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MicroRNA-93 inhibits the apoptosis and inflammatory
response of tubular epithelial cells via the PTEN/
AKT/mTOR pathway in acute Kidney injury
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Abstract. Renal tubular epithelial cell injury is the main cause
of septic acute kidney injury (AKI), which is characterized by
the excessive inflammatory response and apoptosis. Numerous
studies have demonstrated that miRNAs are associated with
inflammatory response and apoptosis in numerous diseases.
The present study mainly focuses on investigating the asso-
ciation between microRNA (miRNA/miR) expression and
inflammatory response and apoptosis in the pathogenesis of
AKI. In vitro and in vivo models of AKI were simulated using
Escherichia coli lipopolysaccharide (LPS)-administrated
kidney epithelial cells and mice, respectively. The miRNA
expression profile was examined using miRNA microarray
in kidney tissues. Next, the effects of miR-93 upregulation
on the apoptosis, cytokine expression and oxidative stress in
the LPS-stimulated TCMK-1 were tested. The target genes
of this miRNA were investigated, and the regulatory asso-
ciation between miR-93 and the AKT/mTOR pathway was
investigated. The results demonstrated that miR-93 was the
most downregulated miRNA in mice kidney. Furthermore,
in LPS-induced renal tubular epithelial cells (TECs) injury
model, that upregulation of miR-93 was found to attenuate
the apoptosis and inflammatory response, as well as reactive
oxygen species generation. Mechanistically, phosphatase
and tensin homolog deleted on chromosome 10 (PTEN)
was identified as a target of miR-93. Further experiments
revealed that LPS-induced the decrease of phosphorylated
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(p)-AKT and p-mTOR protein expression in vitro are reversed
by the overexpression of miR-93. The results of the present
study suggested that the protective effect of miR-93 on AKI
may be associated with the activation of PTEN/AKT/mTOR
pathway. miR-93 may serve as a potential therapeutic target in
sepsis-induced AKI.

Introduction

Acute kidney injury (AKI) is one common complication of
sepsis with a high mortality rate in critically ill patients (1).
Although great effort has been made in the mechanism under-
lying the development of AKI, treatment of septic AKI remains
unsatisfactory (2,3). Therefore, it is necessary to investigate
effective therapeutic options for sepsis-induced AKI.

Studies have reported that the loss of functional tubular
epithelial cells (TECs) via apoptosis and inflammatory
response are involved in the pathological process of AKI (4-6).
Notably, anti-inflammatory and anti-apoptotic therapy was
confirmed to be beneficial for the treatment of sepsis-induced
AKI (7.8). Lipopolysaccharide (LPS) is a classical ligand for
TLR4 and mediates TLR4-dependent signal transduction
to activate NF-kB, leading to an increase in inflammatory
cytokine expression, including interleukin-1p (IL-1p), IL-6
and tumor necrosis factor-o (TNF-a) (9). Therefore, an
LPS-induced experimental model was comprehensively used
to investigate and investigate the anti-inflammatory treatment
of sepsis-related AKI.

MicroRNAs (miRNAs/miRs), endogenous small (~22
nucleotides) non-coding RNA, act as unique regulators of
gene expression through either inducing transcript degrada-
tion or inhibiting translation (10,11). Numerous studies have
highlighted the key roles of miRNAs in the pathological
process of AKI (12,13). For example, Liao et al (14) demon-
strated that miR-140-5p improved cisplatin-induced AKI
through suppressing oxidative stress by activating the Nrf2/
ARE pathway in a mouse model. Lan et al (15) reported
that miR-494 may induce over-activation of inflammatory
response and apoptosis in a mouse AKI model. In addition,
several miRNAs, including miR-494 (16), miR-107 (17)
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in the serum have been proposed to service as a biomarker
of AKI. Recent studies have demonstrated the protective
effects of miRNAs by inhibiting apoptosis and inflammatory
response in various types of renal cells (18,19). For example,
Guo et al (20) reported that inhibition of miR-709 protected
against cisplatin-induced the proximal tubular cell injury.
Yan et al (21) reported that miR-214 ameliorated ischemic
AKI through regulation of mitochondrial fragmentation and
apoptosis in ATP-depleted proximal tubular cells. Therefore,
it was hypothesized that miRNAs may regulate the renal TECs
apoptosis and inflammatory response.

In the present study, a mouse AKI model was established
and microarray analysis was conducted to determine miRNA
expression profiles in kidney tissues. Subsequently, the function
and possible mechanisms of candidate miRNA in regulating
apoptosis, oxidative stress and inflammatory response were
investigated using an AKI cell model. These results should
improve awareness of miR-93 regulation following AKI and
inform future direction of treatments for AKI.

