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Abstract: Objectives: To explore the expression levels and the potential regulatory mechanism of miR-21-5p in
LPS-treated H9c2 cells. Methods: The secretions of the inflammatory cytokines induced by LPS in H9¢c2 cells were
evaluated using ELISA. We used RT-RCR and western blot to measure the relative mRNA and protein expression
levels in LPS-treated H9c2 cells. CCK-8 and EdU assays showed the viability and proliferation profiles of the H9¢c2
cells. TUNEL assays demonstrated the apoptotic behaviors of the H9c2 cells, and a luciferase reporter analysis was
used to investigate the interactions between miR-21-5p and programmed cell death protein 4 (PDCD4). Results: LPS
induced damage to the H9c2 cells by reducing the cell viability and down-regulating miR-21-5p. On the other hand,
miR-21-5p overexpression inhibited the LPS-induced inflammatory damage in the H9c2 cells. Moreover, PDCD4
was verified as a downstream target gene of miR-21-5p, and its expression was inhibited by the higher miR-21-5p
content. Finally, miR-21-5p inhibited septic processes, and the PDCD4 overexpression rescued the miR-21-5p effect
in the LPS-treated H9c2 cells. Conclusion: Our findings suggest that miR-21-5p inhibits the LPS-induced progression
of sepsis in H9c2 cells. Additionally, PDCD4 is a downstream target gene of miR-21-5p, and both molecules serve
as potential therapeutic targets for heart sepsis patients.
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Introduction myocytes respond to such a situation by expos-

ing them to LPS [8].
A syndrome of physiologic, pathological, and

biochemical abnormalities, sepsis is induced
by infection [1]. It is a major public health con-
cern and a leading cause of death in hospitals
worldwide [2, 3]. Severe sepsis and septic
shock lead to organ dysfunctions by elevating
oxidative stress and exacerbating inflammation
in organs like the brain, heart, kidneys, liver,
and lungs [4]. It has been reported that the
mortality of sepsis is related to cardiac dys-
function [5, 6]. However, the specific regulatory
mechanism with the progression of septic car-
diac dysfunction remain elusive.

Lipopolysaccharide (LPS) can activate the
excessive production of pro-inflammatory
mediators, leading to myocardial damage,
heart failure, and even death [7]. Since one ini-
tial feature of sepsis is acute inflammation,
H9c2 cells have been used to mock how cardio-

Non-coding RNAs that contain 21 to 24 nucleo-
tides are defined as microRNAs (miRNAs). miR-
NAs regulate gene expression during transla-
tion. They have been studied as regulators in
various physiological and inflammatory pro-
cesses in human diseases [9]. Specifically,
three miRNAs (miR-21-5p, miR-125-5p, and
miR-18b) have been shown to act as major reg-
ulators in immune-inflammatory responses [10-
12]. Furthermore, numerous studies have
revealed miRNAs as modulators of sepsis-
induced damage in inflamed organs [13-15].
Specifically, miR-21-5p suppresses inflamma-
tion and cell apoptosis in the injured brain
microvascular endothelial barrier, as well as the
progression of aged intracerebral hemorrhages
[12, 16]. In this study, we explored the role miR-
21-5p plays in LPS-treated H9c2 cells.
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Table 1. The sequences of the miRNA constructs

The miR-21-5p mimics, the miR-21-5p

miR-21-5p mimics NC ~ 5’-GUGUAACACGUCUAUACGCCCA-3’
5’-UAGCUUAUCAGACUGAUGUUGA-3’
miR-21-5p inhibitors NC 5’-UCACAACCUCCUAGAAAGAGU-3’

5’-UCAACAUCAGUCUGAUAAGCUA-3’

miR-21-5p mimics

miR-21-5p inhibitors

mimic negative controls (NC), the miR-21-
5p inhibitors, the miR-21-5p inhibitor
negative controls (NC), the pcDNA3.1
vector, and the pcDNA3.1-programmed

