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MicroRNA-23a reduces lipopolysac
charide-induced cellular apoptosis
and inflammatory cytokine production through Rho-associated kinase
1/sirtuin-1/nuclear factor-kappa B crosstalk
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Department of Emergency Medicine, South Campus of the Sixth People’s Hospital Affiliated to Shanghai Jiaotong University, Shanghai 201499, China.
Abstract
Background:MicroRNAs are closely associated with the progression and outcomes of multiple human diseases, including sepsis. In
this study, we examined the role of miR-23a in septic injury.
Methods Lipopolysaccharide (LPS) was used to induce sepsis in a rat model and H9C2 and HK-2 cells. miR-23a expression was
evaluated in rat myocardial and kidney tissues, as well as H9C2 and HK-2 cells. A miR-23a mimic was introduced into cells to
identify the role of miR-23a in cell viability, apoptosis, and the secretion of inflammatory cytokines. Furthermore, the effect of Rho-
associated kinase 1 (ROCK1), amiR-23a target, on cell damagewas evaluated, andmolecules involved in the underlyingmechanism
were identified.
Results: In the rat model, miR-23a was poorly expressed in myocardial (sham vs. sepsis 1.00± 0.06 vs. 0.27± 0.03, P< 0.01) and
kidney tissues (sham vs. sepsis 0.27± 0.03 vs. 1.00± 0.06, P< 0.01). Artificial overexpression of miR-23a resulted in increased
proliferative activity (DNA replication rate: Control vs. LPS vs. LPS + Mock vs. LPS + miR-23a: H9C2 cells: 34.13± 3.12 vs.
12.94± 1.21 vs. 13.31± 1.43 vs. 22.94± 2.26, P< 0.05; HK-2 cells: 15.17± 1.43 vs. 34.52± 3.46 vs. 35.19± 3.12 vs.
19.87± 1.52, P< 0.05), decreased cell apoptosis (Control vs. LPS vs. LPS + Mock vs. LPS + miR-23a: H9C2 cells: 11.39 ± 1.04
vs. 32.57± 2.29 vs. 33.08± 3.12 vs. 21.63± 2.35, P< 0.05; HK-2 cells: 15.17± 1.43 vs. 34.52± 3.46 vs. 35.19± 3.12 vs.
19.87± 1.52, P< 0.05), and decreased production of inflammatory cytokines, including interleukin-6 (Control vs. LPS vs. LPS +
Mock vs. LPS + miR-23a: H9C2 cells: 59.61 ± 5.14 vs. 113.54± 12.30 vs. 116.51± 10.69 vs. 87.69± 2.97 ng/mL; P< 0.05, F =
12.67, HK-2 cells: 68.12 ± 6.44 vs. 139.65± 16.62 vs. 143.51± 13.64 vs. 100.82± 9.74 ng/mL, P< 0.05, F= 9.83) and tumor
necrosis factor-a (Control vs. LPS vs. LPS + Mock vs. LPS + miR-23a: H9C2 cells: 103.20± 10.31 vs. 169.67± 18.84 vs.
173.61± 15.91 vs. 133.36± 12.32 ng/mL, P< 0.05, F= 12.67, HK-2 cells: 132.51± 13.37 vs. 187.47± 16.74 vs. 143.51± 13.64
vs. 155.79± 15.31 ng/mL, P< 0.05, F= 9.83) in cells. However, ROCK1 was identified as a miR-23a target, and further up-
regulation of ROCK1 mitigated the protective function of miR-23a in LPS-treated H9C2 and HK-2 cells. Moreover, ROCK1
suppressed sirtuin-1 (SIRT1) expression to promote the phosphorylation of nuclear factor-kappa B (NF-kB) p65, indicating the
possible involvement of this signaling pathway in miR-23a-mediated events.
Conclusion: Our results indicate that miR-23a could suppress LPS-induced cell damage and inflammatory cytokine secretion by
binding to ROCK1, mediated through the potential participation of the SIRT1/NF-kB signaling pathway.
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Introduction

Sepsis is a life-threatening organ dysfunction attributed to
an imbalance in the body’s reaction to infection, leading to
over 31 million cases and 5 million deaths worldwide,
annually.[1] Sepsis occurs in 2% to 6% of all hospital
inpatients and is responsible for up to 15% of in-hospital
mortalities. Furthermore, themortality is even higher when
sepsis occurs concomitantly with hypotension or hypo-
perfusion (namely septic shock).[2] The cardiovascular
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system plays essential roles in maintaining adequate organ
perfusion; thus, myocardial dysfunction, often termed as
sepsis-induced cardiomyopathy, is one of the most
frequent sepsis complications associated with an unfavor-
able prognosis.[3] Additionally, acute kidney injury is
another main syndrome associated with sepsis, with its
coexistence resulting in an increased mortality rate.[4]

Despite improving outcomes, no effective pharmacological
treatments have been developed targeting sepsis.[5] This
lack of therapeutic agents has intensified the emergency in
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sepsis research, mainly focused on alleviating the hyper-
inflammatory state and organ dysfunction associated with
sepsis.