Materials and methods

Animal model. A total of 20 male C57BL6/] mice, aged
10-12 weeks and weighing 20+2 g, were obtained from the
Shanghai SLAC Laboratory Animal Co., Ltd. All mice were
housed under standard conditions (12-h light-dark cycle,
21+£2°C, ~55% humidity) with free access to food and water. In
the AKI group (n=10), LPS in 200 ul saline was administrated
via intraperitoneal (i.p.) injection (10 mg/kg, 0.2 ml/mouse) for
24 h to induce AKI (22), while an equal volume of saline was
given to control mice (n=10). Ethical approval was obtained
from the Animal Experimentation Ethics Committee of the
School of Medicine, Shanghai Jiao Tong University (approval
no. 201912033; Shanghai, China). For miRNA microarray
analysis, the sample size was three; while for reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR), the
sample size was five.

Renal function measurement. A total of 24 h after the LPS
injection, mice were humanely anesthetized by i.p. injection
of pentobarbital sodium (50 mg/kg; Sigma-Aldrich; Merck
KGaA). Subsequently, 0.5 ml blood samples were collected
from the eyeballs of mice and placed in 1.5-ml microcentrifuge
tubes for 10 min at room temperature. Serum was obtained by
centrifuging at 1,500 x g for 10 min at 4°C and stored at -80°C.
Serum creatinine and blood urea nitrogen (BUN) were
detected by using a creatinine assay kit (cat. no. DICT-500;
BioAssay Systems) and a biochemical analyzer (Roche
Diagnostics GmbH), respectively. The levels of kidney injury
molecule-1 (KIM-1) and neutrophil gelatinase-associated
lipocalin (NGAL) were also measured using a Mouse TIM-1/
KIM-1/HAVCR Quantikine ELISA Kit (cat. no. MKM100)
and a Mouse Lipocalin-2/NGAL Quantikine ELISA Kit
(cat.no. MLCN20; both from R&D Systems, Inc.), respectively.

Renal histopathology. A total of 24 h after the LPS injection,
mice were humanely euthanized by i.p. injection of pento-
barbital sodium (50 mg/kg; Sigma-Aldrich; Merck KGaA),
followed by cervical dislocation. Subsequently, the right
kidney tissue was taken and fixed in 4% paraformaldehyde

in PBS (pH 7.4) for 20 min at 4°C, embedded in paraffin
and sectioned at 4 ym for hematoxylin and eosin (H&E)
staining for 10 min at room temperature. The morphological
changes were observed under a light microscope (BX-FM;
Olympus Corporation; 400x magnification). Tissue damage
was confirmed in a blinded manner and scored as previously
described (23).

MicroRNA expression profiling. Total RNA was extracted from
tissues using miRNeasy mini kit (Qiagen AB). MicroRNA
differential expression analysis was performed using the
miRCURY LNA™ Array v. 18.0 (Exiqon; Qiagen, Inc.) as
previously described (24). Briefly, total RNA was labeled
using miRCURY™ Hy3™/Hy5™ power labeling kit (Exiqon;
Qiagen, Inc.) and hybridized on miRCURY™ LNA Array
(v 1.8.0). After washing and staining, the microarray slides
were scanned in an Agilent G2565BA Microarray Scanner
System (Agilent Technologies, Inc.). Scanned images were then
imported into GenePix Pro 6.0 software (Molecular Devices,
LLC) for grid alignment and data extraction. Differently
expressed genes were then identified through fold-change
(fold-change =2) and P-value (P<0.05). Subsequently, the
miRNAs were measured by Volcano Plot filtering using
GraphPad Prism 7.0 software package (GraphPad Software,
Inc.). Finally, a hierarchical cluster heatmap representing
expression intensity and direction was created using a method
of hierarchical clustering via GeneSpring GX, version 7.3
(Agilent Technologies, Inc.).

