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MicroRNA-17-5p alleviates sepsis-related acute Kidney injury
in mice by modulating inflammation and apoptosis
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Abstract. Septic acute kidney injury (AKI) is considered as
a severe and frequent complication that occurs during sepsis.
Mounting evidence has confirmed the pivotal pathogenetic
roles of microRNA (miRNA or miR) in sepsis-induced AKI;
however, the role of miRNAs and their underlying mechanisms
in sepsis-induced AKI have not been entirely understood.
The present study aimed to elucidate the functions of special
miRNAs during sepsis-induced AKI and its underlying
mechanism. First, a number of differently expressed miRNAs
was identified based on the microarray dataset GSE172044.
Subsequently, lipopolysaccharide (LPS) was used to induce
AKI in mice, and the role of miR-17-5p on AKI was clarified.
Finally, the related molecular mechanisms were further exam-
ined by western blotting and immunohistochemical analysis.
MiR-17-5p was found to be continuously decreased and
reached the bottom at h 24 after AKI in mice. Functionally,
injection of agomiR-17-5p could observably improve renal
injury and survival rate, as well as inhibit inflammatory cyto-
kine production and renal cell apoptosis in mice after AKI.
On the contrary, injection of antagomiR-17-5p aggravated
LPS-induced renal injury, inflammation and apoptosis in mice
after AKI. Moreover, transforming growth factor § receptor 2
(TGFPR2) was identified as a direct target of miR-17-5p, and
its downstream phosphorylated Smad3 was also suppressed by
miR-17-5p upregulation. Taken together, these results demon-
strated that miR-17-5p overexpression may exhibit a beneficial
effect by attenuating LPS-induced inflammation and apoptosis
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via regulating the TGFPR2/TGF-f/Smad3 signaling pathway,
indicating that miR-17-5p could act as a potential target for
sepsis treatment.

Introduction

Sepsis is a common and frequently fatal condition that is one
of the main causes of multiple organ failure (1). Acute kidney
injury (AKI) caused by sepsis is the most common organ
failure symptom with a mortality rate of up to 70% (2,3). It
has been reported that patients with severe AKI eventually
develop renal failure, bringing serious threaten to the life of
individuals and huge economic burden (4,5). Therefore, there
is an urgent requirement regarding effective therapeutic targets
of sepsis-induced AKI.

The pathogenesis of sepsis-induced AKI is clearly complex
and multi-factorial, including inflammation, oxidative stress
and autophagy, but definitely also involves the apoptosis of
renal tubular cells (6,7). Renal biopsy specimens in patients
with sepsis provided evidence of pronounced renal tubular
apoptosis, suggesting that sepsis-induced apoptosis is closely
associated with kidney failure (8). It was also reported that
unconscionable apoptosis of renal tubular cells can exac-
erbate sepsis and increase the mortality rate of patients (9).
Zhu et al (10) found that baicalin improved sepsis-induced
AKI through suppressing renal cell apoptosis in AKI mice
model. Another study demonstrated that geniposide could
ameliorate AKI through suppressing cell apoptosis in vivo and
in vitro (11). Therefore, inhibition of renal tubular cells apop-
tosis may be an effective way to improve sepsis-induced AKI.

MicroRNAs (miRNAs or miRs) are nucleotide regulatory
RNA molecules (18-24 bases in length) that regulate gene
expression post-transcriptionally via binding to the 3'-untrans-
lated region (UTR) of target mRNAs (12,13). It is well-known
that miRNAs are involved in almost all biological processes
via the direct post-transcriptional inhibition of target mRNAs.
They are estimated to regulate >60% of human protein-coding
genes. Importantly, miRNAs have been found to modulate
multiple target genes involved in distinct cellular processes,
including signal transduction, proliferation and apoptosis.
Thus, the dysregulation of the miRNA network contrib-
utes to numerous pathological processes, including cancer,
cardiovascular disease and AKI (14,15). Numerous studies
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have reported that miRNAs are differently expressed in the
plasma or urine of patients with AKI, such as miR-155 and
miR-21 in plasma, miR-192-5p in urine, suggesting that they
could be used as biomarkers for the diagnosis of AKI (16-18).
Furthermore, several miRNAs have been identified to have a
pathogenic or protective role in kidney injury. For example,
enhanced miR-93 led to a significant reduction in the tubular
epithelial cell apoptosis via the AKT/mTOR pathway in
AKI (19). Additionally, inhibition of miR-155 could improve
kidney injury by regulating apoptosis under ischemia-reperfu-
sion (I/R) condition (20). A previous study also reported that
upregulation of miR-21 could ameliorate I/R-induced kidney
injury by inhibiting renal tubular epithelial cell apoptosis (21).
Therefore, exploring novel miRNAs as the therapeutic targets
may be the important ways to regulate sepsis-induced AKI.

