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Abstract

Aims Myocardial ischaemia–reperfusion injury (MIRI) contributes to serious myocardial injury and even death. Long
non-coding RNAs (lncRNAs) have been reported to play pivotal roles in the occurrence and development of MIRI. Here, the
detailed molecular mechanism of lncRNA SNHG1 in MIRI was explored.
Methods and results A cell model of MIRI was established through hypoxia/reoxygenation (H/R) stimulation. Cell viability
and pyroptosis were evaluated utilizing MTT, PI staining, and flow cytometry. Interleukin (IL)-1β and IL-18 secretion levels were
examined by ELISA. The gene and protein expression were detected by RT-qPCR and western blot, respectively. Dual luciferase
reporter gene, RIP and ChIP assays were performed to analyse the molecular interactions. The results showed that lncRNA
SNHG1 overexpression alleviated H/R-induced HL-1 cell pyroptosis (all P < 0.05). LncRNA SNHG1 promoted KLF4 expression
by sponging miR-137-3p. miR-137-3p silencing alleviated H/R-induced pyroptosis in HL-1 cells (all P < 0.05), which was
abolished by KLF4 knockdown (all P < 0.05). KLF4 activated the AKT pathway by transcriptionally activating TRPV1 in HL-1 cells
(all P < 0.05). TRPV1 knockdown reversed the alleviation of SNHG1 upregulation on H/R-induced pyroptosis in HL-1 cells (all
P < 0.05).
Conclusions These results showed that lncRNA SNHG1 assuaged cardiomyocyte pyroptosis during MIRI progression by
regulating the KLF4/TRPV1/AKT axis through sponging miR-137-3p. Our findings may provide novel therapeutic targets for
MIRI.
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Introduction

Myocardial ischaemia–reperfusion (MIR) is a terrifically effec-
tive treatment for myocardial infarction (MI) within a certain
time limit.1 However, new evidence shows that reperfusion
after myocardial ischaemia may induce further myocardium
damage and threaten human life.2 Therefore, it is extremely
essential to seek methods for alleviating MIR injury (MIRI).
Pyroptosis is a newly discovered programmed cell death
process characterized by nod-like receptor protein-3 (NLRP3)
inflammasome-mediated caspase-1 activation, which often
occurs in various organs and tissues under stressful

conditions.3 Pyroptosis can also induce immoderate cell
inflammatory damage.4 Notably, pyroptosis activation is a
key risk factor for MIRI advancement,5 and pyroptosis inhibi-
tion can markedly inhibit MIRI development.6 Therefore,
pyroptosis inhibition has been proposed as a potential treat-
ment method for MIRI.

Long non-coding RNAs (lncRNAs) are a type of non-coding
RNA with more than 200 nucleotides, that play an important
role in cardiovascular system function.7,8 A considerable
number of lncRNAs have been discovered to have intimate
regulatory connections with MIR.9–11 For instance, Niu X
and colleagues showed that lncRNA Oip5-as1 combined with
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miR-29a to assuage MIRI through disinhibiting the SIRT1/
AMPK/PGC1alpha pathway.10 LncRNA SNHG1, as an
eye-catching lncRNA, has been extensively studied in a
variety of diseases, including cancer, cardiac hypertrophy,
epilepsy, and MIRI.12–15 For example, lncRNA SNHG1
expression in human umbilical vein endothelial cells was re-
duced by H/R treatment, and its overexpression alleviated
the injury by cardiac I/R via mediating HIF-1α/VEGF pathway,
indicating that lncRNA SNHG1 play a pivotal role in MIRI.13

However, the mechanisms of lncRNA SNHG1 in MIRI remain
unclear.

MicroRNAs (miRNAs) are endogenous non-coding RNAs
with around 22 nucleotides, which sequences can regulate
the expression of the target gene at the post-transcriptional
level.16,17 The research of miRNA involves various disease
fields, certainly, including MIR.18,19 MiR-137-3p has been
studied in multiple diseases and play crucial roles in these dis-
eases such as cancers, MIRI, and spinal cord ischaemia–
reperfusion.19–21 As previously described, the expression of
miR-137-3p was significantly elevated in MI patients, I/R-in-
jured rat and H/R-injured H9C2 cells, and miR-137-3p silenc-
ing obviously repressed H/R-induced cardiomyocyte apopto-
sis by interacting with KLF15,19 implying that miR-137-3p
served as a risk factor in MIRI. However, the exact molecular
processes of miR-137-3p remains unknown.