Programmed cell death protein 4 (PDCD4) is a
tumor suppressor that is normally down-regu-
lated in various cancers [17, 18]. Many studies
have found that PDCD4 participates in many
cellular functions, especially transcription,
translation, and proliferation [19]. Furthermore,
miR-21 was found to target the PDCD4 gene
at the 3’-UTR region [20], and the inhibition of
miR-21 blocks the LPS-induced down-regula-
tion of PDCDA4 in periodontitis, suggesting that
miR-21 is vital in inflammatory responses and
cancers by targeting PDCD4 [21]. Silencing
miR-21-5p, a member of the miR-21 family, will
improve paclitaxel (PTX) resistance and inhibit
PTX-resistant processes in breast cancer cells
partly by targeting PDCD4 [22]. Nevertheless,
the underlying regulatory mechanisms between
miR-21-5p and PDCD4 in septic H9c2 cells
remain to be elucidated, which is precisely the
topic of this article.

In this study, a model of LPS-induced sepsis in
HO9c2 cells was established. Subsequently, we
measured the expression levels and clarified
the regulatory mechanisms of miR-21-5p in
septic H9c2. The results show that miR-21-5p
promotes cell viability and inhibits apoptosis in
LPS-treated H9c2 cells. Our study provides
experimental evidence to clarify the molecular
mechanisms of sepsis in H9c2 cells, as well as
information about potential therapeutic targets
against sepsis.

Materials and methods
Cell treatments and transfection

The cardiomyoblast culture medium (H9c2
cells; ATCC, Manassas, VA, USA) was DMEM
(Gibco Laboratories, USA) with 10% FBS (Gibco
Laboratories, USA) and the antibiotics 1% peni-
cillin and streptomycin (Gibco Laboratories,
USA), which were incubated at 5% COz, 37°C.

The H9c2 cells were respectively co-cultured
with a concentration (0.5, 1, 2 yg/mL) of LPS
for 24 h (Sigma, Missouri, USA). Cells or cell
supernatants were extracted and collected for
the analysis.
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cell death 4 (PDCD4) were purchased
from Shanghai GenePharma Co., Ltd. The
cells were seeded in a 6-well plate with a den-
sity of 10° cells/ml and pre-incubated for 12 h
at 37°C, before being transfected with 50 nM
miR-21-5p mimics or miR-21-5p mimics NC, 2
pug pc DNA3.1 or pcDNA3.1-PDCD4, 50 nM
miR-21-5p inhibitors or miR-21-5p inhibitors
NC with 20 nmol/I Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) then
incubated at 37°C with 5% CO, for 48 h. The
cells were harvested 48 h after the transfec-
tion for the subsequent experiments. The
sequences of the miRNA constructs are shown
in Table 1.

ELISA assay

The supernatants of the LPS-treated H9c2 cells
were harvested and the IL-1B3, TNF-«, and IL-6
releases were measured ELISA Kits (TaKaRa,
Dalian, China).

CCK-8 cell viability assays

The cells were seeded into a 96-well plate and
treated with LPS at 37°C and 5% CO, for 24 h.
The cell proliferation was measured CCK-8 Kits
(Abcam, Cambridge, UK). The optical density
values were measured at 450 nm using an
ultraviolet spectrophotometer (Thermo Fisher
Scientific, Inc.).

EdU assays

The cells were seeded into a 96-well plate and
treated with LPS at 37°C and 5% CO, for 24 h.
The cell proliferation was measured using EdU
assays (Solarbio, Beijing, China). The EdU was
added for 2 h. After fixation, 1x Apollo was
added to stain the cells for 0.5 h without light.
Next, we DAPI stained the nuclei for 5 min.
Finally, the cells were viewed under an invert-
ed fluorescence microscope (Olympus IX51,
Japan).

