGCT-3′ 5′-GCACAGAATCA ACACGACTCACTAT-
3′

ATG7 5′-CCTGTGAGCTTGGATCAAAGGC-3′ 5′-GAGCAAGGAGACCAGAACAGTG-3′

U6 5′-CTCGCTTCGGCAGCACA-3′ 5′-AACGCTTCACGAATTTGCGT-3′

GAPDH 5′-AGCCCAAGATGCCCTTCAGT-3′ 5′-CCGTGTTCCTACCCCCAATG-3′

6-Gingerol relieves myocardial ischaemia/reperfusion injury by regulating lncRNA H19/miR-143/ATG7. . . 867



Animal model and experimental design

Mice were randomly divided into four experimental
groups: (1) Sham group: mouse accepted thoracotomy
without ligating left anterior descending (LAD) coronary
arteries; (2) I/R group: mouse accepted thoracotomy, and
their LADs were ligated for 30 min followed by reperfu-
sion for 2 h; (3) 6-G+ I/R group: mouse were intrave-
nously injected with 6-G (6 mg/kg) 30 min before LAD
ligation and then reperfused for 2 h; (4) 3-MA+ 6-G+ I/
R group: 30 min before LAD ligation, mice were injected
with 3-MA (10 mg/kg) and 6-G, and then reperfused for
2 h. The mice were handled as described in our previous
study [18].

2,3,5-Triphenyl tetrazolium chloride (TTC) staining

The infarct size of the heart was determined by
1% TTC staining using a protocol published previously
with slight modifications [17]. In brief, the heart
was rapidly excised and sliced into 2 mm thick coronal
slices. After washing with 0.9% saline, the slices were
stained with TTC solution. The percentage of infarcted
myocardium was calculated using Image-Pro Plus
6.0 software.

Immunohistochemistry and TUNEL assay

The mouse hearts were removed, fixed with 4% paraf-
ormaldehyde, and embedded in paraffin for coronal sec-
tions, which were then used for immunohistochemical
(IHC) staining and TUNEL assays. For IHC staining,
sections were incubated with LC3 antibody (1:2000,
ab51520, Abcam) overnight at 4 °C, followed by incuba-
tion with biotin-labeled secondary antibody. The signals
were visualized by using HRP-streptavidin with 3,3′-
diaminobenzidine (DAB) substrate. The number of apop-
totic cells in cardiac slices was evaluated by a TUNEL
assay kit (#11684817910, Roche, Germany) according
to the manufacturer’s instructions. Heart sections
were observed under a light microscope (Leica, Germany),
and the images were analysed using Image-Pro Plus
6.0 software.

Statistical analysis

The groups were compared using Student’s t-tests or one-
way ANOVA in GraphPad Prism (version 5.01; California,
USA). The data were collected from triplicates, are repre-
sentative of at least three independent experiments and are
presented as the means ± SD; P values less than 0.05 were
considered statistically significant.

Results

6-G attenuates H/R-induced cardiomyocyte injury
and enhances autophagy

First, we established an MIRI model in vitro by inducing
HL-1 cells under H/R conditions and further investigated
the potential role of 6-G in MIRI. As expected, we found
that H/R induced decreases in cell viability compared with
that of the control, which was partially reversed by treat-
ment with 6-G (Fig. 1A). Additionally, H/R caused
increased cell membrane damage and apoptosis. However,
it is interesting to observe that 6-G clearly reduced cell
apoptosis and cytotoxicity triggered by H/R (Fig. 1B, C).
Moreover, H/R injury significantly increased the protein
level of cellular proapoptotic factors such as caspase 3 and
caspase 9 but decreased the expression of the antiapoptotic
gene Bcl-2 (Fig. 1D). Autophagy has been extensively
reported to be associated with hypoxia, which motivated us
to evaluate the effect of 6-G on autophagic flux. As shown
in Fig. 1E, we assessed the autophagic flux in cells trans-
fected with tandem fluorescent mRFP-GFP-LC3B. The
results indicated that H/R treatment largely reduced yellow
and red puncta, while additional treatment with 6-G clearly
restored the number of yellow and red puncta. Moreover,
LC3 expression was significantly decreased in H/R-treated
cells compared with that in control cells as determined by
western blot (Fig. 1F). Notably, the addition of 6-G could
clearly restore the LC3II level suppressed by H/R treatment.
LncRNA H19 was believed to be a contributor to relieving
MIRI. Here, we demonstrated decreased expression of H19
in H/R-treated cells, which was rescued in the presence of
6-G (Fig. 1G). Taken together, these results indicate that 6-
G attenuates myocardial injury closely linked to its critical
role in regulating autophagy and H19.