Transient receptor potential vanilloid 1 (TRPV1) is a mem-
ber of the vanilloids (TRPV) subfamily which is contained in
transient receptor potential (TRP) ion channels. TRPV1 has
been demonstrated to play critical roles in the development
of MIRI.22–24 A study indicated that apoptotic cardiomyocytes
were substantially greater in the hearts of TRPV1�/� mice
given I/R than in WT mice given I/R,22 indicating that TRPV1
may function as a protective factor in MIRI. Furthermore,
TRPV1 may modulate the PI3K/AKT signalling pathway to at-
tenuate MIRI.22

Kruppel-like factor-4 (KLF4) is a known protective factor in
MIRI that can protect cardiomyocytes against myocardial
injury, inflammatory response, oxidative stress response,
and cardiomyocyte death.25 Based on the above evidence,
it is speculated that lncRNA SNHG1 inhibits cardiomyocyte
pyroptosis to alleviate MIRI by regulating the miR-137-3p/
KLF4/TRPV1 axis. Our work provides a theoretical basis for
developing novel therapeutic strategies for MIRI.

Methods

Cell culture and treatment

HL-1 cardiomyocytes were obtained from Sigma Aldrich (Sain
Louis, MO, USA). Cells were cultured in Claycomb medium
(Sigma Aldrich) supplemented with 10% fetal bovine serum,
1% penicillin, 1% streptomycin, 0.1 mM noradrenaline, and

2 mM L-glutamine under the condition of a humidified
chamber with 5% CO2 and at 37°C.

To construct the hypoxia-reoxygenation (H/R) model, HL-1
cells were cultured in DMEM with 1% O2, 94% N2 and 5% CO2

for 16 h, followed by reoxygenation for 6 h.26

Cell transfection

Oe-lncRNA SNHG1, miR-137-3p mimics/inhibitor, sh-KLF4,
sh-TRPV1 as well as their negative control groups
(pcDNA3.1, mimics NC and inhibitor NC, sh-NC) were pur-
chased from GenePharma (Shanghai, China). HL-1 cells
(5 × 104 cells/well) were cultured in 24-well plates (Corning,
NY, USA) and subjected to transfection when reaching to
60% confluency. A total of 0.8 μg plasmid (oe-SNHG1 or
oe-NC or sh-KLF4 or sh-TRPV1 or sh-NC) was incubated with
50 μL serum-free medium (in the case involving
co-transfection of multiple plasmids, the amount between
plasmids was 1:1), and 0.8 μL Lipofectamine™ 3000 was in-
cubated with 50 μL serum-free medium for 30 min. Then,
serum free medium containing plasmids and Lipofecta-
mine™ 3000 were mixed and left for 20 min at room temper-
ature. The original medium in the plate was discarded, and
400 μL serum-free medium and the mixed solution were
added to the culture well. After 6 h, it was replaced to com-
plete culture medium, and cells were cultured for 24 h. A to-
tal of 0.8 μg miRNA (miR-137-3p mimics/inhibitor or
mimics/inhibitor NC) was incubated with 50 μL serum-free
medium, and 0.8 μL lipo 3000 was incubated with 50 μL
serum-free medium for 30 min. Then, serum free medium
containing miRNA and lipo 3000 were mixed and left for
20 min at room temperature. The original medium in the
plate was discarded, and 400 μL serum-free medium and
the mixed solution were added to the culture well. After 6
h, it was replaced to complete culture medium, and cells
were cultured for 24 h. The transfection protocol figure
was shown in Figure S1. The sequences of miRNA mimics
and shRNAs were listed as follows:

miR-137-3p mimics:

5′-UUAUUGCUUAAGAAUACGCGUAG-3′,
5′-CUACGCGUAUUCUUAAGCAAUAA-3′.