TUNEL assays

The apoptosis of the LPS-treated cells was
assessed using a commercial Cell Death
Detection kit (Roche, Germany). The labelled
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Table 2. The primers for gPCR

parisons were determined

Rno-miR-21-5pforward GACAAGCTTGCGGCCGCCCTTTAGGAGCATTATGAGCAT
Rno-miR-21-5p reverse ATCCTCTAGAGTCGACGAAGGTCAAGTAACAGTCATAC

Rno-PDCD4 forward TTGAGCACGGAGATACGAAC
Rno-PDCDA4 reverse GTCCCGCAAAGGTCAGAAAG
Rno-U6 forward CTCGCTTCGGCAGCACACATA
Rno-U6 reverse ACGCTTCACGAATTTGCGTGTC
Rno-B-actin forward GTTGGAGCAAACATCCCCCA
Rno-B-actin reverse CGCGACCATCCTCCTCTTAG

using unpaired/paired Stu-
dent’s t tests, and Bonfer-
roni, Tukey, two-way ANOVA.
P<0.05 was considered to
indicate a statistically sig-
nificant difference.

Results

Note: The 224 relative quantification method was used to quantify the gPCR data.

PDCD4: programmed cell death protein 4.

cells were viewed using a fluorescence micro-
scope (Olympus IX51, Japan).

Western blotting

The protein extracted from the H9¢2 cells was
lysed in an ice-cold RIPA buffer plus PMSF on
ice (Beyotime Institute of Biotechnology,
Shanghai, China).

The primary antibodies were anti-Bax (Abcam,
1:1,000), anti-Bcl-2 (Abcam, 1:500), anti-pro-
cleaved Caspase-3 (Proteintech, 1:500), anti-
cleaved Caspase-3 (Proteintech, 1:500), anti-
pro-cleaved Caspase-9 (Proteintech, 1:300),
anti-cleaved Caspase-9 (Proteintech, 1:300),
anti-B-actin (Abcam, 1:1,000), and anti-PDCD4
antibody (Proteintech, 1:1,000).

gRT-PCR assays

The RNA was isolated using TRIzol (Takara,
Otsu, Japan) and reversed transcribed into
cDNA using Superscript Il reverse transcripta-
se (Thermo Fisher Scientific, Inc.). The condi-
tions for the RT reaction were incubation at
25°C for 10 min, 50°C for 15 min, and heated
to 85°C for 5 min to terminate the reaction. A
real-time PCR machine (Bio-Rad) was used to
conduct the quantitative qPCR (Table 2). The
gRT-PCR was subsequently performed using
SYBR Green | Super mix (Takara, Otsu, Japan)
according to the manufacturer’s protocol. The
thermocycling conditions for the RT-qPCR
were 95°C for 10 min, followed by 35 cycles at
95°C and at 60°C for 1 min. The RT-gPCR
results were analyzed using the 222°T method.

Statistical analysis

All the results are presented as the means + sd
from three independent experiments. The com-
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The miR-21-5p expressions
in the LPS-treated H9¢c2
cells

HO9c2 cells were co-cultured with low, medium,
and high concentrations of LPS for 24 h,
respectively. The LPS-induced secretions of
the inflammatory cytokines in the H9c2 cells,
including TNF-c, IL-1[3, and IL-6, were evaluated
using ELISA, and the results demonstrated
dose-dependent secretions of these cytokin-
es with respect to the LPS concentrations
(Figure 1A-C). Moreover, the CCK-8 and EdU
assays revealed that the viability and prolifera-
tion of the H9c2 cells were decreased (Figure
1D, 1E). Furthermore, the number of TUNEL-
positive H9¢c2 cells increased in a dose-depen-
dent manner concerning the LPS concentra-
tions, indicating the apoptosis of the H9¢2 cells
is promoted by LPS (Figure 1F).

Moreover, the Bcl-2 expressions were found to
drop, but the Bax, Cleaved caspase-3, and
Cleaved caspase-9 levels were elevated in the
LPS-treated H9c2 cells in an LPS-dose-
dependent manner (Figure 1G). Notably, the
miR-21-5p levels were down-regulated in the
H9c2 cells (Figure 1H). Judging from the data,
LPS can induce damage in H9c2 cells by reduc-
ing the cell viability and promoting apoptosis,
and the power of such an induction was posi-
tively correlated to the LPS concentration.
Moreover, miR-21-5p was downregulated by
LPS in HO9c2 cells.