6-G attenuates myocardial injury by relying on
enhanced autophagy

To further explore the mechanism underlying the 6-G
attenuation of H/R-induced cardiomyocyte injury, we
treated HL-1 cells with H/R, H/R+ 6-G and H/R+ 6-G+
3-MA, of which 3-MA is a broadly used autophagy inhi-
bitor. The results showed that H/R inhibited cellular LC3
expression, whereas 6-G reversed the inhibitory effect of
H/R on LC3 protein levels. Furthermore, the introduction
of 3-MA remarkably blocked the increase in LC3 protein
levels caused by the addition of 6-G (Fig. 2A). We also
detected the expression of two autophagy-related factors,
Beclin-1 and P62. The results indicated that 6-G was able
to reverse the H/R-induced decrease in Beclin-1 as well as
the increase in P62 (Fig. 2B). Simultaneously, cell
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viability, membrane damage, and apoptosis were assessed
in HL-1 cells treated with H/R or its combination with 6-G
or 6-G plus 3-MA. Cell viability was decreased in H/R
cells compared with the control, which was further ele-
vated by adding 6-G alone rather than 6-G plus 3-MA.
Similarly, 6-G severely restricted H/R-induced cell apop-
tosis and cytotoxicity only in the absence of 3-MA
(Fig. 2C–E). In line with these results, H/R challenge
impaired the amount of Bcl-2 but promoted the amount of

cellular cleaved caspase 3 and caspase 9, whose expression
was reversed in the 6-G group but not in the 6-G plus 3-
MA group (Fig. 2F). Alternatively, using chloroquine
as an autophagy inhibitor, we obtained similar results to
those of 3-MA treatment regarding the effect of 6-G on
autophagy pathways (Fig. S1). The above results strongly
suggest that the alleviation of H/R-induced myocardial
injury by 6-G most likely relies on its role in promoting the
cellular autophagy process.
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Fig. 1 6-G attenuates H/R-induced cardiomyocyte injury and
enhances autophagy. Cell viability was determined by CCK-8
assay (A). Cytotoxic activity was determined by LDH kits (B). Cell
apoptosis was detected by flow cytometry (C). The protein levels of
Bcl-2, cleaved caspase 3, and caspase 9 were detected by western blot

(D). Autophagic flux was analysed by transfection with mRFP-GFP-
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qPCR (G). *P < 0.05; **P < 0.01.
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6-G promotes autophagy by upregulating H19 and
relieves cardiomyocyte injury caused by H/R

In Fig. 1G, we showed that H19 was downregulated by H/
R challenge and upregulated by treatment with 6-G, which
prompted us to test its role in MIRI. First, as shown in
Fig. 3A, H19 shRNA constructs were used to knockdown
its expression in HL-1 cells. We next transfected sh NC or
sh H19 into 6-G pretreated H/R challenged HL-1 cells and

tested its effect on the autophagy process. In mRFP-GFP-
LC3B-transfected cells, we observed that 6-G treatment
significantly increased yellow and red puncta, which were
further reduced by knockdown of H19 (Fig. 3B). More-
over, we demonstrated that LC3II and Beclin-1 expression
was increased, whereas p62 expression was decreased
in 6-G- or 6-G plus sh NC-treated cells. However,
knockdown of H19 indeed reversed the effect of 6-G on
the expression of these autophagic proteins (Fig. 3C). In
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autophagic flux was analysed by transfection with mRFP-GFP-LC3
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assay (D). Cytotoxic activity was determined by LDH kits (E). Cell
apoptosis was detected by flow cytometry (F). The protein levels of
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blot (G). *P < 0.05; **P < 0.01; ***P < 0.001.
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addition, in H/R-treated HL-1 cells, 6-G profoundly lost
its ability to increase cell viability when cellular H19 was
knocked down (Fig. 3D). On the other hand, however, the
inhibitory effect of 6-G on cytotoxicity and apoptosis was
largely weakened when cells were transfected with sh
H19 (Fig. 3E, F). In agreement, we observed that lower
H19 expression gave rise to attenuated regulation of Bcl-
2, cleaved caspase 3, and caspase 9 caused by 6-G
(Fig. 3G). These results demonstrate that 6-G-promoted
upregulation of H19 triggered the cellular autophagy
process, thereby attenuating H/R-induced cardiomyocyte
injury.