Mimics NC:

5′-UCACAACCUCCUAGAAAGAGUAGA-3′,
5′-UCUACUCUUUCUAGGAGGUUGUGA-3′.

miR-137-3p inhibitor:

5′-CUACGCGUAUUCUUAAGCAAUAA-3′,

NC inhibitor:

5′-UCUACUCUUUCUAGGAGGUUGUGA-3′,
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sh-KLF4:

5′-AATTGGCGTGAGGAACTCTCTCACATTTCAAGAGA
atgtgagagagttcctcacgcTTTTTT-3′,
5′-GATCAAAAAAGCGTGAGGAACTCTCTCACATTCTCTTGA
AatgtgagagagttcctcacgcC-3′.

sh-TRPV1:

5′-AATTGGGAAGACAGATAGCCTGAAGCTTCAAGAG
AgcttcaggctatctgtcttccTTTTTT-3′,
5′-GATCAAAAAAGGAAGACAGATAGCCTGAAGCTCTCTTGA
AgcttcaggctatctgtcttccC-3′.

sh-NC:

5′-AATTGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACA
CGTTCGGAGAATTTTTT-3′,
5′-GATCAAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACG
TGACACGTTCGGAGAAC-3′.

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay

HL-1 cell viability was detected using the MTT assay kit
(BTN111105, Bjbalb, Beijing, China) according to the instruc-
tion. In brief, cells were seeded in 96-well plates (200 μL,
3 × 103 cells per well) and incubated with MTT solution
(20 μL) for 4 h. Next, 150 μL DMSO was applied to dissolve
the formazan crystals. A microplate reader (Thermo Fisher
Scientific) was employed to evaluate the absorbance at
490 nm after the MTT reaction.

Western blot

The proteins were isolated with RIPA lysis buffer (Beyotime),
and the protein concentration was tested using the BCA pro-
tein kit (Beyotime). Following that, total protein (20 μg) was
separated using 10% SDS-PAGE and transferred to a Millipore
PVDF membrane. The membranes were then blocked and in-
cubated with the primary antibodies against KLF4 (abcam,
Cambridge, UK, 1:1000, #ab129473), TRPV1 (abcam, 1:1000,
#ab203103), NLRP3 (abcam, 1:1000, # ab263899), Cleaved
caspase 1 (Cell Signalling Technology, MA, USA, 1:1000,
#89332), Cleaved Gasdermin-D (Cell Signalling Technology,
1:1000, #34667), AKT (1:500, # ab8805), p-AKT (1:1000, #
ab38449) and β-actin (1:5000, # ab6276) overnight at 4°C.
Subsequently, the membranes were incubated with the
HRP-conjugated secondary antibody for 1 h. The blots were
visualized by the ECL kit (Beyotime) using the Gel imager
(Biorad, CA, USA). The densitometry analysis was performed
using Image J.

RNA isolation, reverse transcription, and RT-qPCR

The total RNA was extracted with TRIzol (Invitrogen,
Carlsbad, USA). The cDNA was synthesized with the Prime
Script Reverse Transcription Reagent Kit (TaKaRa, Shiga,
Japan) and subjected to RT-qPCR assay using the SYBR Premix
Ex Taq II Kit (Takara, Shiga, Japan). All data were calculated by
using 2�ΔΔt method. GAPDH was regarded as reference gene.

Flow cytometry assay

Cell pyroptosis was detected by the FAM-FLICA in vitro
Caspase-1 Detection Kit (Immunochemistry Technologies,
MN, USA). HL-1 cells were stained with 10 μL of FAM-FLICA
and 2 μg/mL of PI following the manufacturer’s protocol.
The percentage of Cleaved caspase 1 represented the ratio
of cell pyroptosis of HL-1 cells, which was further quantified
using flow cytometry (BD Biosciences, NJ, USA).

Cell death assay

HL-1 cells were cultured on coverslips until the cell conflu-
ence reached 80%. Cells were then stained with 6 μL of DAPI
solution and 6 μL of PI (Sangon, Shanghai, China) at 4°C in the
dark for 20 min. Cells were subsequently observed under a
fluorescence microscope (Olympus, Tokyo, Japan). Cell death
was analysed by calculating the proportion of PI positive cells
to the total cells in the field of view.

Enzyme-linked immunosorbent assay (ELISA)

The secretion levels of interleukin (IL)-1β and IL-18 were ex-
amined by the mouse IL-1β ELISA kit (Solarbio, Beijing, China,
SEKM-002) and the mouse IL-18 ELISA kit (Beyotim, PI553),
respectively. All operations were strictly carried out according
to the instructions. The data were analysed in the microplate
spectrophotometer (Bioteke, Beijing, China).