Overexpression of miR-21-5p suppresses the
inflammatory damage in H9c2 cells

To investigate the functions of miR-21-5p in the
LPS-treated H9c2 cells, miR-21-5p mimics and
NC mimics were transfected into these cells.
The gRT-PCR results indicated that the miR-21-
5p mimics can upregulate the miR-21-5p con-
tents in the H9c2 cells (Figure 2A), while
downregulating the secretions of TNF-a, IL-1j3,
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Figure 1. The expression of miR-21-5p is down-regulated in LPS-treated H9c2 cells. H9c2 cells were treated with
different concentrations of LPS for 24 h, respectively. A-C. The secretions of the cytokines were determined using
ELISA. D. The cell viability was measured using CCK-8 assays. E. We used EdU assays to analyze the cell prolifera-
tion (400x). F. We used TUNEL assays to analyze the apoptosis (400x%). G. We used Western blot to analyze the
expression levels of the apoptosis-associated proteins. H. We used qRT-PCR to test the expressions of miR-21-5p.
The values are the mean * sd, "P<0.05, **P<0.01 vs. the control, n=3 per group.

and IL-6 (Figure 2B-D). Moreover, the CCK-8
and EdU assays showed that the miR-21-5p
mimics can significantly promote the viability
and proliferation of the LPS-treated H9c2 cells
(Figure 2E, 2F). Then, the proportion of the
TUNEL-positive cells dropped in the group
transfected with the miR-21-5p mimics (Figure
2G). Moreover, the miR-21-5p mimics elevated
the expression level of Bcl-2 and inhibited the
expressions of Bax, Cleaved caspase-3, and
Cleaved caspase-9 (Figure 2H). All these
results confirmed that the overexpression of
miR-21-5p can inhibit LPS-induced inflamma-
tory damage in H9c2 cells.

PDCD4 is a downstream target gene of miR-
21-5p

To explore the regulatory mechanisms of miR-
21-5p in the LPS-treated H9c2 cells, we used
miRwalk and TargetScan to search the target
genes and found 14 intersection target genes
(Figure 3A). To specify the target gene that
interacts with miR-21-5p, the miR-21-5p mim-
ics and the miR-21-5p inhibitors were trans-
fected into the LPS-treated H9c2 cells. Among
the 14 target genes, the qRT-PCR analysis
found that PDCD4 exhibited an expression
pattern that was significantly affected by the
mimics and the miR-21-5p inhibitors in the
LPS-treated H9c2 cells (Figure 3A). Subse-
quently, we predicted the potential interaction
sites between miR-21-5p and PDCD4 (Figure
3B) and performed a luciferase reporter analy-
sis to verify them. The results demonstrated
that the luciferase activity at the 3’'UTR region
in PDCD4 dropped significantly when the
H9c2 cells were co-transfected with the
PDCD4-WT and miR-21-5p mimics. However,
the luciferase activity of the PDCD4-Mut didn’t
change significantly between the groups of
the miR-21-5p mimics and the control (Figure
3C). Moreover, the miR-21-5p inhibitors were
found to increase the expressions of the
PDCD4 mRNA and protein in the H9c2 cells
(Figure 3D, 3E). In general, PDCD4 was con-
firmed to be a downstream target gene of miR-

11454

21-5p and its expression is negatively correlat-
ed with the miR-21-5p expression.

Pc-PDCDA4 reversed the effects of the miR-21-
5p inhibitors in the LPS-treated H9c2 cells

Next, we performed a rescue experiment to
investigate the functions of the PDCD4 and
miR-21-5p mimics in the LPS-treated H9c2
cells. First, the PDCD4 expressions were up-
regulated in the H9c2 cells transfected with pc-
PDCD4 compared with the pc-DNA3.1 group
(Figure 4A). Then, the pc-PDCD4 was found to
reverse the down-regulation of TNF-a, IL-13,
and IL-6 by the overexpression of miR-21-5p
(Figure 4B-D). Moreover, the CCK-8 and EdU
assays revealed that the PDCD4 up-regulation
could reverse the promotive effects of the
miR-21-5p mimics on the LPS-treated H9c2
cells (Figure 4E, 4F). Meanwhile, pc-PDCD4
increased the proportion of the TUNEL-posi-
tive cells, indicating that the overexpression of
PDCD4 aggravated the apoptosis of the H9c2
cells that were treated with LPS and transfect-
ed with the miR-21-5p mimics (Figure 4G).
Finally, a western blot analysis proved that pc-
PDCD4 inhibited the up-regulation of Bcl-2 and
reversed the inhibitory effects on the expres-
sions of Bax, Cleaved caspase-3, and Cleaved
caspase-9 seen in the miR-21-5p group
(Figure 4H). In general, miR-21-5p can inhibit
the septic process, and such an effect was res-
cued by the PDCD4 overexpression of PDCD4
in the LPS-treated H9c2 cells.