In the current study, the differentially expressed miRNAs
in microarray dataset GSE172044 were analyzed. The func-
tions of candidate miRNA were investigated in mouse AKI
model and the involved molecular mechanisms were further
examined.

Materials and methods

Animal model. A total of 96 female C57BL6/J mice (Shanghai
SLAC Laboratory Animal Co. Ltd.), aged 10-12 weeks,
weighing 18-22 g, were housed under standard conditions
(12/12-h light-dark cycle, 21+2°C, ~55% humidity) with
free access to food and water. The experimental mice were
acclimatized for 7 days, anesthetized by an intraperitoneal
injection of 50 mg/kg pentobarbital sodium (Sigma-Aldrich;
Merck KGaA), and each mouse was administered intra-
peritoneally with 10 mg/kg body weight lipopolysaccharide
(LPS; from Escherichia coli 0111:B4; Sigma-Aldrich; Merck
KGaA) as previously described (22,23). The present study
was approved by the Animal Experimentation Ethics
Committee of the Xinhua Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine (Shanghai, China;
approval no. SJITU 2022-012).

Experimental design. Animals were randomly divided into
two groups: AKI and Sham group (n=6 each group/time)
were subjected to the miR-17-5p expression using the reverse
transcription-quantitative PCR (RT-qPCR) at 6, 12,24, 48 and
72 h after AKI.

In the following experiment, mice were randomly
divided into six groups: AKI group, Sham group,
AKI + agomir-miR-17-5p group, AKI + agomir-negative
control (NC) group, AKI + antagomir-miR-17-5p group
and AKI + antagomir-NC group (n=6). Mice in the AKI
group were subjected to 200 pl LPS (10 mg/kg) in PBS
intraperitoneally (n=6/group/time), while mice that did not
receive any treatments were used as the Sham group. In
AKI + antagomir-miR-17-5p/agomir-miR-17-5p groups, each
mouse was administered antagomir or agomir-miR-17-5p
(20 nM/0.1 ml) by tail-vein injection before 24 h of LPS
injection. A total of 24 h after the last treatment, all mice
were humanely killed with intraperitoneal injection of pento-
barbital sodium (50 mg/kg; Sigma-Aldrich; Merck KGaA) to
collect blood by heart puncture, as well as urine and kidney
samples.

In another animal experiment, survival outcomes of septic
mice with antagomiR-17-5p/agomir-miR-17-5p (20 nM/0.1 ml)
treatment was observed from 0 to 72 h after LPS injection
using the Kaplan Meier methods (n=10/group).

Pentobarbital sodium (50 mg/kg, intraperitoneal injec-
tion) was used for anesthesia before each operation, and all
efforts were made to minimize animal suffering. The mice
health and behaviour were monitored twice a day. No mice
succumbed during anesthesia process. If an animal reached
the defined humane endpoints [loss of >15% of body weight
in 1-2 days or an overall reduction of >20% in body weight or
displaying obvious signs of suffering (lethargy, squinted eyes,
dehydration, hunched back)], they were humanely euthanized.
Sacrifice was performed by intraperitoneal injection of pento-
barbital sodium (50 mg/kg) followed by cervical dislocation,
and animal death was confirmed by cessation of respiration
and heartbeat.

Renal function measurement. After 24 h of modeling, serum
blood urea nitrogen (BUN) and creatinine (Cre) levels were
detected by using an automated analyzer (Roche Diagnostics
GmbH) and a creatinine assay kit (cat no. E2CT-100; BioAssay
Systems), respectively. The kidney injury molecule-1 (Kim-1)
and neutrophil gelatinase-associated lipocalin (NGAL) levels
of urine samples were measured by ELISA kits (cat nos.
RKMI100 and DY3508; R&D Systems, Inc.) based on the
manufacturer's protocol.