Gene-based therapy has emerged and attracted a wide
range of investigations. MicroRNAs (miRNAs) represent a
class of small RNA molecules, 20 to 24 nucleotides long,
lacking protein-coding functions; however, miRNAs are
capable of regulating gene expression by inducing mRNA
degradation.[6] Notably, miRNAs are strongly associated
with the diagnosis and progression of multiple human
diseases, including sepsis, and may fulfill key functions
in the mediation of sepsis outcomes.[7] Several miRNAs
reportedly protect against sepsis-induced myocardial
impairment or kidney injury.[8,9] miR-23a is a member
of the miR-23a-27a-24-2 cluster, which is abnormally
expressed in human malignant cancers.[10] Furthermore,
miR-23a was found to be poorly expressed in patients with
ST-elevated myocardial infarction[11] and a septic mouse
model.[12] Importantly, it is known to improve sepsis-
induced lung injury.[13] However, the role of miR-23a in
sepsis-induced myocardial and kidney impairment, as well
as the underlying molecular mechanisms, needs to be
comprehensively investigated. Here, we identified Rho-
associated kinase 1 (ROCK1) as a candidate mRNA target
of miR-23a. ROCK1 has been found to promote
lipopolysaccharide (LPS)-induced inflammation in corneal
epithelial cells.[14] Likewise, the down-regulation of
ROCK1 is known to alleviate sepsis-induced lung
injury.[15] LPS is one of the most potent immunostimu-
latory compounds and can be used to induce sepsis via the
overactivation of the innate immune system.[16] Thus, we
speculated that miR-23a could modulate sepsis-induced
myocardial and kidney injury by binding to ROCK1. LPS
was used to induce sepsis in rats. A human renal tubular
epithelial cell line HK-2 and a rat cardiomyocyte cell line
H9C2, which are frequently used for kidney injury or
myocardial injury studies,[17,18] were treated by LPS as
well for in vitro studies. These experiments were performed
to explore the precise roles of miR-23a and ROCK1 in
septic injury, as well and the participating downstream
molecules.
Methods

Ethical approval

This study was approved by the Clinical Ethical Commit-
tee of the South Campus of the Sixth People’s Hospital
Affiliated to Shanghai Jiaotong University (No.
20180612002).
Establishment of a rat model of sepsis

Twenty Sprague-Dawley rats (8-week-old, 220± 20 g),
purchased from SLAC Laboratory Animal Co., Ltd.
(Beijing, China), were maintained in a temperature-
controlled room under a 12-h light/dark cycle, with free
access to food and water. To induce sepsis in rats, LPS was
administered as an intraperitoneal injection. Briefly, rats
were anesthetized with 10% pentobarbital (6 mL/kg) and
an arterial cannula was inserted into the left femoral artery
on a Biopac MP150 Biopac System (Goleta, CA, USA) to
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monitor the mean arterial pressure (MAP). When theMAP
was stable, LPS (dissolved in 1mL normal saline; 10mg/kg)
was intraperitoneally injected into experimental animals.
Septic shock was induced when theMAP decreased to 25%
to 30% of the baseline value. The rats in the sham group
received normal saline (2mL/kg) as a control. Twelve hours
after LPS or saline administration, bloodwas collected from
the abdominal aorta, allowed to stand at 20°C for 15min,
and centrifuged at 1409� g for 10min. The supernatant
was collected and preserved at �80°C to perform enzyme-
linked immunosorbent assay (ELISA). After blood collec-
tion, the rats were euthanized using an overdose of
pentobarbital (120mg/kg), and rat myocardial and kidney
tissues were collected. Tissues obtained from five rats were
used for immunohistological staining; tissues from the
remaining five rats were used for RNA and protein
extraction using reverse transcription quantitative polymer-
ase chain reactions (RT-qPCR) and Western blotting
analysis, respectively.
Hematoxylin and eosin (H&E) staining

Briefly, rat myocardial and kidney tissues were embedded
in paraffin, cut into thin sections, dewaxed, and then
hydrated in xylene. Then, the sections were stained using
hematoxylin for 5 min, soaked in 1% acid-ethanol (1%
HCl in 70% ethanol) for 5 times, and rinsed in distilled
water. Next, the sections were stained with eosin solution
for 3 min, dehydrated in different concentrations of
alcohol, and cleared in xylene. Thereafter, the sections
were dehydrated, sealed, and observed under an optical
microscope (Olympus Optical Co., Ltd., Tokyo, Japan).
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL)

The paraffin-embedded sections were dehydrated, incu-
bated with proteinase K solution at 37°C for 30min, with
the TdT and dUTPmixture (2:29) at 37°C for 2 h, and then
treated with 3% hydrogen peroxide in methanol to block
the activity of endogenous peroxidase. The sections were
labeled in the dark for 15min, followed by incubation in
converter-POD for 30min. The labeling was developed
using 2,4-diaminobutyric acid, and cell apoptosis was
observed under an inverted microscope (Leica Corpora-
tion, Solms, Germany). The apoptosis index (AI) was
calculated as follows: AI= number of apoptotic cells
(green)/total cells (blue) � 100%.
ELISA

Following anesthesia, 3 mL of blood was collected from
each rat and centrifuged at 1917 � g for 10 min to obtain
serum. Then, the protein levels of myocardial injury-
related factors, cardiac troponin-I (cTnI) and creatine
kinase-MB (CK-MB), kidney injury-related factors, blood
urea nitrogen (BUN) and serum creatinine (Cr), and
inflammatory cytokines, interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a), were determined using the
corresponding ELISA kits (Beyotime Biotechnology Co.,
Ltd., Shanghai, China) according to the manufacturer’s
instructions.

http://www.cmj.org


Table 1: Primer sequences in RT-qPCR.

Gene Primer sequence (50–30)

miR-23a F: CAGAGCAAGGGAACAGTAAGTGTGT
R: GGAGGTCACTTCCGATCCA

ROCK1 F: GCGAAGCTGCCAGTTGAAG
R: AGTGCAGGGTCCGAGGTATT

GAPDH F: GGTCTCCTCTGACTTCACA
R: GTGAGGGTCTCTCTCTTCCT

U6 F: GCTTCGGCAGCACATATACTAAAA
R: GCTTCGGCAGCACATATACTAAAAT

RT-qPCR: Reverse transcription quantitative polymerase chain reaction;
miR: MicroRNA; ROCK1: Rho-associated kinase 1; GAPDH: Glycer-
aldehyde-3-phosphate dehydrogenase; F: Forward; R: Reverse.
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RT-qPCR