RT-gPCR analysis. Total RNA was extracted from tissues
and cells using TRIzol Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). cDNA was synthesized using the PrimeScript
RT reagent kit (Promega Corporation) for 1 h at 42°C. For
detection of miR-93, gPCR was conducted using MicroRNAs
Quantitation PCR kit (Sangon Biotech Co., Ltd.). For detection
of mRNA, a SYBR Premix Ex Taq II (Takara Bio, Inc.) was
used for PCR. Sequences for the primers used were as follows:
MiR-93 forward, 5~ AGGCCCAAAGTGCTGTTCGT-3' and
reverse, 5'-GTGCAGGGTCCGAGGT-3"; U6 forward, 5'-GCT
TCGGCAGCACATATACTAAAAT-3' and reverse, 5'-CGC
TTCACGAATTTGCGTGTCAT-3'; phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) forward, 5'-CCA
GGACCAGAGGAAACCT-3' and reverse, 5-GCTAGCCTC
TGGATTTGA-3'; IL-1p forward, 5"TCTCGCAGCAGCACA
TCA-3' and reverse, 5'-CACACACCAGCAGGTTAT-3"; IL-6
forward, 5"TGGGAAATCGTGGAAATGAG-3" and reverse,
5-CTCTGAAGGACTCTGGCTTTG-3"; TNF-a forward,
5'-CCCGGGCTCAGCCTCTTCTCATTC-3' and reverse,
5'-GGATCCGGTGGTTTGCTACGACGT-3"; and GAPDH
forward, 5'-CGAGCCACATCGCTCAGACA-3" and reverse,
5'-GTGGTGAAGACGCCAGTGGA-3". U6 was used as an
internal control for detecting miR-93, and GAPDH was used
as an internal control for detecting PTEN. The thermocycling
conditions were as follows: 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 10 min.
Fold-changes in expression of each gene were calculated using
the 2-44¢d method (25).

Cell culture and treatment. Mouse kidney epithelial TCMK-1
cells were obtained from the American Type Culture Collection
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and were maintained in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.), supplemented with
10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C and 5% CO,. LPS, at concentrations of
0,0.01,0.1, 1 and 10 pxg/ml, was used to treat TCMK-1 cells for
24 h to generate a sepsis AKI cell model (26).

Cell transfection. The miR-93 mimics (5'-CAAAGUGCU
GUUCGUGCAGGUAG-3"), the mimics negative control
(NC; 5'-UUCUCCGAACGUGUCACGUTT-3"), miR-93
inhibitor (5'-CUACCUGCACGAACAGCACUUUG-3') and
inhibitor NC (5'-UUGUACUACACAAAAGUACUG-3') were
purchased from Guangzhou RiboBio Co., Ltd. At 80-90%
confluence, miR-93 mimics/inhibitor were transfected into
TCMK-1 cells (5x10°) at a final oligonucleotide concentration of
50 nmol/I. Transfection was performed using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocols. After transfection for 24 h,
TCMK-1 cells were collected for subsequent experiments.

Cell proliferation. To detect cell proliferation, TCMK-1 cells
were seeded onto 96-well plates (1,500 cells/well) for 24 h,
and then transfected with miR-93 mimics, followed by treat-
ment with LPS (0, 0.01, 0.1, 1 and 10 pg/ml) for 24 h at 37°C.
Then, 10 pl Cell Counting Kit-8 (CCK-8) solutions (Beyotime
Institute of Biotechnology) were added to cells and cells
were incubated for 1.5 h at 37°C and 5% CO,. Next, the OD
absorbance was detected at 450 nm by a micro-plate reader by
(Infinite M200; Tecan Group, Ltd.).

Cell apoptosis. An Annexin V-FITC/PI apoptosis detection
kit (Abcam) was applied to detect cells apoptosis according to
the manufacturer's protocols. Briefly, 48 h after transfection,
cells were centrifuged and washed with PBS, stained with
Annexin V and PI for 15 min at room temperature in the dark.
The results of apoptosis were measured using a FACScan
flow cytometer (Beckman Coulter, Inc.) and then data were
analyzed using FlowJo version 8.7.1 software (FlowJo LLC).
These results showed healthy viable cells in the lower left
quadrant (Q4) on the scatter plot as (FITC/PT’). The lower
right quadrant (Q3) represented the early stage apoptotic cells
as (FITC*/PI'). The upper right quadrant (Q2) represented
necrotic cells and late stage apoptotic cells as (FITC*/PI*). The
following formula was performed to determine the apoptotic
rate: Apoptotic rate=percentage of early stage apoptotic cells
(Q3) + percentage of late stage apoptotic cells (Q2).

Determination of caspase 3 activity. Following cells being
collected and lysed, the Caspase-3 activity was measured
using the Caspase-3 assay kit (cat. no. ab252897; Abcam)
according to the manufacturer's protocols. The results were
determined at 450 nm using a microplate reader (Bio-Rad
Laboratories, Inc.).

Detection of reactive oxygen species (ROS). The intracel-
Iular ROS levels were tested using a total ROS detection
assay kit (cat. no. K936; BioVision, Inc.), while the detection
of malonaldehyde (MDA), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) was performed using the detec-
tion kits for SOD (cat. no. S0101), MDA (cat. no. S0131S) and
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GPx (cat. no. S0058; Beyotime Institute of Biotechnology),
according to the manufacturer's protocols.