Renal histopathology. The hematoxylin and eosin (H&E)
staining was used to measure the pathological changes in
mouse kidney tissues. Tissue changes was checked and scored
as previously described (24).

Detection of renal cell apoptosis. Renal tissue sections were
prepared as aforementioned; apoptosis was quantified in tissue
sections by the TUNEL assay kit (cat no. C1086; Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. The numbers of TUNEL positive cells were quan-
tified under adjacent 10 fields using a fluorescence microscope
(Olympus Corporation).

Immunohistochemistry (IHC). Paraffin embedded sections
were dewaxed with xylene at 50°C for 3 min, hydrated
by graded ethanol series, and then incubated in 3%
hydrogen peroxide at room temperature (RT) for 15 min
to inactivate endogenous peroxidase. After washing with
phosphate-buffered saline (PBS), the sections were blocked
with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher
Scientific, Inc.) at RT for 30 min, and subsequently incu-
bated with primary antibodies against cleaved caspase
3 (1:200; cat. no. ab32042), transforming growth factor {3
receptor 2 (TGFPR2; 1:200; cat. no. ab186838) and phos-
phorylated (p-) Smad3 (1:100; cat. no. ab52903; all from
Abcam) overnight at 4°C. After washing with PBS, the slices
were incubated with EnVision + /HRP/Rb (DAKO; Agilent
Technologies, Inc.) for 30 min at 37°C. The staining was
observed with 3,3'-diaminobenzidine (DAB) matrix, and
then reverse stained with hematoxylin for 30 sec. Images of
all sections were captured with Olympus BH2 microscope
(Olympus Corporation).
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MicroRNA expression profile data from Gene Expression
Omnibus (GEO). The miRNA dataset (GSE172044) was
downloaded from the GEO database in NCBI (https:/www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE172044),
and the differentially expressed miRNAs were identified
using the ‘limma’ package in R (25). The fold changes
(FCs) in the expression of individual miRNAs were
calculated, and [log2FCI>1.0 and P<0.05 were regarded
as the thresholds of differentially expressed miRNAs.
The heat map was generated with the Nexus Expression
(Ver.10.0. BioDiscovery Inc.).

RT-qPCR analysis. Target miRNA was extracted from
spinal tissues using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.). miR-17-5p and mRNA were reverse tran-
scribed using a Reverse Transcription kit (Takara Bio, Inc.)
and PrimeScript RT Reagent kit (Takara Biotechnology Co.,
Ltd.) according to the manufacturer's instructions, respec-
tively. For detection of miR-17-5p, qPCR was performed
using TagMan™ MicroRNA Assay kit on the ABI PRISM
7300 system (Applied Biosystems; Thermo Fisher Scientific,
Inc.). U6 was used as internal control. Primers used for
miR-17-5p and U6 were as follows: miR-17-5p forward,
5'-GGCAAAGTGCTTACAGTGC-3' and reverse, 5'-GTG
CAGGGTCCGAGG-3" and U6 forward, 5'-GCTTCGGCA
GCACATATACTAAAAT-3' and reverse, 5'-CGCTTCACG
AATTTGCGTGTCAT-3". For mRNA detection, qPCR was
conducted using a SYBR Premix Ex Taq II kit (Takara Bio,
Inc.). Primer sequences were as follows: TGFfR2 forward,
5'"TGTGAGAAGCCGCAGGAAGTC-3" and reverse,
5'-AGTGAAGCCGTGGTAGGTGAAC-3"; and GAPDH
forward, 5'-GGCAAGTTCAACGGCACAGTCAAGG-3'
and reverse, 5'-CACGACATACTCAGCACCAGCATC
AC-3'. GAPDH was used as internal controls for detecting
TGFPR2. The qPCR thermocycling conditions were as
follows: 95°C for 30 sec, followed by 40 cycles at 95°C for
5 sec and 60°C for 30 sec. The reaction volume was 25 pul.
Fold changes in expression of each gene were calculated
through the 2-4%°4 method (26).

Measurement of cytokines. Mouse ELISA kits were used to
quantify the inflammatory cytokines, including interleukin-6
(IL-6) (cat. no. p1326), IL-1f (cat. no. p1301), tumor necrosis
factor-a (TNF-a) (cat no. pt512) and IL-10 (cat. no. p1522) in
serum according to the manufacturer's protocols. These kits
were obtained from Beyotime Institute of Biotechnology.