Total RNA from tissues and cells was extracted using
TRIzol Reagent (Invitrogen Inc., Carlsbad, CA, USA)
following the manufacturer’s protocols, and 1 mg of RNA
was reverse transcribed into complementary DNA (cDNA)
using the SuperScript First-Strand cDNA System (Invi-
trogen); reverse transcription of miRNA was performed
using a SuperScript miRNA RT kit (Invitrogen). RT-qPCR
was performed in accordance with the SYBR Premix Ex
Tap kit (Takara Holdings Inc., Kyoto, Japan) protocol. U6
and Glyceraldehyde-3-phosphate dehydrogenase served
as the internal references for RNAs. The primers used are
listed in Table 1.
Cell culture and transfection

A human renal tubular epithelial cell line HK-2 and a rat
cardiomyocyte cell line H9C2 were acquired from
American Type Culture Collection (Manassas, VA,
USA) and cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin (10,000 U/mL and 10,000 g/
mL) at 37°C with 5% CO2. Next, the cells were treated
with normal saline (control group) or LPS (50 mg/mL) for
24 h. For gene interference, cells were transfected with a
miR-23a mimic (100 nmol/L), Mock (control for miR-23a
mimic, 100 nmol/L), pcDNA3.1 packaged ROCK1
(100 nmol/L), or the negative control using lipofectamine
2000 kits (Invitrogen). The miR-23a mimic, mimic control
(Mock), pcDNA overexpressing vectors, and negative
control were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China).
5-Ethynyl-20-deoxyuridine (EdU) assay

Briefly, exponentially growing HK-2 and H9C2 cells were
detached in 0.25% trypsin and seeded in six-well plates at
a density of 1� 106 cells/well. After 24 h, the medium was
refreshed and filled with EdU reagent, with cells warm-
bathed for 2 h. Proliferating cells were stained using Apollo
dyeing solution, and nuclei were stained using 40,6-
diamidino-2-phenylindole. Cell proliferation was observed
under a fluorescence microscope (AMG EVOS, Seattle,
WA, USA). The EdU-positive cell index was calculated as
831
follows: EdU-positive cell index = the number of EdU-
positive cells/total cells � 100%.
Flow cytometry

Briefly, exponentially growing cells were detached in
0.25% trypsin and seeded into six-well plates at a density
of 1� 106 cells/well. After 24 h of incubation, the cells
were centrifuged at 213� g at 4°C for 5min, and the
supernatant was discarded. Then, the cells were recovered
in phosphate-buffered saline and counted. Thereafter, the
cell suspension containing 1.5� 105 cells was centrifuged
as described above, and the suspended cells were further
treated with 400 mL of 1� binding buffer, with the
suspension incubated in the dark at 20°C for 20min. Next,
the suspension was mixed with 5 mL propidium iodide
and apoptosis was measured using a flow cytometer (BD
Biosciences, San Jose, CA, USA).
Caspase-3 activity measurement

Briefly, HK-2 and H9C2 cells were dispersed into
suspension and sorted into 96-well plates. To evaluate
spontaneous apoptosis, caspase-3 activity was determined
in each cell group using a colorimetric assay kit (Abcam,
Inc., Cambridge, MA, USA) according to the manufac-
turer’s instructions.
Dual-luciferase reporter gene assay

TargetScan (http://www.targetscan.org/), a computer-
based program, was used to predict the binding site
between miR-23a and ROCK1. Wild-type (WT) and
mutant-type sequences based on the miR-23a and 30UTR
of ROCK1 were inserted into the pGL3 luciferase vectors
(Promega, Madison, WI, USA) to construct pGL3-
ROCK1-WT and pGL3-ROCK1-MUT vectors. Well-
constructed vectors were co-transfected with the miR-
23a mimic or mimic control into HEK293T cells using
Lipofectamine 2000. Forty-eight hours after transfection,
the relative luciferase activity was determined using a
Dual-Luciferase Reporter Assay Kit (Promega) in accor-
dance with the manufacturer’s protocol.
Western blotting analysis

Total protein from tissues and cells was collected using the
radioimmunoprecipitation assay cell lysis buffer (Solarbio
Science & Technology Co., Ltd., Beijing, China). Protein
was separated on 12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred onto polyvinyli-
dene fluoride membranes (Thermo Fisher, Carlsbad, CA,
USA). Then, the membranes were incubated with the
aforementioned primary antibodies at 4°C overnight,
followed by incubation with the secondary antibody at
37°C for 2 h. Protein expression was determined using a
ChemiDoc XRS System (Bio-Rad, Hercules, CA, USA).
Statistical analysis

Data analyses were performed using SPSS 22.0 (IBM
Corp., Armonk, NY, USA). Data were normally distribut-
ed according to the Kolmogorov-Smirnov test and are
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Figure 1: Successful septic rat model establishment and decreased miR-23a expression are identified. (A) Cell apoptosis index in rat myocardial and kidney tissues was evaluated by TUNEL
(original magnification �200), n= 5. (B) Hemodynamics concerning the MAP of rats, n= 10. (C) Levels of myocardial injury-related factors (cTnI and CK-MB), kidney injury-related factors
(BUN and Cr), and the inflammatory cytokines (IL-6 and TNF-a) were determined by ELISA kits. (D) The expression of miR-23a in rat myocardial and kidney tissues was determined by RT-
qPCR. Data are presented as mean ± SD. Sham group: mice were injected with normal saline; Sepsis group, mice were injected with LPS. BUN: Blood urea nitrogen; CK-MB: Creatine
kinase-MB; Cr: Creatinine; cTnI: Cardiac troponin-I; ELISA: Enzyme-linked immunosorbent assay; IL-6: Interleukin-6; LPS: Lipopolysaccharide; MAP: Mean arterial pressure; miR-23a:
microRNA-23a; RT-qPCR: Reverse transcription quantitative polymerase chain reaction; SD: Standard deviation; TNF-a: Tumor necrosis factor-a; TUNEL: Terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling.
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presented as mean ± standard deviation. Differences
between groups were evaluated using the unpaired t-test,
while differences among multiple groups were compared
using one-way or two-way analysis of variance (ANOVA).
After ANOVA, Tukey multiple comparisons test was used
for post hoc analysis. P values were obtained using two-
tailed tests, and P< 0.05 was considered statistically
significant.