H19 acts as a ceRNA by absorbing miR-143 and
indirectly upregulates ATG7 expression

To further investigate the regulatory mechanisms of H19 in
MIRI, bioinformatics analysis was used to predict
target genes. As shown in Fig. 4A, the binding site of miR-
143-3p in the H19 sequence was obtained by using the

StarBase online database (http://starbase.sysu.edu.cn/). The
subsequent luciferase activity assay demonstrated that the
luciferase activity was notably decreased in cells cotrans-
fected with miR-143 and wild-type H19 compared to that of
the mutant H19 vector (Fig. 4B). Moreover, miR-143 was
upregulated in sh H19-transfected HL-1 cells compared to
those cells transfected with sh NC (Fig. 4C). Similarly,
ATG7, which codes for an enzyme essential for autophagy,
was shown to be targeted by miR-143 (Fig. 4D). In the
dual-luciferase reporter assay, the luciferase activity of HL-
1 cells driven by ATG7-WT was found to be repressed by
miR-143-3p but not by mimics NC (Fig. 4E). Furthermore,
depletion of H19 caused a significantly decreased expres-
sion of ATG7, whereas miR-143 inhibitor resulted in
enhanced ATG7 expression in terms of both mRNA and
protein. However, the miR-143 inhibitor partially rescued
the H19-induced reduction in ATG7 expression (Fig. 4F,
G). Collectively, these data suggest that H19 most likely
acts as a ceRNA by absorbing cellular miR-143, thereby
regulating ATG7 expression.

CB

A D

E

GF

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5
mimics NC
miR-143 mimics

mimics NC
miR-143 mimics

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.2

0.4

0.6

0.8

ATG7

β-actin

NC inhibitor
miR-143 inhibitor

sh NC

 H19-WT  H19-MUT ATG7-WT ATG7-MUT

sh H19 - + +
+ - -

+ + - -
-
+

+- - + NC inhibitor
miR-143 inhibitor

sh NC
sh H19 - + +

+ - -

+ + - -
-
+

+- - +
NC inhibitor

miR-143 inhibitor

sh NC
sh H19 - + +

+ - -

+ + - -
-
+

+- - +

              H19-WT        5’...CGGGAUGACUUCAUCAUCUCC...3’

mmu-miR-143-3p          3’ CUCGAUGUCACGAAGUAGAGU 5’

            H19-MUT        5’...CGGGAUGACUUCAAGUAGAGC...3’

            ATG7-WT        5’...ACCCUUUCCUGUGCCAUCUCA...3’

mmu-miR-143-3p          3’ CUCGAUGUCACGAAGUAGAGU 5’

          ATG7-MUT        5’...ACCCUUUCCUGUGCGUAGAGA...3’

R
el

at
iv

e 
lu

ci
fe

ra
se

ac
tiv

ity

R
el

at
iv

e 
lu

ci
fe

ra
se

ac
tiv

ity

R
el

at
iv

e 
ex

pr
es

si
on

le
ve

l o
f m

iR
-1

43

R
el

at
iv

e 
m

R
N

A
le

ve
l o

f A
TG

7

R
el

at
iv

e 
pr

ot
ei

n
le

ve
l o

f A
TG

7

sh NC sh H19

**
**

* *

* ** ****

**

**

**

42 kDa

78 kDa

Fig. 4 H19 acts as a ceRNA by absorbing miR-143 and indirectly
upregulates ATG7 expression. The binding sequence between miR-
143-3p and H19 was predicted by StarBase software (A). miR-143
mimics or mimics NC were cotransfected with a luciferase reporter
vector containing wild-type H19 or its mutant version. The interplay
between miR-143 and H19 was validated by a dual-luciferase reporter
assay (B). Relative expression of miR-143 was measured by qPCR in

sh NC- or sh H19-transfected HL-1 cells (C). The binding sequence
between miR-143-3p and ATG7 was predicted by StarBase software
(D). Relative luciferase activity was measured by a dual-luciferase
reporter assay in cells cotransfected with miR-143 and ATG7 3′-UTR
or its mutant constructs (E). Relative mRNA and protein levels of
ATG7 were detected by qPCR (F) and western blot (G), respec-
tively. *P < 0.05; **P < 0.01.