Discussion

LPS is an essential component of the outer
membrane of gram-negative bacteria [23]. As a
molecule responsible for the systemic inflam-
matory response, it is routinely used as a sep-
sis model in studies [15, 24]. LPS-induced
sepsis is defined as a systemic inflammatory
response process that is related to many car-
diac diseases [25]. Moreover, LPS is involved in
various molecular metabolism mechanisms,
mitochondrial dysfunction, apoptosis, and
inflammation [15]. In this study, LPS was used

Am J Transl Res 2021;13(10):11450-11460



miR-21-5p inhibits the inflammatory damage caused by LPS in H9c2 cells

H9c2 H9c2
o He2 H9c2
v Hoc2
~6 200 600
o
&
E =g E = -~
T4 E E = 400
E
L H g
o = =
- T = .
&2 Z 3 = 200
< E s = =
-
20 0
-9

LPS+miR-21-
F LPS+miR-NC S5p mimic H

Lol R
< R \,\‘:?v‘:\\'\m“-

pro-Caspasc-3 M. A— —

cleaved-

Caspasc-3 M— -
pro-Caspase-9 . SR S_—

cleaved-

Caspase-9 "
B-actin W —

EDU
400 =

S ¥
5 HYc2 P . o4
DAPI g Bax MR S 3 .
= g3
= £
g Bol-2 M- < E3 LPS
2 ‘T2 =4 LPS+miR-NC
; 4 E3 LPS+miR-21-5p mimic
£ o
— =
E E
T
(-1

sl

|

LPS+miR-21-
LPS+miR-NC Sp mimic

H9¢2

Figure 2. The overexpression of miR-21-5p inhibits inflammatory injuries in LPS-treated H9c2 cells. miR-NC and miR-21-5p were transfected in the LPS-treated
H9c2 cells. A. A gRT-PCR analysis of the expression of miR-21-5p. B-D. The cytokines were measured using ELISA. E. The cell viability was measured using CCK-8
assays. F. EdU assays were used to analyze the cell proliferation (400x). G. TUNEL assays were used to analyze the apoptosis (400x). H. Western blot was used to
analyze the expression levels of the apoptosis associated proteins. The values are the mean * sd, "P<0.05, "P<0.01, *"P<0.001 vs. LPS + miR-NC, n=3 per group.
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A miRwalk Targetscan

Figure 3. PDCD4 is the downstream target gene of miR-21-5p. A. We used miRWalk and Tar-
getScan to search for the related target genes of miR-21-5p. The MiR-NC/miR-21-5p mimics
and the NC-inhibitor/miR-21-5p inhibitor were transfected in the LPS-treated H9c2 cells, and
we used qRT-PCR to test the levels of the 14 intersection target genes. Values are mean + sd,
"*P<0.01 vs. miR-NC or NC-inhibitor, n=3 per group. B. The predicted binding sites of PDCD4