Results

miR-23a is markedly down-regulated in myocardial and
kidney tissues in a rat model of sepsis

A rat model of sepsis was established by administering
LPS. Based on H&E staining, myocardial and kidney
tissues in model rats showed significant inflammatory
infiltration, indistinct cell profile, and significant cell
destruction (sham vs. sepsis, P< 0.01) [Supplementary
Figure 1, http://links.lww.com/CM9/A456]. After the
successful establishment of the septic rat model, the AI
in myocardial and kidney tissues was determined using
TUNEL, and it was observed that the AI was notably
higher in model rats than in sham-operated rats (sham vs.
sepsis, myocardial tissues: 4.32± 0.41 vs. 19.52± 1.24,
t= 26.13, P< 0.01; kidney tissues: 5.69± 0.11 vs.
17.61± 1.31, t= 18.35, P< 0.01) [Figure 1A]. Further-
more, in model rats, the MAP was reduced (P< 0.01)
[Figure 1B]. ELISA results revealed that the expression
levels of myocardial injury-related factors (cTnI
[0.16 ± 0.03 vs. 0.92± 0.08 ng/mL, t= 28.13, P< 0.01]
832
and CK-MB [1.36 ± 0.12 vs. 15.41± 1.29 ng/mL,
t= 34.29, P< 0.01]), kidney injury-related factors (BUN
[5.31 ± 0.54 vs. 13.36± 1.29 ng/mL, t= 17.99, P< 0.01]
and Cr [50.49 ± 5.16 vs. 116.34± 12.37 ng/mL, t= 16.83,
P< 0.01]), and the inflammatory cytokines (IL-6 [63.42±
4.87 vs. 136.91± 13.25 ng/mL, t= 17.56, P< 0.01]
and TNF-a [16.37± 1.19 vs. 50.94± 3.68 ng/mL,
t= 28.52, P< 0.01]) (all sham vs. sepsis) were remarkably
elevated in model rats [Figure 1C]. These results suggested
the successful establishment of a sepsis model. Moreover,
RT-qPCR revealed that the miR-23a was poorly expressed
in myocardial and kidney tissues in sepsis model rats when
compared with sham-operated rats (myocardial tissues:
sham vs. sepsis: 1± 0.02 vs. 0.31± 0.04, t= 16.32,
P< 0.01; kidney tissues: 1± 0.06 vs. 0.43± 0.05 t= 30.86,
P< 0.01) [Figure 1D].
miR-23a directly binds to ROCK1

Data acquired from TargetScan predicted ROCK1 as a
target mRNA of miR-23a [Figure 2A]. Consequently, a
dual-luciferase reporter gene assay was performed to
validate this binding relationship. Herein, we observed
that HEK293T cells co-transfected with miR-23a mimic
and pGL3-ROCK1-WT vector showed decreased lucifer-
ase activity, whereas (mimic NC vs. miR-23a mimic:
0.97± 0.08 vs. 0.34± 0.06, t= 11.70, P< 0.05) other
transfection combinations failed to result in significant
changes in luciferase activity in cells (P> 0.05) [Figure 2B].
We further measured ROCK1 expression in myocardial
and kidney tissues in the sepsis rat model. RT-qPCR and
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Figure 2: miR-23a targets ROCK1 expression. (A) Binding sites between miR-23a and ROCK1 were predicted on TargetScan (http://www.targetscan.org/). (B) The binding relationship
between miR-23a and ROCK1was validated through a dual-luciferase reporter gene assay. (C) mRNA expression of ROCK1 in rat myocardial and kidney tissues was determined by RT-qPCR.
(D) Protein expression of ROCK1 in rat myocardial and kidney tissues was determined by Western blotting analysis. Data are presented as mean ± SD. Sham group: mice were injected with
normal saline; Sepsis group: mice were injected with LPS. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; miR-23a: MicroRNA-23a; MT: Mutant-type; ROCK1: Rho-associated kinase
1; RT-qPCR: Reverse transcription quantitative polymerase chain reaction; SD: Standard deviation; WT: Wild-type.
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Western blotting analysis revealed that the mRNA and
protein expression of ROCK1 increased considerably in
sepsis model rats when compared with that observed in
sham rats (mRNA expression: myocardial tissues: sham vs.
sepsis: 1.00± 0.03 vs. 2.64± 0.21, t= 26.34, P< 0.05;
kidney tissues: sham vs. sepsis: 1.00± 0.04 vs. 3.21± 0.31,
t= 19.92, P< 0.05) (protein expression: myocardial
tissues: sham vs. sepsis: 0.24± 0.03 vs. 0.51± 0.07,
t= 25.84, P< 0.05; kidney tissues: sham vs. sepsis:
0.36± 0.07 vs. 0.69± 0.08, t= 31.16, P< 0.01)
[Figure 2C and 2D].

miR-23a mimic administration reduces LPS-induced viability
and inflammatory cytokine secretion