Cell culture. NRK-52E cells (https://www.cellosaurus.
org/CVCL_0468) were maintained routinely in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
bovine calf serum, 1,000 U/ml penicillin, and 1,000 pg/ml
streptomycin. For 293T cells, DMEM was supplemented with
10% FBS. Cells were grown in a humidified atmosphere of
95% air and 5% carbon dioxide at 37°C in a tissue culture
incubator.

Bioinformatics analysis. Target genes were predicted through
different bioinformatics databases, including TargetScan
7.0 (https://www.targetscan.org/vert_80/) and miRanda
(http://www.microrna.org/microrna/home.do).
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Luciferase assay. The TGFPR2 wild-type (WT) sequences or
mutant (mut) sequences in 3'-UTR containing the miR-17-5p
binding site were constructed and subcloned into the pGL3
basic plasmid (Promega Corporation). For dual-luciferase
reporter assay, when 293T cells (1x10° per well; ATCC) reached
~60% confluence were seeded in a 96-well plate, recombinant
plasmids were co-transfected with the miR-17-5p mimics
(5'-CAAAGUGCUUACAGUGCAGGUAG-3"), mimics NC
(5'-CAGCUAGAGUAUACGCUUGAAGG-3"), miR-17-5p
inhibitor (5'-CUACCUGCACUGUAAGCACUUUG-3") or
inhibitor NC (5'-CGUUCUAAGUCACUUCACACUGG-3")
(Shanghai GenePharma Co., Ltd.) using Lipofectamine® 3000
(Thermo Fisher Scientific, Inc.). After 48 h of transfection,
luciferase activity was measured using the Dual-Luciferase
Reporter Assay system (Promega Corporation) and normal-
ized to Renilla luciferase activity. pRL-TK plasmid was
transfected as an internal control.

Western blotting. Kidney tissues were homogenized in
homogenization buffer (Thermo Fisher Scientific, Inc.)
and centrifuged at 12,000 x g, for 10 min at 4°C, and then
the protein concentrations were measured using the BCA
protein assay kit. Next, equal amounts of proteins (50 pg/lane)
were separated on 10% gels using SDS-PAGE and electro-
transferred onto polyvinylidene fluoride membranes. After
transferring on a PVDF membrane (MilliporeSigma), the
membranes were blocked with 5% skim milk for 2 h at room
temperature (RT). After washing with PBST (0.1% Tween-20)
three times, membranes were incubated with primary anti-
bodies including cleaved caspase 3 (1:2,000; cat. no. ab32042),
TGFPR2 (1:2,000; cat. no. ab186838), p-Smad3 (1:1,000; cat.
no. ab52903) and p-actin (1:1,000; cat. no. ab6276; all from
Abcam) at 4°C overnight. Subsequently, membranes were incu-
bated with the secondary antibody goat anti-Mouse IgG H&L
(Alexa Fluor® 488; 1:2,000; cat. no. ab150117; Abcam) for 2 h
at RT. The bands were exposed by enhanced chemilumines-
cence (ECL) (Thermo Fisher Scientific, Inc.) and analyzed by
ImageJ Software (version 1.46; National Institutes of Health).

Statistical analysis. SPSS Statistics 22.0 (IBM Corp.) was
used for all statistical analysis. All data are presented as the
mean + SD. The comparison between multiple groups was
analyzed by one-way ANOVA followed by Tukey's post hoc
test. Kaplan Meier method was used for survival analysis, and
log rank test was used to calculate the P-value. P<0.05 was
considered to indicate a statistically significant difference.

Results

miR-17-5p is significantly downregulated in kidney tissues
of AKI mice. First, the miRNA profile (GSE172044) down-
loaded from the GEO database was analyzed. Compared with
the Sham group, 40 differentially expressed miRNAs were
identified, among which miR-17-5p was one of the most down-
regulated miRNAs (Fig. 1A). Previous studies have revealed
that miR-17-5p has a critical role in multiple organ injuries,
including cardiac I/R injury, spinal cord injury and renal I/R
injury (27-29). Of relevance, a recent study demonstrated that
miR-17-5p elevation protected renal cells from LPS-induced
injury by suppressing inflammatory response and apoptosis
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Figure 1. miR-17-5p is downregulated in kidney tissues of AKI mice. (A) The heat map exhibiting the miRNAs that were dysregulated in GSE172044.
(B) Histopathological examination of the kidney (x200 magnification). (C) Serum BUN levels were detected by using an automated analyzer. (D and E) The
Kim-1 and NGAL levels of urine samples were measured by ELISA kits. (F) Serum Cre levels were determined by a creatinine assay kit. (G) The expression
levels of miR-17-5p were detected using reverse transcription-quantitative PCR in kidney tissues from AKI mice. Data are presented as the mean + SD of
three individual experiments. "P<0.05 and “P<0.01 vs. the Sham group. AKI, acute kidney injury; BUN, blood urea nitrogen; Kim-1, kidney injury molecule-1;