234 238 and miR-21-5p. C. Luciferase reporter assays were performed to analyze the interaction of
(48.1%) (49%) WT or MUT PDCD4 3’-UTR with miR-21-5p. The values are the mean + sd, “"P<0.01 vs. the NC
mimics, n=3 per group. D. The NC-inhibitor and the miR-21-5p inhibitor were transfected in
the H9c2 cells. The expression of PDCD4 was analyzed using qRT-PCR. E. We used Western
blot to determine the expressions of PDCD4. The values are the mean + sd, “P<0.01 vs. NC-
inhibitor, n=3 per group.
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group. E. The cell viability was measured using CCK-8 assays. “"P<0.01 vs. the miRNA-NC group, #P<0.01 vs. the miRNA-21-5p group. F. We used an EdU assay to
analyze the cell proliferation (400x). “"P<0.01 vs. the miRNA-NC group, #P<0.05 vs. miRNA-21-5p group. G. We used a TUNEL assay to analyze the apoptosis (400x).
"*P<0.01 vs. the miRNA-NC group, #P<0.01 vs. miRNA-21-5p group. H. A Western blot analysis of the expression levels of the proteins. The values are the mean *
SD. "P<0.01, ""P<0.001 vs. miRNA-NC group, *P<0.05, #P<0.01 vs. miRNA-21-5p group. n=3 per group.
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inhibiting the cell apoptosis or the secretions of the inflammatory-related cytokines.

to induce damage in H9c2 cells and to create
an experimental model of sepsis in vitro. Our
results indicated that the viability of the H9c2
cells was significantly inhibited by LPS. On the
other hand, the proportion of apoptotic cells
and the expressions of the apoptosis-related
proteins increased when LPS was administered
in the cell model. Moreover, LPS contributed to
the overexpressions of IL-6, IL-13, and TNF-« in
the H9c2 cells, suggesting that an experimen-
tal model of sepsis was established.

MiRNAs are regulatory molecules that are vital
in disease diagnosis and treatment, and they
usually interact with the target gene at the 3’
untranslated region (3’-UTR) [12, 26]. Previous
studies have shown that miRNAs participate in
regulating cell metabolism and are involved in
LPS pathophysiology [21, 27, 28]. Therefore,
miRNAs may become new potential therapeu-
tic targets for LPS-induced sepsis. Specifically,
human NLRP3 inflammasomes are found to be
inhibited by miR-21 knockdown in septic shock
[29]. Moreover, the inhibition of miR-21 sup-
presses snail expression and prevents LPS-
induced podocyte injuries [30].

As a member of the miR-21 family, miR-21-5p
has been shown to be involved in many diseas-
es [31, 32]. Although scientists have conduc-
tive extensive research about the inflamma-
tion inhibition of miR-21-5p across lots of dis-
eases, the upstream regulatory mechanisms of
miR-21-5p in sepsis have remained almost
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unknown until now. In this paper, we confirmed
that LPS downregulates the expression of
miR-21-5p in H9c2 cells while upregulating the
concentrations of the inflammatory cytokines
and the apoptosis-related proteins. When LPS-
treated H9c2 cells are transfected with the
miR-21-5p mimics, the expressions of the
inflammatory cytokines and the apoptosis-
related proteins dropped, and the cell viability
increased. Therefore, miR-21-5p is verified to
inhibit inflammation in LPS-treated H9c2 cells.

With the bioinformatics analysis, PDCD4 was
predicted as one of the potential targets of miR-
21-5p. Moreover, PDCD4 has been shown to
significantly suppress tumor growth and
progression. Moreover, miR-21-5p has been
found to play a role in disease development by
targeting PDCD4 [20]. In our study, PDCD4
was experimentally confirmed as a target of
miR-21-5p, and its expression was found to be
negatively correlated with miR-21-5p expres-
sion in H9¢2 cells. Furthermore, pc-PDCD4 was
found to partially antagonize the inhibitory
effects on the inflammation of the miR-21-5p
mimics in LPS-treated H9c2 cells (Figure 5).

However, there are still some limitations to the
present study. The in vivo animal model experi-
ments were lacking. The roles of miR-21-5p and
PDCD4 in the sepsis animal model should be
further determined. We will further confirm our
conclusions by performing animal model exper-
iments in our future studies.

Am J Transl Res 2021;13(10):11450-11460
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In summary, the overexpression of miR-21-5p
can protect cells from LPS-induced damage by
promoting cell viability and inhibiting apoptosis
and the secretions of the inflammation-related
cytokines. Meanwhile, the relationship between
miR-21-5p and PDCD4 in LPS-treated H9c2
cells is clarified in vitro, and a novel therapeutic
target (PDCD4) for sepsis is proposed. Such
findings should be verified further by in vivo
studies.
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