In this study, H9C2 and HK-2 cell lines were treated with
LPS to simulate sepsis-induced myocardial and kidney
injury at the cellular level. Our findings demonstrated that
miR-23a expression was markedly reduced following LPS
treatment (Control vs. LPS: H9C2: 1.00± 0.03 vs.
0.37± 0.04; HK-2: 1.00± 0.05 vs. 0.29± 0.03) (P< 0.05,
F= 3.00) [Figure 3A]. To identify the exact role in miR-23a
in sepsis-induced myocardial or kidney injury, the miR-
23a mimic was introduced in LPS-treated H9C2 and HK-2
cells (LPS + Mock vs. LPS + miR-23a: H9C2: 1.00± 0.03
vs. 9.46± 0.67, t= 21.85, P< 0.05; HK-2: 1.00± 0.06 vs.
8.74± 0.84, t= 15.92, P< 0.05) [Figure 3B]. The EdU
labeling assay suggested that cell proliferation was notably
inhibited following LPS treatment; however, this inhibition
was partly reversed by themiR-23amimic (Control vs. LPS
vs. LPS + Mock vs. LPS + miR-23a: H9C2: 34.13± 3.12
vs. 12.94± 1.21 vs. 13.31± 1.24 vs. 22.94± 2.23,
F= 68.80 P< 0.01; HK-2: 39.11± 2.31 vs. 16.49± 1.71
vs. 18.04± 1.53 vs. 30.39± 2.61, F= 77.58, P< 0.01)
[Figure 3C]. Furthermore, based on the ELISA results, IL-6
(Control vs. LPS vs. LPS + Mock vs. LPS + miR-23a:
H9C2: 59.61± 5.14 vs. 113.54± 12.30 vs.
833
116.51± 10.69 vs. 87.69± 2.97, F= 16, P< 0.01; HK-
2: 68.12± 6.44 vs. 139.62± 17.22 vs. 143.51± 13.64 vs.
100.82± 9.75, F= 16, P< 0.01) and TNF-a (Control vs.
LPS vs. LPS + Mock vs. LPS + miR-23a: H9C2:
132.51± 13.37 vs. 189.63± 16.74 vs. 186.22± 18.59
vs. 155.79± 15.33, F= 16, P< 0.05; HK-2: 132.51±
13.37 vs. 189.63± 16.74 vs. 186.22± 18.59 vs. 155.79±
15.33, F= 16, P< 0.01) levels were increased in cells,
while further miR-23a overexpression inhibited the
secretion of inflammatory factors in both cell lines
[Figure 3D].
miR-23a mimic inhibits LPS-induced cell apoptosis

Additionally, we investigated the presence of apoptosis in
both cell lines. The flow cytometric findings revealed that
LPS treatment led to increased apoptosis in H9C2 andHK-
2 cells, and miR-23a overexpression decreased the cell
apoptosis (Control vs. LPS vs. LPS + Mock vs. LPS + miR-
23a: H9C2: 13.61± 1.32 vs. 36.49± 3.31 vs.
37.83± 3.22 vs. 21.94± 2.27, F= 57.66, P< 0.05; HK-
2: 15.74± 1.53 vs. 37.64± 3.41 vs. 38.14± 3.37 vs.
20.48± 1.67, P< 0.05, F= 59.30) [Figure 4A]. Addition-
ally, caspase-3 activity was increased after LPS adminis-
tration, decreased by the miR-23a mimic (Control vs. LPS
vs. LPS + Mock vs. LPS + miR-23a: H9C2: 0.06± 0.02 vs.
0.26± 0.05 vs. 0.24± 0.03 vs. 0.09± 0.03, F= 57.66,
P< 0.05; HK-2: 0.07 ± 0.02 vs. 0.26± 0.04 vs.
0.28± 0.05 vs. 0.11± 0.03, F= 59.30, P< 0.05)
[Figure 4B]. Furthermore, ROCK1 expression was deter-
mined in both H9C2 and HK-2 cells. Based on RT-qPCR
and Western blotting analysis, LPS treatment increased
ROCK1 expression, whereas miR-23a overexpression
decreased mRNA and protein expression of ROCK1
in both cell lines (mRNA expression: Control vs. LPS vs.
LPS + Mock vs. LPS + miR-23a: H9C2: 1.00± 0.03 vs.
3.46± 0.31 vs. 3.51± 0.24 vs. 1.87± 0.18, F= 98.01,
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Figure 3: miR-23a mimic administration reduces the viability inhibition and inflammatory cytokine secretion induced by LPS. (A) Expression of miR-23a in rat myocardial cell line H9C2 and
human kidney cell line HK-2 after LPS treatment was determined by RT-qPCR. (B) miR-23a expression in LPS-treated cell lines after miR-23a mimic transfection was determined by RT-
qPCR. (C) The proliferation of each group of cells was detected by EdU labeling assay (original magnification �200). (D) Levels of IL-6 and TNF-a in cells were measured using ELISA kits.
Data are presented as mean ± SD. Repetition= 3. Control group: cells were treated with normal saline; LPS group: cells were treated with LPS; LPS + Mock group, cells were transfected
with Mock and then treated with LPS; LPS + miR-23a group, cells were transfected with miR-23a mimic and then treated with LPS. EdU: 5-Ethynyl-20-deoxyuridine; ELISA: Enzyme-linked
immunosorbent assay; IL-6: Interleukin-6; LPS: Lipopolysaccharide; miR-23a: MicroRNA-23a; RT-qPCR: Reverse transcription quantitative polymerase chain reaction; SD: Standard
deviation; TNF-a: Tumor necrosis factor-a.
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P< 0.05; HK-2: 1.00± 0.03 vs. 3.97± 0.41 vs.
4.03± 0.37 vs. 2.21± 0.21, F= 73.94, P< 0.05) (protein
expression: Control vs. LPS vs. LPS +Mock vs. LPS + miR-
23a: H9C2: 0.26± 0.05 vs. 0.69± 0.07 vs. 0.71 ± 0.04 vs.
0.43± 0.05, F= 48.93, P< 0.05; HK-2: 0.36± 0.04 vs.
0.71± 0.06 vs. 0.70± 0.05 vs. 0.53± 0.06, F= 28.86,
P< 0.05) [Figure 4C and 4D].