Dual luciferase reporter gene assay

The sequences of lncRNA SNHG1/KLF4 containing the binding
site of miR-137-3p were cloned into psiChECK2 vectors (Ke
Lei Biological Technology Co., Ltd, China) to construct re-
porter vectors lncRNA SNHG1/KLF4 (WT/MUT). MiR-137-3p
mimics couple with lncRNA SNHG1/KLF4 (WT/MUT) were
transfected into the HL-1 cardiomyocytes by Lipofectamine™

3000 (Invitrogen, CA, USA). After 48 h, the luciferase
activity was detected using a dual-luciferase reporter assay
system (Promega, Madison, USA) abiding by the protocol.
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The promoter fragment of TRPV1 was cloned into a
pGL3 vector to construct TRPV1-WT or TRPV1-MUT vector.
Then, TRPV1-WT/TRPV1-MUT vector and oe-KLF4 were co-
transfected into HL-1 cardiomyocytes using Lipofectamine™

3000. The relative luciferase activity was tested by normaliz-
ing the firefly luminescence to the renilla luminescence.

RNA immunoprecipitation (RIP) assay

RIP was performed using a Magna RIP RNA-Binding Protein
Immunoprecipitation kit (Millipore, MA, USA) according to
the manufacturer’s instruction. Briefly, the cell lysates were
incubated with magnetic beads conjugated with negative
control normal mouse IgG or human anti-Ago2 antibody
(Millipore). The immunoprecipitated RNAs were then ex-
tracted and detected by RT-qPCR to confirm the enrichment
of binding targets.

Chromatin immunoprecipitation (ChIP) assay

Cells were fixed with 1% formaldehyde solution for 10 min,
quenched with 125 mM glycine for 5 min and fragmented
into 200–500 bp length fragments by sonication. The cell ly-
sate was subsequently incubated with anti-KLF4 (Abcam,
1:50, ab214666) or anti-IgG (Abcam, 1:1000, ab171870) at
4°C overnight. Immunoprecipitated DNAs were purified and
analysed by gel electrophoresis.

Statistical analyses

All the data from three independent experiments and
expressed as mean ± standard deviation (SD). All statistical
analyses were calculated using GraphPad Prism (version
8.0). Student’s t-tests were used to examine the differences
between the two groups. To analyse the differences across
several groups, one-way ANOVA was used, followed by
Tukey’s post hoc test. When P < 0.05, there were significant
differences between the data.

Results

LncRNA SNHG1 overexpression alleviated H/R-
induced pyroptosis in HL-1 cells

As shown in Figure 1A, lncRNA SNHG1 expression in HL-1 cells
was significantly reduced by H/R treatment. HL-1 cells were
transfected with oe-NC or oe-SNHG1, and the results of RT-
qPCR showed that oe-SNHG1 transfection significantly ele-
vated SNHG1 expression in HL-1 cells (Figure S2A). Functional
experiments subsequently showed that SNHG1 overexpres-

sion had no significant effect on HL-1 cell viability (Figure
S2B) and pyroptosis (Figure S2C) under physiological condi-
tion. To further investigate the role of SNHG1 in regulating
pyroptosis during MIRI progression, SNHG1 overexpression
was induced in H/R-treated HL-1 cells. In brief, HL-1 cardio-
myocytes were transfected with oe-NC or oe-SNHG1 for
48 h, followed by hypoxia (16 h)-reoxygenation (6 h). The
detailed protocol figure was shown in Figure 1B. It was ob-
served that the inhibitory effect of H/R on SNHG1 expression
in HL-1 cells was reversed by oe-SNHG1 transfection (Figure
1C). In terms of biological functions, lncRNA SNHG1 upregula-
tion prevented H/R-induced decrease in HL-1 cell viability and
ameliorated H/R-induced increase in IL-1β and IL-18 secre-
tion, pyroptosis and cell death (Figure 1D–G). In addition,
we added a cardioprotection control (metoprolol) to com-
pare the effect of the investigated protective pathway as pre-
viously reported.27 HL-1 cells were treated with 5 μM meto-
prolol for 24 h and then exposed to H/R stimulation, and
the results showed that both SNHG1 overexpression and
metoprolol treatment could alleviate H/R-induced decrease
in HL-1 cell viability (Figure S3). Meanwhile, western blot re-
sults showed that H/R-induced increase in NLRP3, Cleaved
caspase 1 and Cleaved Gasdermin-D protein levels in HL-1
cells was ameliorated by SNHG1 overexpression (Figure 1H).
Collectively, H/R-induced pyroptosis in HL-1 cells was miti-
gated by SNHG1 overexpression.