Measurement of IL-6, IL-13 and TNF-a. For cultured cells,
the supernatant was carefully collected by centrifugation
12,000 x g for 10 min at 4°C. The concentrations of IL-6,
IL-1p and TNF-a were analyzed using IL-6 (cat. no. p1330),
IL-1pB (cat. no. p1305) and TNF-a (cat. no. pt518) ELISA Kkits
from Beyotime Institute of Biotechnology.

Bioinformatics analysis. miRNA target prediction tools,
including PicTar version 2007 (https:/pictar.mdc-berlin.de/)
and TargetScan version 7.0 (http://targetscan.org/) were used
to search for the putative targets of miR-93.

Luciferase assay. The luciferase reporter plasmids [wild-type
(Wt)-PTEN-UTR-pGL3 or mutant (mut)-PTEN-UTR-pGL3]
were synthesized by Shanghai GenePharma Co., Ltd. 293T
cells (8x10%) (American Type Culture Collection) were
co-transfected with the luciferase reporter along with miR-93
mimics/inhibitor using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.). At 48 h post-transfection, the
activity of luciferase was measured using a Dual-Luciferase
Reporter Assay System (Promega Corporation). Renilla lucif-
erase expression of pRL-TK plasmids (Promega Corporation)
was used for normalization.

Western blotting. Proteins were extracted from cells using
RIPA lysis buffer (EMD Millipore) containing protease inhibi-
tors and phosphatase inhibitors. In brief, the protein samples
(40 pg/lane) were separated by 12% SDS-PAGE gel, and subse-
quently transferred to polyvinylidene difluoride membranes
(EMD Millipore). Then, the membrane was blocked with 5%
skimmed milk for 2 h at room temperature, followed by incu-
bation with antibodies against PTEN (cat. no. 9559; 1:2,000),
phosphorylated (p)-AKT (cat. no. 4060; 1:1,000), AKT
(cat.no0.4685; 1:1,000), p-mTOR (cat. no. 5536; 1:1,000), mTOR
(cat. no. 2983; 1:2,000) and fB-actin (cat. no. 3700; 1:2,000) for
an additional 2 h at room temperature. Next, the membranes
were incubated with a goat anti-mouse HRP-conjugated
secondary antibody (cat. no. 91196; 1:2,000) at room tempera-
ture for 1 h. All antibodies were obtained from Cell Signaling
Technology. Detection was performed using ECL reagents
(Advansta, Inc.) and blots were semi-quantified with ImageJ
software (version 1.46; National Institutes of Health).

Statistical analysis. SPSS 19.0 software package (IBM Corp.)
was used to analyze the data. All data are presented as the
mean * standard deviation. Comparisons between multiple
groups were analyzed by one-way analysis of variance,
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-93 is downregulated in kidney tissues from AKI mice. In
the present study, a mouse AKI model was established, and
H&E staining was used to evaluate the morphological changes
of kidney tissues. As shown in Fig. 1 A, substantial pathological
changes were observed in the LPS group, including edema of
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Figure 1. miR-93 is downregulated in kidney tissues from AKI mice. (A) H&E staining was used to examine the histopathological changes of the kidney
and evaluation of renal injury scores was assessed following H&E staining under an optical microscope (magnification, x200). The levels of (B) serum
BUN, (C) serum Cre, (D) urine KIM-1 and (E) urine NGAL in mice were measured using commercial kits. Data are presented as the mean + SD of three
independent experiments. “P<0.01 vs. Control group. (F) Heatmap of miRNA profiles represented the significantly regulated miRNAs. The color code in the
heatmaps is linear with green as the lowest and red as the highest. (G) Volcano plot presenting the differentially expressed miRNAs. Y-axis represents log
transformed P-value, and x-axis indicates the mean expression differences of miRs between AKI group and control group. llog2FoldChangel >2 was set as
the cut-off criteria. (H) miR-93 expression was validated by reverse transcription-quantitative polymerase chain reaction in mice following AKI (n=10). Data
are presented as the mean + SD of three independent experiments. “P<0.01 vs. Control group. miR/miRNA, micro RNA; AKI, acute kidney injury; H&E,
hematoxylin and eosin; BUN, blood urea nitrogen; Cre, creatinine; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; SD,

standard deviation.

renal TECs, tubular necrosis and inflammatory cell infiltration,
accompanied by a marked increase in the renal injury scores.
Subsequently, the renal function in the mouse AKI model was
investigated. It was demonstrated that the levels of BUN and
Cre, urine KIM-1 and urine NGAL, which are commonly used
biochemical indicators for detecting renal function were also
higher in the AKI group than in the control group (Fig. 1B-E).
This suggested that LPS-induced AKI animal models were
successfully established.