872 X.-W. Lv et al.

http://starbase.sysu.edu.cn/


The H19/miR-143/ATG7 axis is required for 6-G to
alleviate H/R injury

To further demonstrate the correlation of 6-G with autop-
hagy signaling and the potential regulatory network of
MIRI, we overexpressed ATG7 in HL-1 cells together with
transfection of sh H19 and/or miR-143 inhibitors. Both
ATG7 mRNA and protein were significantly increased in
cells transfected with ATG7 compared with pcDNA3.1-
transfected cells, indicating that ATG7 was successfully
overexpressed in cells (Fig. 5A). Upon 6-G pretreatment,
cellular LC3II and Beclin-1 levels were elevated, largely
accompanied by downregulated P62. However, the protein
levels of LC3II, Beclin-1, and P62 were reversed by
knockdown of H19. Strikingly, the combination of sh H19
and miR-143 inhibitor or ATG7 again increased LC3II and
Beclin-1 yet decreased P62 expression (Fig. 5B). Moreover,
6-G-pretreated cells exhibited higher cell activity but lower
cytotoxicity and apoptosis than H/R-treated cells alone,
which were further oppositely regulated by knockdown of
H19. Importantly, we found that cotransfection of miR-143
inhibitor or ATG7 with sh H19 reversed the effect of H19
depletion on cell viability, cytotoxicity, and apoptosis
(Fig. 5C–E). Next, we determined that 6-G promoted Bcl-2
and inhibited cleaved caspase 3 and cleaved caspase 9
expression induced by H/R. However, the introduction of sh
H19 to these cells caused decreased Bcl-2 and enhanced
cleaved caspase 3 and cleaved caspase 9 expression. In
addition, combined transfection of miR-143 inhibitor or
ATG7 with sh H19 produced an apparent positive effect on
Bcl-2, but a negative effect on cleaved caspase 3 and
cleaved caspase 9 levels (Fig. 5F). These results show that
6-G alleviates H/R-induced cardiomyocyte injury by pro-
moting autophagy and inhibiting apoptosis, which is
attributed to its regulatory role in the H19/miR-143/
ATG7 signaling axis.

6-G relieves myocardial ischemia-reperfusion injury
through promotion of autophagy in mice

To better understand the role of 6-G in I/R-induced cardiac
injury, experiments in a mouse model were conducted. The
data showed that LC3II was suppressed in the I/R-treated
group compared with the sham-operated group, which was
further promoted by 6-G administration. Nevertheless,
inhibition of the autophagy process using 3-MA profoundly
blocked the function of 6-G, which caused significant
downregulation of LC3II, and Beclin-1, whereas upregula-
tion of p62 (Fig. 6A, B). Moreover, I/R-treated mice
showed an increased myocardial infarction area compared
with sham-operated mice. 6-G treatment generated a notable
reduction in infarct size, which was augmented by inhibit-
ing the autophagy process (Fig. 6C). In parallel, we used the

TUNEL assay to detect cardiomyocyte apoptosis. The
results demonstrated that the apoptosis rate increased sig-
nificantly in I/R-treated mice compared with sham-operated
mice. The apoptosis rate was significantly reduced upon 6-
G treatment, which was significantly reversed by 3-MA-
mediated autophagy inhibition (Fig. 6D). In the western
blotting assay, relative to the sham-operated group, I/R-
treated mice maintained a lower level of Bcl-2 but a higher
level of cleaved caspase 3 and cleaved caspase 9. In addi-
tion, 6-G treatment caused the opposite effect on these
proteins, which were functionally antagonized by 3-MA
treatment (Fig. 6E). Together, these results suggest that 6-G
relieves MIRI by enhancing autophagy in vivo.

Discussion

MIRI is the leading cause of heart failure or cardiac death
in patients with AMI [1, 19]. It is believed that inhibiting I/
R-induced apoptosis has significant benefits for MIRI alle-
viation. In this study, we assessed the effect of 6-G on
H/R-treated HL-1 cells and found that 6-G improved cell
viability and reduced cytotoxicity as well as apoptosis.
Intriguingly, we also observed increased expression of
H19 together with the autophagic marker LC3II in 6-G-
pretreated cells. However, the underlying mechanism for
the action of 6-G in regulating H19 and autophagy path-
ways during MIRI progression is still worthy of further
investigation.