SNHG1 inhibited miR-137-3p expression by
directly targeting miR-137-3p

It was observed that miR-137-3p expression in HL-1 cells was
significantly increased by H/R treatment (Figure 2A). Notably,
dual luciferase reporter gene assay results showed that
lncRNA SNHG1 directly bound with miR-137-3p (Figure 2B),
indicating that lncRNA SNHG1 served as a sponge for miR-
137-3p. Meanwhile, as revealed by Ago2-RIP assay, SNHG1 di-
rectly bound with miR-137-3p (Figure 2C). In addition, SNHG1
overexpression ameliorated H/R-induced increase in miR-
137-3p expression in HL-1 cells (Figure 2D). Taken together,
SNHG1 inhibited miR-137-3p expression by sponging miR-
137-3p.

miR-137-3p inhibited KLF4 expression by directly
binding to KLF4

As previously described, KLF4 expression was markedly
reduced in the myocardial tissue of MIRI rats.25 Herein, our
results showed that KLF4 mRNA and protein levels in HL-1
cells were significantly decreased by H/R stimulation (Figure
3A,B). The binding relationship between miR-137-3p and
KLF4 was later validated using a dual luciferase reporter gene
assay (Figure 3C). In addition, miR-137-3p overexpression re-
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Figure 1 LncRNA SNHG1 overexpression alleviated H/R-induced pyroptosis in HL-1 cells. (A) HL-1 cells were subjected to H/R treatment, and SNHG1
expression in cells was detected by RT-qPCR. HL-1 cardiomyocytes were transfected with oe-NC or oe-SNHG1 for 48 h, followed by hypoxia (16 h)-re-
oxygenation (6 h), grouping: Control, H/R, H/R + oe-NC and H/R + oe-SNHG1. (B) The detailed protocol figure was presented. (C) SNHG1 expression in
cells was assessed using RT-qPCR. (D) Cell viability was assessed using MTT assay. (E) ELISA was adopted to examine IL-1β and IL-18 secretion. (F) Cell
pyroptosis was monitored by flow cytometry. (G) Cell death was measured by PI staining. (H) Western blot was employed to determine NLRP3, Cleaved
Caspase 1, and Cleaved Gasdermin-D protein levels in HL-1 cells. The measurement data were presented as mean ± SD. All data were obtained from
three independent repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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duced KLF4 expression level in H/R-treated HL-1 cells, while
miR-137-3p inhibition presented the opposite effect (Figure
3D,E). All these findings revealed that miR-137-3p decreased
KLF4 expression directly in cardiomyocytes during MIRI
development.

miR-137-3p inhibition alleviated H/R-induced
pyroptosis in HL-1 cells by increasing KLF4
expression

To investigate the interaction between miR-137-3p and KLF4
in regulating pyroptosis in cardiomyocytes during MIRI pro-
gression, both miR-137-3p inhibition and KLF4 knockdown
were induced in H/R-treated HL-1 cells. In brief, HL-1 cardio-
myocytes were transfected with NC inhibitor or miR-137-3p
inhibitor and sh-NC or sh-KLF4 for 48 h, followed by hypoxia
(16 h)-reoxygenation (6 h). The detailed protocol figure was
shown in Figure 4A. As shown in Figure 4B,C, miR-137-3p in-
hibitor transfection reduced miR-137-3p expression but in-
creasing KLF4 expression in H/R-treated HL-1 cells, whereas
sh-KLF4 transfection reversed the promoting effect of miR-
137-3p inhibition on KLF4 expression but had no significant
effect on miR-137-3p expression. Functional investigations
revealed that miR-137-3p inhibition significantly increased
H/R-treated HL-1 cell viability but suppressing H/R-induced

increase in IL-1β and IL-18 secretion levels and pyroptosis,
while these changes were eliminated after KLF4 knockdown
(Figure 4D–G). miR-137-3p inhibition also ameliorated H/R-
induced increase in NLRP3, Cleaved caspase 1 and Cleaved
Gasdermin-D protein levels in HL-1 cells, while these effects
were reversed by KLF4 silencing (Figure 4H). Collectively,
miR-137-3p silencing alleviated H/R-induced pyroptosis in
HL-1 cells by upregulating KLF4.