To investigate the potential involvement of miRNA in AKI,
microarray analysis was performed to determine miRNA
expression levels in kidney tissues. It was observed that 22
miRNAs were significantly downregulated and 26 miRNAs
were markedly upregulated in AKI group, compared with the
control group (Fig. 1F). The volcano plot demonstrates all
the differentially expressed miRNAs between the AKI group
and the control group (Fig. 1G). Of these aberrant miRNAs,
miR-93, miR-140 and miR-21 were decreased, while miR-182
was increased, which was consistent with the results of previous
studies (14,27,28), indicating the reliability of the microarray
used in the present study. Notably, miR-93 exhibited the most
markedly downregulated expression in the present study.
Notably, a previous study reported that the expression level of

miR-93 was correlated with the severity of oxalic acid-induced
AKI (29). In addition, several studies have demonstrated that
miR-93 exerts anti-inflammatory and anti-apoptotic abilities in
several disease models (30,31). Therefore, RT-qPCR was used
to further verify the miR-93 expression level in kidney tissues
of 10 AKI mice and it was observed that miR-93 expression
was significantly decreased in the AKI group, compared with
that in the control group (Fig. 1H). All data indicated that AKI
results in miRNA aberrant expression in kidney tissues and
miR-93 may serve an important role in the pathogenesis of
AKIL

Overexpression of miR-93 suppresses LPS-induced renal cell
apoptosis. To investigate the roles of miR-93 in AKI, mouse
kidney epithelial TCMK-1 cells were applied for construction
of an AKI cell model under LPS simulation (32). To begin
with, expression of miR-93 in TCMK-1 cells was detected
under different concentrations of LPS. It was demonstrated
that miR-93 expression was dose-dependently decreased in
TCMK-1 cells and was minimal at 10 yg/ml LPS treatment
(Fig. 2A). Therefore, 10 ug/ml LPS was selected for the subse-
quent experiments, which is also consistent with a previous
study (33).
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Figure 2. Overexpression of miR-93 suppresses LPS-induced renal cell apoptosis. (A) TCMK-1 cells were treated with different concentrations of LPS
(0,0.01,0.1, 1 and 10 pg/ml) for 24 h, and the expression of miR-93 was detected by RT-qPCR. (B) The transfection efficiency of miR-93 mimics was detected
by RT-qPCR. (C) miR-93 mimics were added to the cultured TCMK-1 cells for 24 h, and treated with LPS, and then cell viability was assessed by Cell
Counting Kit-8 assay. (D) Activity of Caspase-3 was measured using a Caspase-3 activity assay kit. (E) Apoptosis was detected by flow cytometry. Data are
presented as the mean + standard deviation of three independent experiments. “P<0.05, “P<0.01 vs. Control group; “P<0.01 vs. LPS group. miR, microRNA;
LPS, lipopolysaccharide; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; NC, negative control.

To investigate the role of miR-93 in LPS-induced cell
injury, miR-93 mimics were transfected into TCMK-1
cells. Compared with the mimics NC group, miR-93 was
significantly increased in TCMK-1 cells, indicating that
miR-93-overexpression was successful (Fig. 2B). CCK-8 assay
demonstrated that, compared with the control group, LPS
treatment resulted in a significant decrease in cell viability;
however, this decrease was reversed by overexpression of
miR-93 (Fig. 2C). Furthermore, it was investigated whether
miR-93 modulates cell apoptosis following AKI induction.
As shown in Fig. 2D, the Caspase-3 activity in the LPS group
was significantly upregulated compared with that in the
control group and this increase was attenuated by overexpres-
sion of miR-93. Cell apoptosis was further analyzed by flow
cytometry, and the results demonstrated that LPS induced a
significant increase in cell apoptosis. However, the increase
in apoptosis was significantly decreased by miR-93 mimics
(Fig. 2E). The aforementioned results indicated that overex-
pression of miR-93 alleviated cell apoptosis in the AKI cell
model.

Overexpression of miR-93 suppresses LPS-induced ROS
generation. It has been demonstrated that oxidative damage
to tubular cells and renal tissue is associated with renal
injury (34-36). Therefore, the influence of miR-93 on oxidative
stress in LPS-treated TCMK-1 cells was further investigated.
As shown in Fig. 3A, LPS treatment led to a marked increase
in ROS generation; however, this increase was attenuated by
overexpression of miR-93. Additionally, the levels of MDA, and

activities of SOD and GPx were measured. It was demonstrated
that LPS clearly increased the level of MDA, and decreased
the activities of SOD and GPx in the LPS group, compared
with the control group. However, these effects caused by LPS
were reversed by miR-93 upregulation (Fig. 3B-D). All these
data indicated that overexpression of miR-93 may mitigate
renal damage through suppressing oxidative stress.