In recent years, increasing evidence has indicated that the
autophagy pathway is frequently regulated in response to
MIRI [20, 21]. For instance, HSP70 suppresses cardio-
myocyte necroptosis by inhibiting autophagy in MIRI [22].
Moreover, Fan et al. reported that rapamycin-induced acti-
vation of the autophagy pathway protects cells from H/R
injury [23]. In this study, we revealed that blocking
autophagy with 3-MA greatly restricted the ability of 6-G to
increase cell viability and decrease apoptosis and cyto-
toxicity. In addition, the upregulation of LC3II and Beclin-1
by 6-G was also greatly inhibited by delivering 3-MA to
cells. In accordance with our previous findings, pretreat-
ment with 6-G could largely inhibit myocardial apoptosis
induced by I/R [17], which, however, was reversed by
additionally treating with 3-MA. Next, we used shRNA to
knockdown the expression of H19 and further evaluated the
potential effect on 6-G function. Surprisingly, in H/R-
challenged HL-1 cells, depletion of H19 gave rise to a
similar result as that of 3-MA-treated cells. Collectively,
these results implied that the alleviation of H/R-induced
myocardial injury by 6-G relied, to some extent, on the
cellular autophagy process.

The implication of lncRNAs in MIRI has been exten-
sively studied in recent years [10, 24]. In particular,
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lncRNAs play an essential role in diminishing cellular
miRNAs by acting as competitive endogenous RNAs
(ceRNAs), which thus relieve the inhibitory effect of

miRNAs on their target genes. In MIRI, for example,
lncRNA AK139328 reduces MIRI by inhibiting autophagy
mediated by miR-204-3p [11]. Several reports have

Fig. 5 The H19/miR-143/ATG7 axis is required for 6-G to alleviate
H/R injury. Overexpression of ATG7 was verified using qPCR and
western blot (A). H/R-challenged HL-1 cells were treated with 6-G
and further transfected with sh H19, miR-143 inhibitor, or pCDNA-
ATG7, and the protein levels of Beclin-1, LC3, and P62 in these cells

were detected by western blot (B). Additionally, cell viability was
determined by CCK-8 assay (C). Cytotoxic activity was determined by
LDH kits (D). Cell apoptosis was detected by flow cytometry (E). The
protein levels of Bcl-2, cleaved caspase 3, and caspase 9 were deter-
mined by western blot (F). *P < 0.05; **P < 0.01; ***P < 0.001.
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documented the roles of H19 in regulating different miRNA
families, including miR-139 [25], miR-455 [26], miR-877-
3p [14], and their target genes, which further influence
MIRI development. Our study demonstrated that miR-143
levels were significantly upregulated by depletion of cel-
lular H19. The luciferase reporter assay confirmed the
binding site of miR-143 in the H19 RNA transcript. In
addition, we uncovered that H19 could enhance ATG7
expression by absorbing miR-143 from the ATG7 3′UTR,
thereby promoting the autophagy process. Moreover, rescue
experiments have shown that 6-G alleviates H/R-induced
cardiomyocyte injury by regulating the H19/miR-143/
ATG7 signaling axis. These results imply that the H19-

miR-143-ATG7 regulatory pattern plays a critical role in
MIRI development and is prone to be modulated by intro-
ducing 6-G.

To investigate the role of 6-G in the autophagy-mediated
protective effect on H/R in a mouse model, 6-G or 6-G
combinations with the autophagy inhibitor 3-MA were
administered. The data indicated that 6-G increased the
autophagic response in mice. More importantly, 6-G treat-
ment generated a notable reduction in infarct size, which,
however, was reversed by 3-MA, indicating that autophagy
is indispensable for 6-G to protect mice from MIRI. On the
other hand, in line with the results obtained from HL-1
cells, 6-G could reduce the occurrence of apoptosis in mice
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by increasing Bcl-2 but decreasing cleaved caspase 3 and
cleaved caspase 9 levels. Our previous findings suggested
that 6-G pretreatment could alleviate I/R-induced myo-
cardial injury by attenuating cellular PI3K/Akt-dependent
inflammation [27]. It is possible that treatment with 6-G
could lead to a reasonable level of autophagy and anti-
inflammatory effects having a synergistic effect on
alleviating MIRI.

In conclusion, our results demonstrate that 6-G pre-
treatment alleviates I/R-induced myocardial injury both
in vitro and in vivo via upregulation of H19 expression, in
turn promoting the cellular autophagy pathway by absorb-
ing miR-143 from ATG7 3′UTR. Together, these data
suggest that treatment with 6-G may be a promising method
for the treatment of MIRI.
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