KLF4 transcriptionally activated TRPV1 and
subsequently activated the AKT pathway in HL-1
cells

TRPV1 acts as a protective role in MIRI.28 As shown in Figure
5A, by using the JASPAR database, KLF4 had potential binding
sites to TRPV1 promoter. ChIP assay result subsequently
showed that KLF4 directly bound with TRPV1 promoter
(Figure 5B). Meanwhile, dual luciferase reporter gene assay
showed that KLF4 transcriptionally activated TRPV1 (Figure
5C). In addition, H/R treatment suppressed the expressions
of TRPV1 and p-AKT in HL-1 cells, while KLF4 knockdown fur-
ther reduced their expressions (Figure 5D,E). To sum up, KLF4
activated the AKT pathway by transcriptionally activating
TRPV1 in HL-1 cells.

Figure 2 SNHG1 inhibited miR-137-3p expression by directly targeting miR-137-3p. (A) HL-1 cells were subjected to H/R treatment, and miR-137-3p
expression in cells was examined using RT-qPCR. (B) The potential binding site of miR-137-3p on lncRNA SNHG1 was presented, and its interaction was
affirmed by dual luciferase reporter gene assay. (C) The interaction between SNHG1 and miR-137-3p was analysed by RIP assay. (D) SNHG1 overexpres-
sion was induced in H/R-treated HL-1 cells by transfecting oe-SNHG1 into cells, and miR-137-3p expression in cells was determined by RT-qPCR. The
measurement data were presented as mean ± SD. All data were obtained from three independent repeated experiments. *P < 0.05, **P < 0.01,
***P < 0.001.
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SNHG1 upregulation alleviated H/R-induced
pyroptosis in HL-1 cells by regulating the miR-137-
3p/KLF4/TRPV1 axis

To illustrate the effects of TRPV1 on lncRNA SNHG1-mediated
biological function in MIRI, HL-1 cells were transfected with
oe-SNHG1 alone or oe-SNHG1 together with sh-TRPV1,
followed by hypoxia (16 h)-reoxygenation (6 h). The detailed
protocol figure was shown in Figure 6A. It was observed that
oe-SNHG1 transfection increased SNHG1 expression and re-
duced miR-137-3p in H/R-treated HL-1 cells, while TRPV1
knockdown had no significant effect on SNHG1 and miR-
137-3p expressions in cells (Figure 6B). In addition, SNHG1
overexpression significantly elevated KLF4 and TRPV1 protein
levels in H/R-treated HL-1 cells, while the promoting effect of
SNHG1 overexpression on TRPV1 protein level was reversed
by sh-TRPV1 transfection (Figure 6C). SNHG1 overexpression
also significantly increased H/R-treated HL-1 cell viability
and inhibited H/R-induced increase in IL-1β, IL-18 factor se-

cretion and pyroptosis, while these changes were eliminated
after TRPV1 knockdown (Figure 6D–G). Meanwhile, H/R-in-
duced increase in NLRP3, Cleaved caspase 1 and Cleaved
Gasdermin-D protein levels in HL-1 cells was ameliorated by
SNHG1 upregulation, while the changes in the expression of
these proteins were eliminated by TRPV1 knockdown (Figure
6H). Collectively, TRPV1 knockdown reversed the alleviation
of SNHG1 upregulation on H/R-induced pyroptosis in HL-1
cells.