NGAL, neutrophil gelatinase-associated lipocalin; Cre, creatinine.

in LPS-stimulated HK-2 cells (30). However, few studies
have been found regarding the function of miR-17-5p in the
progression of sepsis-induced AKI.

In order to study the role of mir-17-5p in AKI, a mouse
AKI model was established. Initially, the pathological
change in the renal tissue of mice was assessed using H&E
staining assay. The results indicated that the renal tissue
of the AKI group exhibited tubular epithelial cell edema,
tubular necrosis, telangiectasia and severe congestion/hemor-
rhage compared with the sham operation group (Fig. 1B).
Meanwhile, the levels of BUN, KIM-1, NGAL and Cre that
were specific biomarkers of kidney injury (31,32), were found
to be significantly increased in the AKI group compared
with that in the sham group (Fig. 1C-F). Correspondingly,
the renal injury scores were significantly higher in the AKI
group than that in the sham group (Fig. 1B). These results
indicated that the model of mice with AKI was successful
established.

Next, miR-17-5p expression was detected in AKI mice by
RT-qPCR. It was identified that miR-17-5p was continuously
decreased, and was minimal at 24 h after AKI, then its expres-
sion was gradually increased until 72 h after injury (Fig. 1G).

Collectively, these results suggested that miR-17-5p may be
involved in the pathogenesis of AKI.

AgomiR-17-5p improves LPS-induced kidney injury in
mice. To further examine the impact of miR-17-5p in AKI,
miR-17-5p upregulation was performed in an in vivo experi-
ment by injecting agomiR-17-5p into mice via the caudal vein
followed by LPS stimulation for 24 h. Using RT-qPCR, it was
found that the expression levels of miR-17-5p were signifi-
cantly increased after agomiR-17-5p treatment (Fig. 2A).
In addition, the mice in the agomiR-17-5p + AKI group
had a higher survival rate than that in AKI group (Fig. 2B).
Subsequently, the altered kidney injury was evaluated. The
results revealed that miR-17-5p overexpression significantly
decreased the levels of BUN, KIM-1, NGAL and Cre expres-
sion in the septic mouse model (Fig. 2C-F). In the results
from H&E staining, injection of agomiR-17-5p significantly
reduced the edema of the glomerular tissue cells, tubular
necrosis, telangiectasia, as well as the severe conges-
tion/hemorrhage. The renal injury scores were significantly
lower in the AKI + agomiR-17-5p group than that in the AKI
group (Fig. 2G and H). Collectively, all data indicated that
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Figure 2. AgomiR-17-5p improves LPS-induced kidney injury in mice. AgomiR-17-5p was injected into mice via tail vein 24 h before LPS stimulation. After
24 h post-injury, the kidney tissues, serum and urine were collected for subsequent experiments. (A) The expression levels of miR-17-5p were detected using
reverse transcription-quantitative PCR in the kidneys of AKI mice. (B) Effect of agomiR-17-5p on the survival of mice. (C) Serum BUN levels were detected by
using an automated analyzer. (D and E) The Kim-1 and NGAL levels of urine samples were measured by ELISA kits. (F) Serum Cre levels were detected by a
creatinine assay kit. (G and H) Effect of agomiR-17-5p on renal morphologic changes of mice (magnification, x200). Data are presented as the mean + SD of three
individual experiments. "P<0.05 and “P<0.01 vs. the Sham group; “P<0.01 vs. AKI group. LPS, lipopolysaccharide; AKI, acute kidney injury; miR, microRNA;
BUN, blood urea nitrogen; Kim-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; Cre, creatinine; NC, negative control.

enhancing miR-17-5p could alleviate LPS-induced kidney
injury in vivo.