Overexpression of miR-93 suppresses LPS-induced
inflammatory response. A previous study has suggested that
the production of pro-inflammatory cytokines in renal TECs
are the main pathological features of AKI (37). Therefore,
the present study further investigated the influence of miR-93
on the LPS-induced inflammatory response. As shown in
Fig. 4A-C, LPS stimulation markedly promoted the mRNA
levels of IL-1p, TNF-a and IL-6, compared with the control
group, but these promoting effects of LPS were abolished by
miR-93-overexpression. Similar results were observed in the
levels of IL-1B, TNF-a and IL-6, as determined by ELISA
(Fig. 4D-F). These data suggested that miR-93 suppressed the
inflammatory response in LPS-treated TCMK-1 cells.

PTEN is a direct target of miR-93. To elucidate the molecular
mechanisms involved in the protective role of miR-93 in
AKI, the target genes of miR-93 were predicted using PicTar
and TargetScan, and it was revealed that miR-93 may target
PTEN. PTEN sequences in the 3'-UTR region of miR-93 are
shown in Fig. 5A. To investigate whether miR-93/PTEN was
involved in the pathogenesis of LPS-induced TCMK-1 injury,
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(B) TNF-a and (C) IL-6 in LPS-treated TCMK-1 cells. Effects of miR-93 on mRNA levels of (D) IL-1f, (E) TNF-a and (F) IL-6 in LPS-treated TCMK-1
cells. Data are presented as the mean + standard deviation of three independent experiments. “P<0.05, “P<0.01 vs. Control group; “P<0.01 vs. LPS group. miR,
microRNA; LPS, lipopolysaccharide; IL, interleukin; TNF, tumor necrosis factor; NC, negative control.

a luciferase reporter assay was performed in TCMK-1 cells to  decreased following miR-93 inhibitor transfection in TCMK-1
validate PTEN as a direct target of miR-93. To begin with, it  cells (Fig. 5B). The dual-luciferase reporter assay demonstrated
was confirmed that the expression of miR-93 was significantly  that the luciferase activity was significantly decreased when
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Figure 5. PTEN is a direct target of miR-93. (A) Predicted miR-93 targeting sequence in PTEN 3'-UTR (wt PTEN 3'-UTR). Target sequences of PTEN
3'-UTR were mutated (mut PTEN 3'-UTR). (B) Expression of miR-93 was measured by RT-qPCR in TCMK-1 cells following miR-93 inhibitor transfection.
“P<0.01 vs. inhibitor NC group. (C) Luciferase assay of TCMK-1 cells co-transfected with firefly luciferase constructs containing the PTEN wt or mut
3'-UTRs and miR-93 mimics, mimic NC, miR-93 inhibitor or inhibitor NC, as indicated (n=3). “P<0.01 vs. mimics NC group; ““P<0.01 vs. inhibitor NC
group. (D) Expression of PTEN mRNA following transfection with miR-93 mimics or miR-93 inhibitor was measured by RT-qPCR. Data are presented as
the mean + SD of three independent experiments. “P<0.01 vs. mimics NC group; #P<0.01 vs. inhibitor NC group. (E) PTEN expression was measured by
RT-qPCR in mouse kidneys following AKI (n=5). (F) The miR-93 mimics/inhibitor and corresponding NC were added to TCMK-1 cells, followed by 10 ng/ml
LPS stimulation for 24 h, and then the mRNA levels of PTEN were detected by RT-qPCR. Data are presented as the mean + SD of three independent experi-
ments. "'P<0.05, “P<0.01 vs. Control group; #P<0.01 vs. LPS + mimics NC group; ““P<0.01 vs. LPS + inhibitor NC group. PTEN, phosphatase and tensin
homolog deleted on chromosome 10; miR, microRNA; UTR, untranslated region; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; NC,

negative control; SD, standard deviation; wt, wild-type; mut, mutant; AKI, acute kidney injury; LPS, lipopolysaccharide.