Overexpression of ROCK1 mitigates the protective effects of
miR-23a on H9C2 and HK-2 cells

To determine whether ROCK1 expression was altered
during miR-23a-mediated protective events, ROCK1
overexpression was introduced in H9C2 and HK-2 cells
834
pre-transfected with miR-23a. The RT-qPCR results
indicated that cell lines harboring ROCK1 overexpression
were successfully constructed (miR-23a + Lv-NC vs. miR-
23a + Lv-ROCK1: H9C2: 1.00± 0.03 vs. 4.69± 0.41,
F= 16, P< 0.05; HK-2: 1.00± 0.06 vs. 5.12± 0.53,
F= 28.86, P< 0.01) [Figure 5A]. Next, the EdU labeling
assay revealed that the increased cell proliferation induced
by the miR-23a mimic was reduced following ROCK1
overexpression (miR-23a + Lv-NC vs. miR-23a + Lv-
ROCK1: H9C2: 30.33± 3.12 vs. 19.78± 1.36, F= 17.07,
P< 0.05; HK-2: 32.36± 3.27 vs. 21.94 ± 2.23, F= 24.74,
P< 0.05) [Figure 5B]. Furthermore, flow cytometry, as
well as caspase-3 activity, implied the protective roles of
miR-23a against LPS-induced cell apoptosis were partially
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Figure 4: miR-23a mimic reduces LPS-induced cell apoptosis. (A) Apoptosis of H9C2 and HK-2 cells was determined by flow cytometry. (B) Caspase-3 activity in cells was determined using
a colorimetric assay kit. (C) mRNA expression of ROCK1 in H9C2 and HK-2 cells was determined by RT-qPCR. (D) Protein expression of ROCK1 in H9C2 and HK-2 cells was determined by
Western blotting analysis. Data are presented as mean ± SD. Repetition = 3. Control group: cells were treated with normal saline; LPS group: cells were treated with LPS; LPS + Mock group,
cells were transfected with Mock and then treated with LPS; LPS + miR-23a group, cells were transfected with miR-23a mimic and then treated with LPS. GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; LPS: Lipopolysaccharide; miR-23a: MicroRNA-23a; ROCK1: Rho-associated kinase 1; RT-qPCR: Reverse transcription quantitative polymerase chain reaction;
SD: Standard deviation.
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blocked by ROCK1 overexpression. The apoptosis rate
was increased (miR-23a + Lv-NC vs. miR-23a + Lv-
ROCK1: H9C2: 21.36± 2.21 vs. 34.12± 3.11, F= 22.29,
P< 0.05; HK-2: 24.31± 2.24 vs. 37.71± 3.31, F= 23.58,
P< 0.01), and the caspase-3 activity was increased as well
(miR-23a + Lv-NC vs. miR-23a + Lv-ROCK1: H9C2:
0.11± 0.03 vs. 0.21± 0.03, F= 16, P< 0.05; HK-2:
0.12± 0.04 vs. 0.24± 0.03, P< 0.01, F= 11.72)
[Figure 5C and 5D].

miR-23a targets ROCK1 to mediate the sirtuin-1 (SIRT1)/
nuclear factor-kappa B (NF-kB) signaling pathway

Reportedly, the well-known inflammation-related signal-
ing pathway, NF-kB, is activated after LPS treatment and is
a target of SIRT1.[19] Consequently, we investigated the
possible involvement of this pathway in sepsis-induced cell
damage. We observed that treatment with LPS inhibited
SIRT1 expression (Control vs. LPS: H9C2: 0.43± 0.06 vs.
835
0.72± 0.05, F= 12.67, P< 0.05; HK-2: 0.41± 0.05 vs.
0.68± 0.07, F= 9.83, P< 0.01) and promoted the
phosphorylation of NF-kB p65 (Control vs. LPS: H9C2:
0.68± 0.07 vs. 0.24± 0.03, F= 12.67, P< 0.05; HK-2:
0.54± 0.06 vs. 0.10± 0.02, F= 9.83, P< 0.01) in cells as
demonstrated by Western blotting analysis [Figure 6A]. In
the cell lines, further overexpression of miR-23a by
introducing miR-23a mimic resulted in decreased SIRT1
expression (LPS + Mock vs. LPS + miR-23a: H9C2:
0.22± 0.03 vs. 0.48± 0.04, F= 8.94, P< 0.05; HK-2:
0.12± 0.02 vs. 0.51± 0.04, F= 3.54, P< 0.05) and
reduced p65 phosphorylation (eLPS + Mock vs. LPS +
miR-23a: H9C2: 0.63± 0.05 vs. 0.42± 0.03, F= 6.41,
P< 0.05; HK-2: 0.67± 0.04 vs. 0.53± 0.03, F= 5.42,
P< 0.05) [Figure 6B], whereas these miR-23a effects were
reversed by ROCK1 overexpression (SIRT1 expression:
miR-23a + Lv-NC vs. miR-23a + Lv-ROCK1: H9C2:
0.50± 0.06 vs. 0.34± 0.04, F= 3.71, P< 0.05; HK-2:
0.49± 0.03 vs. 0.26± 0.04, F= 5.36, P< 0.05) (p65
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Figure 5: Overexpression of ROCK1 counteracts the protective effects of miR-23a on H9C2 and HK-2 cells. ROCK1 overexpressing vector was introduced in H9C2 and HK-2 cells pre-
transfected with miR-23a mimic. (A) ROCK1 expression in H9C2 and HK-2 cells was determined by RT-qPCR. (B) The proliferation activity of each group of cells was determined by EdU
labeling assay (original magnification �200). (C) Apoptosis of H9C2 and HK-2 cells was determined by flow cytometry. (D) Caspase-3 activity in cells was determined using a colorimetric
assay kit. Data are presented as mean ± SD. Repetition= 3. miR-23a + Lv-NC group, cells overexpressing miR-23a were further transfected with Lv-NC and then treated with LPS; miR-23a
+ Lv-ROCK1 group, cells overexpressing miR-23a were further transfected with Lv-ROCK1. ANOVA: Analysis of variance; EdU: 5-Ethynyl-20-deoxyuridine; LPS: Lipopolysaccharide; Lv-NC:
Lentiviral vector-negative control; miR-23a: MicroRNA-23a; miR-23a: MicroRNA-23a; ROCK1: Rho-associated kinase 1; RT-qPCR: Reverse transcription quantitative polymerase chain
reaction; SD: Standard deviation.
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phosphorylation: miR-23a + Lv-NC vs. miR-23a + Lv-
ROCK1: H9C2: 0.41± 0.04 vs. 0.55± 0.06, F= 3.48,
P< 0.05; HK-2: 0.49± 0.04 vs. 0.62± 0.05, F= 2.79,
P< 0.05) [Figure 6C]. In vivo, we observed that SIRT1
was downregulated, while NF-kB p65 phosphorylation
was increased in the myocardial and kidney tissues of
the sepsis rat model (SIRT1 expression: sham vs. sepsis:
myocardial tissues: 0.68 ± 0.07 vs. 0.24± 0.03, F= 9.07,
P< 0.05; kidney tissues: 0.60± 0.05 vs. 0.21± 0.04,
F= 9.29, P< 0.05) (p65 phosphorylation: sham vs. sepsis:
myocardial tissues: 0.43 ± 0.05 vs. 0.72± 0.05, F= 5.98,
P< 0.05; kidney tissues: 0.31± 0.04 vs. 0.52± 0.05,
F= 4.86, P< 0.05) [Figure 6D].