AgomiR-17-5p alleviates the inflammatory response in
LPS-induced AKI mouse model. It was further examined
whether miR-17-5p affects the inflammatory response in AKI
mice model. As demonstrated in Fig. 3A-D, LPS stimula-
tion significantly increased the levels of IL-13, TNF-a and
IL-6, and decreased IL-10 levels compared with the sham
group, which suggested that excessive inflammatory response
occurred in mice during AKI. On the contrary, agomiR-17-5p
significantly decreased the production of IL-1p, TNF-a and
IL-6 and increased IL-10 expression levels compared with the
AKI group. All these data indicated that enhancing miR-17-5p
exerts protective role through alleviating inflammatory
response in AKI.

AgomiR-17-5p suppresses apoptosis in LPS-induced AKI
mouse models. Apoptosis is an important characteristic of
sepsis-induced AKI, and it was also reported that inhibition of
apoptosis improves renal injury (33). To investigate the effect
of miR-17-5p on the apoptosis in AKI, the apoptosis in kidney

tissue sections was measured using TUNEL assay. As demon-
strated in Fig. 4A, the number of TUNEL positive cells was
significantly elevated in the AKI group (Fig. 4A). However, the
number of TUNEL positive cells was significantly reduced by
agomiR-17-5p. Furthermore, there was a significant decrease
of the cleaved-caspase-3 expression levels in response to LPS
treatment when miR-17-5p expression was evaluated in kidney
tissues compared with the AKI group (Fig. 4B). Additionally,
similar results were observed in IHC staining (Fig. 4C). Taken
together, these results suggested that miR-17-5p upregulation
could improve LPS-induced apoptosis in AKI mouse model.

AntagomiR-17-5p aggravates LPS-induced kidney injury
in mice. To determine the effects of inhibition of miR-17-5p
on the kidney injury, antagomiR-17-5p/antagomir-NC were
injected into AKI mice via the tail vein. As shown in Fig. 5A,
miR-17-5p expression levels in kidney tissues were significantly
decreased in the AKI + antagomiR-17-5p group compared
with the AKI group. Kaplan-Meier survival analysis revealed
that the survival rate in the AKI + antagomiR-17-5p group was
significantly lower than that in the AKI group (Fig. 5B). The
pathological change of injury in mice was evaluated by H&E
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Figure 3. Effects of agomiR-17-5p on inflammatory response in LPS-induced AKI mouse models. AgomiR-17-5p was injected into mice via the tail vein 24 h
before LPS stimulation. After 24 h post-injury, the serum samples were harvested for subsequent experiments. (A-D) The production of (A) IL-1f, (B) TNF-a,
(C) IL-6 (D) and IL-10 were detected by ELISA assays. Data are presented as the mean + SD of three individual experiments. "P<0.05 and “P<0.01 vs. the
Sham group; #P<0.01 vs. the AKI + agomir-NC group. LPS, lipopolysaccharide; AKI, acute kidney injury; IL, interleukin; TNF-a, tumor necrosis factor-a;

NC, negative control.

staining. It was observed that these pathological lesions were
evidently aggravated by antagomiR-17-5p injection, accompa-
nied by significantly higher renal injury scores (Fig. 5C and D).
Furthermore, the inflammatory cytokine production was also
determined using ELISA. As demonstrated in Fig. 5E-H,
antagomiR-17-5p enhanced the production of IL-1p, TNF-a
and IL-6 and resulted in a robust decline in IL-10 expres-
sion compared with AKI the group. Collectively, miR-17-5p
knockdown aggravated LPS-induced kidney injury in mice,
suggesting the important role of miR-17-5p in sepsis-induced
AKI.

TGFBR?2 is a direct target of miR-17-5p. To explore the
potential mechanisms in which miR-17-5p improves the
apoptosis and inflammatory response induced by LPS,
TargetScan 7.0 (https://www.targetscan.org/vert_80/) and
miRanda (http:/www.microrna.org/microrna/home.do) were
used to search the target genes of miR-17-5p. Bioinformatics
analysis indicated that the 3'-UTR of TGFBR2 was a poten-
tial miR-17-5p binding site (Fig. 6A). It has been previously
reported that TGFBR2 could regulate the TGF-f/Smad

signaling pathway, and promotes renal cell apoptosis (34,35).
Thus, it was selected for subsequent study. Next, it was also
found that miR-17-5p overexpression significantly decreased
the mRNA and protein levels of TGFBR2 (Fig. 6B and C),
while miR-17-5p inhibition significantly increased TGF3R2
expression levels in NRK-52E cells (Fig. 6D and E).
Furthermore, the results of luciferase reporter assay revealed
that the miR-17-5p overexpression decreased the luciferase
activity, while miR-17-5p inhibition increased the luciferase
activity of the reporter containing wild-type 3'-UTR, but not
that of the mutant reporter (Fig. 6F). Collectively, these find-
ings indicated that TGFBR2 may be a functional target of
miR-17-5p in renal cells.