PTEN 3-UTR wt plasmids were co-transfected with miR-93
mimics in TCMK-1 cells, but markedly increased when
co-transfected with miR-93 inhibitors (Fig. 5C). However,
the luciferase activity showed no obvious change following
TCMK-1 co-transfection with miR-93 mimics/inhibitor and
PTEN 3'-UTR mut plasmids. To investigate whether PTEN
levels were regulated by miR-93, TCMK-1 cells were trans-
fected with miR-93 mimics/inhibitor and the levels of PTEN
mRNA were measured by RT-qPCR. It was demonstrated that
PTEN was significantly downregulated when miR-93 was
overexpressed in TCMK-1 cells, but upregulated following
miR-93-knockdown (Fig. 5D). Subsequent experiments
demonstrated that PTEN levels were significantly increased
in the kidney tissues of the AKI group compared with that
in the control group (Fig. SE). Furthermore, whether miR-93
regulates the expression of PTEN was determined in an AKI
cell model. As shown in Fig. SE, LPS stimulation upregulated
the mRNA levels of PTEN and this increase was attenuated by
overexpression of miR-93, but miR-93-knockdown enhanced
the LPS-induced upregulation of PTEN protein expres-
sion (Fig. 5F). All data indicated that miR-93 may exert its
protective effects by targeting PTEN in the AKI cell model.

miR-93 reactivates the AKT/mTOR pathway in the AKI cell
model. Tt is well-known that PTEN is a negative regulator of
AKT/mTOR pathway, which is directly associated with apop-
tosis (38,39). Therefore, the present study further investigated
whether miR-93 affected the activation of AKT/mTOR in
the AKI cell model. The results of western blotting demon-
strated that the protein levels of p-AKT and p-mTOR were
decreased in LPS-treated TCMK-1 cells, compared with that
in the control group, but these inhibitory effects of LPS on
the protein levels of p-AKT and p-mTOR were reversed by
miR-93 upregulation (Fig. 6A and B). These findings suggested
that miR-93 may re-activate the AKT/mTOR pathway through
suppressing PTEN.

Discussion

In the present study, miR-93 was revealed to be significantly
downregulated in kidney tissues from an AKI mouse model.
These results demonstrated that overexpression of miR-124
alleviates LPS-induced TEC cell injury by suppressing
apoptosis, oxidative stress and inflammation. In addition, it
was demonstrated that overexpression of miR-93 may exert
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Figure 6. miR-93 reactivates the AKT/mTOR pathway in an acute kidney
injury cell model. (A) Protein expression of AKT, p-AKT, mTOR and
p-mTOR were determined by western blotting. (B) The bands were
semi-quantitatively analyzed using ImageJ software, p-protein was normal-
ized to total protein. Data are presented as the mean + standard deviation of
three independent experiments. “P<0.01 vs. Control group; #P<0.01 vs. LPS
group. miR, microRNA; p-, phosphorylated; LPS, lipopolysaccharide; NC,
negative control.

protective effects against AKI by reactivating the PTEN/AKT/
mTOR pathway. The results of the present study suggested that
miR-93 may serve as a potential future therapeutic target for
AKT treatment.

There are several AKI animal models that have been
generated and widely used in research, which have provided
significant information on the post-AKI pathophysiological
changes and molecular mechanisms (40,41). All types of
models of AKI have their own advantages in clinical diffi-
culty, stability and feasibility, and at the same time, there are
certain deficiencies in the process of modeling. The animal
models of renal ischemia-reperfusion injury-induced AKI
generated by temporary unilateral or bilateral clamping of
renal pedicles or renal arteries have been well established
and broadly used in the study of AKI pathogenesis and drug
efficacy evaluation (42,43). Furthermore, the cecal ligation
and puncture mouse model of sepsis is also used to investigate
the pathogenesis of septic AKI (44). Of note, the LPS model
differs substantially from the ischemia and maleate models in

that LPS does not induce significant proximal tubule necrosis.
A previous study has reported that the loss of functional
TECs via inflammatory response in the pathological process
of AKI (4). Notably, anti-inflammatory and anti-apoptotic
therapy was confirmed to be beneficial for the treatment of
sepsis-induced AKI (5,6). LPS is a classical ligand for TLR4
and mediates TLR4-dependent signal transduction to activate
NF-kB, leading to an increase in inflammatory cytokine
expression, including IL-1f, IL-6 and TNF-a (7). Therefore, an
LPS-induced experimental model was comprehensively used
to investigate and evaluate the anti-inflammatory treatment of
sepsis-related AKI. Future studies should aim to further verify
the results of the present study using different AKI models.

Growing evidence has revealed that miRNAs are abnor-
mally expressed in renal tissues and are often associated with
renal injury responses, including apoptosis, oxidative stress
and inflammation (45-48). For example, Li et al (49) demon-
strated that miR-25-overexpression may ameliorate high
glucose (HG)-induced oxidative stress and apoptosis in renal
TECs. Qu and Zhang (50) reported that downregulation of
miR-122 alleviated renal ischemic reperfusion injury through
inhibiting apoptosis and ROS generation in rat renal TECs.
Song et al (27) reported that miR-21-overexpression protects
against AKI by preventing epithelial cell apoptosis. Therefore,
clarification of the role and regulation of miRNAs in AKI
may generate a potential therapeutic strategy for AKI. In the
present study, using an miRNA microarray revealed that a
large set of miRNAs were abnormally expressed; in particular,
miR-93 was identified as the most downregulated miRNA in
kidney tissues from AKI mice, suggesting that miR-93 may be
involved in the development of AKI.