Hydroxyfasudil alleviated LPS-induced myocardial and
kidney injury in rats

To further validate the correlation between ROCK1 and
the NF-kB signaling pathway and their relevance to
septic shock, a ROCK1-specific antagonist Hydroxyfa-
sudil was administrated into the septic rats. Then, it was
found that the LPS-induced cell apoptosis in myocardial
and kidney tissues was notably suppressed (AI: LPS +
PBS vs. LPS + Hydroxyfasudil: myocardial tissues:
16.85 ± 1.73 vs. 8.46 ± 0.89, t = 7.33, P< 0.05; kidney
tissues: 17.93 ± 1.82 vs. 9.57 ± 0.94, t = 7.27, P< 0.05)
[Figure 7A]. The ELISA results showed that
the myocardial injury-related factors (cTnI [LPS + PBS
vs. LPS + Hydroxyfasudil: 15.04 ± 1.55 vs. 6.75 ±
0.68 ng/mL, t = 8.26, P< 0.01] and CK-MB [LPS +
PBS vs. LPS + Hydroxyfasudil: 0.86 ± 0.07 vs.
0.45 ± 0.06 ng/mL, t = 8.26, P< 0.01]), the kidney
injury-related factors (LPS + PBS vs. LPS + Hydrox-
yfasudil: BUN: 13.29 ± 1.27 vs. 7.43 ± 0.76 ng/mL,
t = 6.86, P< 0.01 and Cr: 116.48 ± 12.19 vs.
68.54 ± 7.26 ng/mL, t = 5.82, P< 0.01]), and the in-
flammatory cytokines (LPS + PBS vs. LPS + Hydrox-
yfasudil: IL-6: 132.18 ± 14.26 vs. 79.53 ± 8.24 ng/mL,
t = 5.54, P< 0.01 and TNF-a: 53.37 ± 5.41 vs.
836
36.49 ± 2.97 ng/mL, t = 5.54, P< 0.01) in rat serum
was notable reduced after Hydroxyfasudil treatment
[Figure 7B]. In this setting, the phosphorylation of
NF-kB p65 in rat myocardial and kidney tissues was
notably reduced (LPS + PBS vs. LPS + Hydroxyfasudil:
myocardial tissues: 37.44 ± 3.26 vs. 18.85 ± 2.34,
t = 8.31, P< 0.05; kidney tissues: 34.19 ± 3.42 vs.
15.09 ± 1.51, t = 8.55, P< 0.05) [Figure 7C].
Discussion

In addition to the high mortality rate, sepsis leads to
continuous physical, mental, and cognitive impairments in
survivors, resulting in substantial economic and societal
burdens to patients.[3] However, clinical trials in the past
few decades have failed to yield any effective therapeutic
interventions specifically targeting sepsis. In the present
study, our findings suggested that miR-23a is poorly
expressed in myocardial and kidney tissues in LPS-treated
rats and cells, with up-regulation resulting in reduced cell
damage and apoptosis, as well as reduced inflammatory
cytokine secretion by targeting ROCK1, with the
involvement of the SIRT1/NF-kB signaling pathway.