Discussion

MIR can cause cardiac arrest and other fatal consequences
(known as MIRI), dramatically enhancing the lethality of a
myocardial infarction.29 Pyroptosis is a key player in promot-
ing MIRI progression.30 Our findings showed that lncRNA
SNHG1 alleviated H/R-induced pyroptosis in HL-1 cells by ac-

Figure 3 miR-137-3p inhibited KLF4 expression by directly binding to KLF4. (A, B) HL-1 cells were subjected to H/R treatment, and KLF4 mRNA and
protein levels in cells were examined using RT-qPCR and western blot. (C) The potential binding site of between miR-137-3p and KLF4 was presented,
and its interaction was affirmed by dual luciferase reporter gene assay. (D, E) KLF4 expression levels in H/R-treated HL-1 cells after miR-137-3p over-
expression or miR-137-3p inhibition were examined using RT-qPCR and western blot. The measurement data were presented as mean ± SD. All data
were obtained from three independent repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 miR-137-3p inhibition alleviated H/R-induced pyroptosis in HL-1 cells by increasing KLF4 expression. HL-1 cardiomyocytes were transfected
with NC inhibitor or miR-137-3p inhibitor and sh-NC or sh-KLF4 for 48 h, followed by hypoxia (16 h)-reoxygenation (6 h), grouping: Control, H/R, H/
R + NC inhibitor, H/R + miR-137-3p inhibitor, H/R + miR-137-3p inhibitor+sh-NC and H/R + miR-137-3p inhibitor+sh-KLF4. (A) The detailed protocol fig-
ure was presented. (B) RT-qPCR was performed to detect miR-137-3p and KLF4 expressions in cells. (C) KLF4 protein level in cells was tested by western
blot. (D) Cell viability was analysed by MTT assay. (E) ELISA was adopted to detect IL-1β and IL-18 secretion. (F) Cell pyroptosis was analysed using flow
cytometry. (G) Cell death was measured by PI staining. (H) Western blot was employed to determine NLRP3, Cleaved caspase 1, and Cleaved
Gasdermin-D protein levels in HL-1 cells. The measurement data were presented as mean ± SD. All data were obtained from three independent re-
peated experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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tivating the KLF4/TRPV1/AKT axis through sponging miR-137-
3p.

Increasing evidence supports the importance of lncRNAs in
MIRI.31,32 Many studies have shown that lncRNAs can regu-
late the progression of MIRI by regulating cell viability,
apoptosis, and pyroptosis.33,34 As evidence, lncRNA HCP5
and lncRNA HULC protect against MIRI,35,36 but lncGAS5
and lncRNA MALAT1 aggravate MIRI.31,37 In the current
study, we confirmed the beneficial effects of lncRNA SNHG1
in H/R-induced HL-1 cells through increasing cell viability, re-
ducing the release of proinflammatory cytokines (IL-1β and
IL-18) and suppressing cell pyroptosis. Previous research re-
ported that lncRNA SNHG1 overexpression overtly increased
cell viability and arrested apoptosis in H2O2-treated human
cardiomyocytes.38 Additionally, lncRNA SNHG1 protected hu-
man umbilical vein endothelial cell from H/R-induced injury
through mediating HIF-1α/VEGF pathway.13 Although the
functions of lncRNA SNHG1 in MIRI have been studied, the
detailed mechanism remains unclear.

In general, lncRNA can interact with miRNA as a competi-
tive endogenous RNA and participate in regulating the ex-
pression of target genes.39 In the current research, we found
that lncRNA SNHG1 could engage in H/R-induced HL-1 cell py-
roptosis by sponing miR-137-3p. Our results showed that
miR-137-3p was highly expressed in H/R-induced HL-1 cells,
and its inhibition could alleviate H/R-induced pyroptosis in
HL-1 cells. The function of miR-137-3p in MIRI has been
studied.19 For instance, miR-137-3p expression was obviously
enhanced in myocardial infarction patients and H/R-treated
H9C2 cells, and miR-137-3p inhibition restrained cell apopto-

sis and oxidative stress in H/R-treated H9C2 cells via elevation
of KLF15.19 Our study revealed the role of SNHG1/miR-137-3p
in regulating cardiomyocyte pyroptosis during MIRI progres-
sion, which has never been reported before.