Several studies have demonstrated that miR-93 exerts
protective effects in various injury models. For example,
Ma et al (51) reported that miR-93 decreased the cardiac
microvascular endothelial cell injury via inactivation of the
NF-«B signaling pathway. Yan et al (52) demonstrated that
miR-93 inhibition ameliorated oxygen-glucose deprivation/
reoxygenation injury in cardiomyocytes by targeting Nrf2.
Xiong et al (30) reported that overexpression of miR-93 allevi-
ated hepatic injury by suppressing apoptosis and inflammatory
response. In a clinical study, miR-93 has been proposed to
serve as a biomarker for early detection of AKI (29). However,
the regulatory roles of miR-93 in AKI remain unknown. In the
present study, an LPS-induced TCMK-1 cell model revealed
that overexpression of miR-93 suppressed the apoptosis,
oxidative stress and inflammatory response. Taken together,
these data revealed that miR-93 upregulation has a protective
effect in AKI via suppressing the apoptosis, oxidative stress
and inflammatory response, indicating that miR-93 may be
a potential candidate target for AKI therapy. However, the
molecular mechanism requires further clarification.

It is recognized that identifying the downstream target
gene(s) is a key to elucidating the pathophysiological role of
an miRNA. In the present study, using computational algo-
rithms, PTEN was identified as a target of miR-93. PTEN
has been found to serve important roles in renal injury (53).
For example, Li et al (49) demonstrated that overexpres-
sion of PTEN promoted the apoptosis of renal TECs in a
HG-induced cell damage model. Zhang et al (54) reported
that activation of PTEN/AKT signaling alleviated tubular
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cell apoptosis, thereby protecting animals from Cis-induced
AKI. Notably, PTEN has been reported to be a direct target of
miR-93 in myocardial ischemia/reperfusion (I/R) injury (55).
The present study demonstrated that PTEN is also a direct
target of miR-93 in renal TECs and its protein expression
was negatively regulated by miR-93 in TCMK-1 cells and
in kidney tissues of AKI mice. These results suggested that
miR-93 may exert its protective effect in AKI via reactivating
the PTEN/AKT/mTOR pathway.

Numerous signaling pathways are downstream of PTEN.
One important pathway, the endogenous PI3K/AKT pathway,
regulates negative feedback in response to LPS stimuli (56,57).
The PI3K/AKT/mTOR pathway is ubiquitous in cells and is
involved in the modulation of a series of physiological activi-
ties associated with AKI, including cell apoptosis, oxidative
indices and inflammatory response (58,59). A previous study
has demonstrated that AKT/mTOR signaling activation
markedly attenuated inflammation, mitochondrial damage
and apoptosis caused by ischemia/reperfusion (I/R)-induced
AKI (60). Zhang et al (61) demonstrated that activation of
the PI3K/AKT/mTOR pathway may prevent the apoptosis
and inflammation in tubular epithelial cells following I/R
injury. Of note, miR-93 may protect against I/R-induced
cardiomyocyte apoptosis by inhibiting the PTEN/AKT/
mTOR signaling pathway (55). Therefore, the present study
aimed to investigate whether miR-93 affects the PTEN/
AKT/mTOR signaling pathway in an AKI cell model. In the
present study, it was demonstrated that overexpression of
miR-93 decreased the increased protein levels of p-AKT and
p-mTOR induced by LPS in TCMK-1 cells. Taken together,
these results suggested that miR-93 may exert its protec-
tive effects on AKI by promoting the PTEN/AKT/mTOR
signaling pathway.

However, there are certain limitations to the present
study. For example, only the AKT/mTOR signaling pathway
was investigated, while other pathways may also be associ-
ated with the pathogenesis of AKI. Additionally, the number
of experimental animals was limited. In the future, further
systematic and in-depth studies investigating the pathogen-
esis of AKI will be conducted.

In conclusion, the results of the present study demonstrated
that upregulation of miR-93 protects against LPS-induced
TEC apoptosis, oxidative stress and inflammatory response
in an in vitro model of AKI. The underlying molecular
mechanism is mediated via promoting the activation of the
PTEN/AKT/mTOR pathway. These findings may provide a
novel direction for the treatment of AKI.
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