Notably, LPS is widely used to induce sepsis by initiating
hyperactivation of the inflammatory response,[20-22] which
was utilized in this study to establish the septic model in
rats, as well as in H9C2 and HK-2 cells. First, we observed
that the levels of cTnI, CK-MB, BUN, and Cr were
increased in rat serum. cTnI is a cardiac-specific protein
that is sensitive to myocardial impairment, secreted into
the blood immediately after myocardial cell membrane
damage.[23] Furthermore, CK-MB is a myocardial marker
enzyme and a parameter of myocardial injury that is
frequently used to measure the severity of ischemic heart
diseases.[24] BUN and Cr are widely used biomarkers of
acute kidney injury.[25] Additionally, high levels of IL-6
and TNF-a were detected in the serum of LPS-treated rats
and cells. TNF-a is produced during the early stage of
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Figure 6: miR-23a targets ROCK1 to mediate the SIRT1/NF-kB signaling pathway. (A–C) Protein level of SIRT1 and phosphorylation of NF-kB p65 in H9C2 and HK-2 cells determined by
Western blotting analysis. (D) Protein level of SIRT1 and phosphorylation of NF-kB p65 in myocardial and kidney tissues in the septic model rats measured by Western blotting analysis,
n= 5. Data are presented as mean ± SD. Repetition= 3. Sham group: mice were injected with normal saline; Sepsis group: mice were injected with LPS. Control group: cells were treated
with normal saline; LPS group: cells were treated with LPS; LPS + Mock group, cells were transfected with Mock and then treated with LPS; LPS + miR-23a group, cells were transfected
with miR-23a mimic and then treated with LPS; miR-23a + Lv-NC group, cells overexpressing miR-23a were further transfected with Lv-NC, and then treated with LPS; miR-23a + Lv-
ROCK1 group, cells overexpressing miR-23a were further transfected with Lv-ROCK1. miR-23a: MicroRNA-23a; NF-kB: Nuclear factor-kappa B; ROCK1: Rho-associated kinase 1; SD:
standard deviation; SIRT1: Sirtuin-1.
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sepsis and is potently associatedwith cardiac impairment,
induces the production of inducible nitric oxide synthase
and subsequent NO elevation, resulting in further
vasodilation and inflammation.[23] These results, and
the presence of inflammatory infiltration and cell damage
in rat tissues, confirmed the successful establishment of
the rat sepsis model, which demonstrated low miR-23a
expression. In LPS-treated cells, we observed that miR-
23a overexpression led to decreased IL-6 and TNF-a
levels, but increased cell viability. Reportedly, both miR-
23a-3p and miR-23a-5p inhibit proinflammatory gene
expression and apoptosis rate in Ctenopharyngodon
idella kidney cells in grass carp.[26] Furthermore, the anti-
inflammatory functions of miR-23a have been observed
in articular chondrocytes[27] and neurons of rats
presenting brain injury.[28] Similarly, silencing of
lncRNA MALAT1, a miR-23a sponge, was reported to
promote cell growth and repress inflammatory response
837
in septic mice, indicating the protective role of miR-23a
against sepsis-induced cell damage,[12] which was
substantiated in the current study. Moreover, we
observed that miR-23a overexpression inhibited apopto-
sis in LPS-treated cells; the decreased caspase-3 activity
induced by the miR-23a mimic additionally suggested
the anti-apoptotic role of miR-23a from a molecular
perspective.

The above findings prompted our exploration of the
downstream molecules involved in miR-23a-mediated
events. We identified ROCK1 as a target mRNA of
miR-23a, whose aberrant activation has been observed in
multiple cardiovascular disorders, including atherosclero-
sis and pulmonary hypertension, with its downregulation
revealing protective effects in animal models.[29] Notably,
increased ROCK1 expression may increase the hyper-
permeability of monolayer pulmonary vein vascular
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Figure 7: Hydroxyfasudil alleviated LPS-induced myocardial and kidney injury in rats. (A) Cell apoptosis index in rat myocardial and kidney tissues was evaluated by TUNEL (original
magnification �200), n= 5. (B) Levels of myocardial injury-related factors (cTnI and CK-MB), kidney injury-related factors (BUN and Cr), and the inflammatory cytokines (IL-6 and TNF-a)
were determined by ELISA kits, n= 10. (C) Phosphorylation of p65 in rat myocardial and kidney tissues was determined by immunohistochemical staining, n= 5. Data are presented as
mean ± SD. Repetition= 3. LPS + PBS, mice injected with LPS were further administrated with PBS; LPS + Hydroxyfasudil, mice injected with LPS were further administrated with
Hydroxyfasudil. BUN: Blood urea nitrogen; CK-MB: Creatine kinase-MB; Cr: Creatinine; cTnI: Cardiac troponin-I; ELISA: Enzyme-linked immunosorbent assay; IL-6: Interleukin-6; LPS:
Lipopolysaccharide; MAP: Mean arterial pressure; PBS: Phosphate-buffered saline; RT-qPCR: Reverse transcription quantitative polymerase chain reaction; SD: Standard deviation; TNF-a:
Tumor necrosis factor-a; TUNEL: Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.
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endothelial cells, which is also a common and severe
complication in sepsis or septic shock; hence, targeting
ROCK1 is a promising strategy for sepsis alleviation.[30,31]

Considering that miR-23a might protect against sepsis-
induced cell damage by binding to ROCK1, we further
transfected ROCK1 overexpressing vector into cells
pretreated with the miR-23a mimic. We observed that
the increased cell viability, decreased cell apoptosis, and
caspase-3 activity mediated by miR-23a mimic was
partially blocked following ROCK1 up-regulation. These
results provided robust evidence that targeting ROCK1 is,
at least partially, implicated in miR-23a-controlled
cardioprotective and nephroprotective events. Further-
more, a NAD-dependent class III protein deacetylase,
SIRT1, is known to participate in multiple pathophysio-
logical processes, such as inflammation mediation in sepsis
via regulation of related signaling, including the well-
known NF-kB pathway.[32,33] Reportedly, the down-
regulation of SIRT1 and subsequent activation of NF-
kB signaling are responsible for LPS-induced cell apoptosis
and inflammation.[34,35] Our findings revealed that SIRT1
expression was decreased, while NF-kB p65 phosphory-
838
lation was increased in the myocardial and kidney tissues
in rats, as well as H9C2 and HK-2 cells, treated with LPS.
In contrast, these changes were reversed bymiR-23amimic
administration, further recovered by ROCK1 overexpres-
sion, indicating that the miR-23a/ROCK1 network may
play a protective role through the SIRT1/NF-kB signaling
pathway. However, in the current study, we only
investigated altered activity in the SIRT1/NF-kB pathway
following miR-23a or ROCK1 interventions. Hence,
the specific roles of these pathways and their precise
involvement in miR-23a-mediated events warrant further
investigation.

We conclude that the current study suggests that miR-23a
is poorly expressed while ROCK1 is highly expressed in
LPS-treated rats and cells. Up-regulation of miR-23a can
inhibit LPS-induced cell apoptosis and damage, as well as
inflammatory cytokine secretion, partially by binding to
ROCK1, during which SIRT1 activation and NF-kB
signaling defects could be involved. These findings may
offer novel insights into gene-based therapy for sepsis and
sepsis-induced complications.
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