Effect of miR-17-5p overexpression on the TGFSR2/TGF-
BISmad3 signaling pathway in kidney tissues of AKI mice.
It is well-known that TGFBR2 is a typical reporter of TGF-3
signaling pathway (36), and it has been proved to be a direct
target of miR-17-5p. Therefore, it was investigated whether
miR-17-5p affects apoptosis and inflammation via the
TGFPR2/TGF-f/Smad3 pathway in vivo. First, the expression
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of miR-17-5p was detected after agomir-17-5p treatment
in AKI mice, and the data identified an upregulation of
miR-17-5p levels in kidney tissue upon agomir-17-5p injection
(Fig. 7A). On the contrary, a downregulation of TGFpR2 levels
was observed in kidney tissue upon agomir-17-5p injection
(Fig. 7B). Moreover, it was found that LPS stimulation led to a
significant increase in the protein expression levels of TGFBR2,
p-smad? and p-smad3, while the overexpression of miR-17-5p
weakened the promoting effects of LPS on TGFBR2, p-Smad2
and p-Smad3 expression levels (Fig. 7C and D). Similar results
of the expression of TGFBR2 and p-Smad3 were observed
in IHC staining (Fig. 7E and F). These results suggested that
miR-17-5p may exert anti-apoptotic and anti-inflammatory
effects through TGFR2/Smad3 pathway in AKI mice.

Discussion
In the present study, a number of differentially expressed

miRNAs was identified through retrieving the GSE172044
dataset, and it was found that miR-17-5p exhibited the highest

change fold. Furthermore, agomir-miR-17-5p improves renal
function, reduces inflammation and suppresses apoptosis,
while antagomir-miR-17-5p aggravated this injury, with the
involvement of TGFBR2/TGF-B/Smad3 pathway in AKI
mice. The present findings demonstrated that miR-17-5p has
a key role in pathogenesis of AKI, and enhanced miR-17-5p
expression improves sepsis-induced AKI.

Emerging research has revealed that several miRNAs possess
important roles in regulating the sepsis-induced AKI in animal
or cell models (37,38). For example, in septic AKI mouse model,
miR-21 silencing improved renal damage through suppressing
renal cell apoptosis via targeting cyclin-dependent kinase 6
(CDK®6) (39). Qin et al (40) revealed that miR-191-5p upregula-
tion was able to improve renal function in septic rat models by
targeting oxidative stress responsive 1. These data indicated the
potential values of miRNAs in septic AKI. In the present study,
miR-17-5p was one of the major miRNAs that were downregulated
in AKI mice. Moreover, certain studies have demonstrated the
protective roles of miR-17-5p in different organ injuries, including
brain and heart (41,42). In addition, miR-17-5p displayed potent
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Figure 7. MiR-17-5p overexpression blocks the activation of the TGFR2/TGF-f/Smad3 signaling pathway. AgomiR-17-5p was injected into mice via the tail
vein 24 h before lipopolysaccharide stimulation. After 24 h post-injury, the kidney tissues were collected for subsequent experiments. (A) The expression levels
of miR-17-5p were determined by reverse transcription-quantitative PCR. (B) The protein expression levels of TGFR2 were detected by western blotting.
(C) The protein expression levels of TGFBR2, p-Smad2, and p-Smad3 were measured by western blotting. (D) Grayscale analysis of TGFR2, p-Smad2 and
p-Smad3 using ImageJ software. (E and F) Representative immunohistochemical images of TGFBR2 and p-Smad3 in kidney tissues. "P<0.05 and “P<0.01 vs.
the Sham group; #P<0.01 vs. AKI group. miR, microRNA; TGFBR2, transforming growth factor f§ receptor 2; p-, phosphorylated; NC, negative control.

anti-apoptotic properties, which was closely associated with the
cellular mechanisms of renal damage (30). In the resent study, an
AKI mouse model was established to explore the regulatory role
of miR-17-5p in AKI pathogenesis. More importantly, miR-17-5p
downregulation was also validated in AKI mouse model.
Considering these previous studies, miR-17-5p might be involved
in the pathological process of AKI.