It is well-known that miRNAs can regulate the expression
of target genes at the post-transcriptional level.16 KLF4 was
shown to be a downstream target of miR-137-3p in the cur-
rent investigation. In addition, KLF4 knockdown reversed
the inhibitory effect of miR-137-3p inhibition on H/R-induced
cardiomyocyte pyroptosis, which protective effects of KLF4 in
MIRI have been confirmed in previous research.25 Notably,
we observed the interaction between KLF4 and TRPV1. As
previously depicted, overexpression of TRPV1 inhibited cell
apoptosis by activating the PI3K/AKT pathway, thereby as-
suaging the heart injury by I/R-induced.22 In addition, Yao
et al. demonstrated that oleoylethanolamide (TRPV1 agonist)
could reduce myocardial cell apoptosis by activating the
PI3K/AKT signalling pathway in diabetic rats with MIRI.28

Moreover, the allosteric AKT inhibitor (MK-2206) abolished
the Aesculin (AES)-mediated cardioprotection and the NLRP3
inflammasome suppression during MIRI development.40 In
this study, it turned out that TRPV1 expression in HL-1 cells
was markedly reduced by H/R treatment, and its inhibition
could further aggravate H/R-induced cardiomyocytes injury,
which could also offset the protective functions of lncRNA
SNHG1 sufficiency. As reported, the ischaemia is a combina-
tion of lack of oxygen plus nutrients, and some studies ap-
plied H/R treatment of the cells combined with nutrient dep-
rivation to mimics MIRI in vitro.6,41 We applied H/R of the
cells without nutrient deprivation with reference to some

Figure 5 KLF4 transcriptionally activated TRPV1 and subsequently activated the AKT pathway in HL-1 cells. (A) JASPAR database was employed to pre-
dict the potential binding sites between KLF4 and TRPV1 promoter. (B, C) The interaction between KLF4 and TRPV1 promoter was analysed by ChIP and
dual luciferase reporter gene assays. H/R-treated HL-1 cells were transfected with sh-NC or sh-KLF4. (D) TRPV1 mRNA level in cells was detected by RT-
qPCR. (E) Western blot was employed to determine TRPV1, AKT and p-AKT protein levels in HL-1 cells. The measurement data were presented as
mean ± SD. All data were obtained from three independent repeated experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 SNHG1 upregulation alleviated H/R-induced pyroptosis in HL-1 cells by regulating the miR-137-3p/KLF4/TRPV1 axis. HL-1 cells were
transfected with oe-SNHG1 alone or oe-SNHG1 together with sh-TRPV1, followed by hypoxia (16 h)-reoxygenation (6 h), grouping: Control, H/R, H/
R + oe-NC, H/R + oe-SNHG1 and H/R + oe-SNHG1 + sh-TRPV1. (A) The detailed protocol figure was presented. (B) RT-qPCR was performed to detect
SNHG1 and miR-137-3p expressions in cells. (C) KLF4 and TRPV1 protein levels in cells were assessed by western blot. (D) Cell viability was analysed by
MTT assay. (E) ELISA was adopted to detect IL-1β and IL-18 secretion. (F) Cell pyroptosis was analysed using flow cytometry. (G) Cell death was mea-
sured by PI staining. (H) Western blot was employed to determine NLRP3, Cleaved caspase 1, and Cleaved Gasdermin-D protein levels in HL-1 cells. The
measurement data were presented as mean ± SD. All data were obtained from three independent repeated experiments. *P < 0.05, **P < 0.01,
***P < 0.001.
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researches.42,43 HL-1 cardiomyocytes are currently the only
cells available that continuously divide, spontaneously con-
tract, and maintain a differentiated adult cardiac phenotype
through indefinite passages in culture.44 HL-1 cells have also
been used to address pathological conditions such as hyp-
oxia, hyperglycemia-hyperinsulinemia, apoptosis, and I/R.45

However, the expression patterns of cardiomyocyte markers
and whole transcriptomic profile indicate low-to-moderate
similarity of HL-1 cells to primary cells/cardiac tissues.46 We
will validate the role of lncRNA SNHG1/miR0137-3p/KLF4/
TRPV1 axis in MIRI using primary myocardial cells in future
experiments.

Taken together, our findings show that lncRNA SNHG1 sup-
presses H/R-induced pyroptosis of cardiomyocytes and
upregulates the KLF4/TRPV1 axis by competitively binding
to miR-137-3p, presenting a new target for MIRI treatment.
However, limitations remain in this study. For example, we
only provide experimental data at the cellular level, and
neither animal experiments nor clinical samples are involved.
To increase the accuracy of the research, further research is
necessary at the animal level and downstream signalling
pathways in MIRI.
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