Some miRNAs have been demonstrated to be involved in
AKI via regulating the renal tubular cell apoptosis (43,44).
For example, Yan et al (45) found that miR-214 targeted
mitofusin-2 to promote renal tubular cell apoptosis in AKI
mice. Song et al (44) revealed that overexpression of miR-21
protected the kidney from AKI by suppressing epithelial cell
apoptosis in mice. Zhang et al (46) identified that weakened
miR-17-5p expression could inhibit the apoptosis of human

renal podocytes through the upregulation of ActA, Smad2 and
Smad3 in nephrotic syndrome. Hao ef al (29) reported that
miR-17-5p directly targeted the expression of death receptor
6 to improve renal I/R injury through suppressing apoptosis.
In addition, a previous study reported that renal tubular apop-
tosis was an important regulator in the progression of AKI,
and inhibition of apoptosis has been shown to protect against
LPS-induced acute renal failure in mice (47). In the present
study, it was found that miR-17-5p upregulation obviously
improved LPS-induced renal dysfunction in mice. The present
findings further demonstrated that LPS-stimulated apoptosis
was attenuated by miR-17-5p upregulation, while knockdown
of miR-17-5p conferred contrasting effects. Collectively,
the current results indicated that miR-17-5p may improve
LPS-induced AKI through suppressing cell apoptosis.
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In addition to renal cellular apoptosis, excessive inflamma-
tion has been recognized as another feature of septic AKI (48).
The inflammatory factors levels including TNF-a, IL-1f3, IL-6
and IL-10, have been proved to be rich during septic AKI (49).
Moreover, inhibiting the production of these inflammatory
factors has been found to diminish the severity of septic kidney
injury. In this context, miR-17-5p overexpression in kidney was
found to repress the inflammatory response in AKI rat model.

In the present study, TGFBR2, a transmembrane receptor
of the TGF-B/Smad signaling, was identified as a direct
target of miR17-5p. Upon stimulation, TGFBR?2 first binds to
TGF-, which promotes the formation of Smad2/3/4 complex,
activates transcription of TGFB-downstream genes, finally
affecting biological characteristics of inflammation and apop-
tosis (34,50,51). For example, targeting TGFBR2 inhibited
hypoxia-reoxygenation-induced renal cellular apoptosis via regu-
lating the TGF-B/Smad3 pathway activation (35). Additionally,
Sun et al (52) found that silencing THBSI protected mice against
sepsis-induced AKI through suppressing the inflammation
by inhibit the TGF-B/Smad3 pathway. Another study reported
that miR-211 alleviated I/R-induced inflammatory response by
targeting the TGFR2/TGFf/Smad3 pathway in kidney injury
mice (35). Considering the association between TGFR2 and
the TGF-pB/Smad3 pathway, the influence of miR-17-5p in the
TGFBR2/Smad3 pathway in AKI mouse model was examined.
The expression of p-Smad3 was significantly upregulated in AKI
mice; however, the increased p-Smad3 expression was attenu-
ated by miR-17-5p overexpression, suggesting that miR-17-5p
overexpression inactivated TGF-f/Smad3 signaling through the
degradation of TGFBR2 transcription in AKI mice.

However, there are certain limitations to the present study.
First, only one dataset from the GEO database was used to
detect the expression pattern of miR-17-5p, while the samples
from patients could not be used. Further research on this point
shall be conducted by the authors. In addition, the mechanism
of AKIis complex, and TGFR2 may not be the unique element
during the protective role of miR-17-5p against AKI. In future
research, the relationship between miR-17-5p and TGFfR2
shall be verified by the authors through overexpressing both
miR-17-5p and TGFPR2 in AKI mice model.

In conclusion, miR-17-5p was downregulated in an
experimental model of AKI in mice. Moreover, the enforced
miR-17-5p expression was found to improve renal function
by regulating the TGFpR2/TGF-f/Smad3 signaling pathway,
while knockdown of miR-17-5p conferred contrasting effects.
Therefore, miR-17-5p might be a possible therapeutic target for
the treatment of septic AKI.
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