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Abstract. With the increasing number of patients with hyper‑
tensive nephropathy worldwide, it has posed a major threat to
health and studies on its treatment and pathogenesis are immi‑
nent. The present study investigated the mechanism through
which microRNA (miR)‑98‑5p in microvesicles (MVs) secreted
by endothelial progenitor cells (EPCs) is involved in the repair
of angiotensin II (Ang II)‑induced injury of rat primary renal
kidney cells (PRKs). After isolation of rat renal cortical
sections, PRKs were isolated by density gradient centrifugation
and identified by immunofluorescence staining. Transmission
electron microscopy identifies successful separation of Mvs.
An in vitro cell injury model was constructed using Ang II.
The Gene Expression Omnibus was used to analyze the differ‑
entially expressed genes between diabetic rats and normal rats,
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and the Kyoto Encyclopedia of Genes and Genomes was used
to analyze the signaling pathways involved in these differen‑
tially expressed genes. Reverse transcription‑quantitative PCR
was used to analyze the effect of EPC‑MVs on the expression
of miRNA induced by Ang II, and the levels of target genes and
signaling pathway‑related proteins involved were analyzed by
western blot. luciferase was used to detect the targeted binding
of miR‑98‑5p to insulin‑like growth factor 1 receptor (IGF1R).
Enzyme‑linked immunosorbent assay was used to analyze the
effect of EPC‑MVs on Ang II‑induced oxidative stress and
inflammation levels on PRKs. Cell Counting Kit‑8 was used to
analyze the effect of EPC‑MVs on the cell viability of PRKs
induced by Ang II. The results showed that treatment of PRKs
with Ang II decreased cell viability, whereas oxidative stress
and inflammation were increased. However, EPC‑MVs allevi‑
ated Ang II‑induced damage of the PRKs. During this process,
the Ang‑II‑induced downregulation of miR‑98‑5p was reversed
by EPC‑MVs, so miR‑98‑5p may be a key factor regulating
the action of EPC‑MVs. Dual‑luciferase assay confirmed
that miR‑98‑5p targets IGF1R. It was subsequently demon‑
strated that EPC‑MVs overexpressing miR‑98‑5p promoted
phosphorylation of PI3K/Akt/endothelial nitric oxide synthase
(eNOS), and inhibited the oxidative stress and inflammation in
PRKs, which were reversed by the overexpression of IGF1R.
In conclusion, the results of the present study demonstrated
that EPC‑MVs with high expression of miR‑98‑5p can
activate the PI3K/Akt/eNOS pathway by regulating IGF1R, as
well as protect PRKs from Ang II‑induced oxidative stress,
inflammation and inhibition of cell viability.
Introduction
High blood pressure can cause damage to several organs,
including the kidneys, this increases the possibility of chronic
kidney disease (CKD) in hypertensive patients (1). Endothelial
cell injury and decreased regeneration and repair ability
have important consequences in patients with renal function
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impairment. Endothelial progenitor cells (EPCs) have been
shown to promote endothelial repair (2), regulate angiogen‑
esis (3) and have therapeutic effects in patients with acute
renal ischemia‑reperfusion injury and patients with kidney
transplantation (4). Therefore, we hypothesized that EPCs may
have a protective effect on renal cells against hypertensive
nephropathy. Microvesicles (MVs) are secreted continuously
by a variety of cells in the body, such as epithelial, tumor and
stem cells, and exist in a variety of body fluids, including blood
and urine, where they mediate biological functions (5). There
is evidence that the protective effect of EPCs is closely related
to the release of MVs (6,7). However, the role and underlying
mechanism of EPC‑MVs in hypertensive nephropathy are
still unclear.
Angiotensin II (Ang II) induces vascular injury and plays a
key role in vascular diseases by inducing apoptosis, increasing
reactive oxygen species (ROS) levels and promoting oxidative
stress responses by inducing the secretion of malondialdehyde
(MDA) and decreasing that of glutathione (GSH) and super‑
oxide dismutase (SOD) (8‑10). Ang II also promotes the
production of inflammatory cytokines, such as IL‑6, IL‑1β and
TNF‑α (11‑13). Therefore, Ang II‑induced damage to primary
renal kidney cells (PRKs) can be used to simulate hypertension
in vitro (14,15).
MicroRNAs (miRNAs/miRs) are small non‑coding
RNAs that are involved in the progression and treatment of
a variety of diseases (16). Among them, miR‑98‑5p is a key
regulator in the development of diabetic nephropathy and can
reverse renal fibrosis induced by high glucose (17). miRNAs
can suppress the transcription and translation of mRNA by
binding to the end of the 3'‑untranslated region (3'‑UTR) of
the Mrna (18). New evidence shows that insulin‑like growth
factor 1 receptor (IGF1R) is involved in the progression of
diabetes (19,20). miRNAs can also affect cell viability, differ‑
entiation, migration, oxidative stress and inflammation by
regulating a series of downstream signaling pathways (21‑23).
The activation of endothelial nitric oxide synthase (eNOS)
in colon cells promotes the viability of endothelial cells
and regulates inflammation (24). The protective effect of
PI3K/Akt/eNOS on endothelial cells has been established in
numerous studies (25,26). Previous evidence has indicated
that miR‑98‑5p affects apoptosis, inflammation and oxidative
stress by regulating the PI3K/Akt signaling pathway (27‑29).
Moreover, studies have shown that IGF1R can affect the
development of diabetes through the PI3K/Akt/eNOS
axis (30‑32).
In the present study, the potential application of
miR‑98‑5p‑MVs in the treatment of hypertensive nephropathy
was explored by investigating the protective effect and
mechanism of miR‑98‑5p expressed in EPC‑MVs on Ang
II‑induced PRK injury.
Materials and methods
Animals. A total of 12, 8‑week‑old male Wistar‑Kyoto
specific pathogen‑free rats weighing 80‑120 g were obtained
from Beijing Vital River Laboratory Animal Technology
Co. Ltd. Rats were placed in a room with a 12‑h light/dark
cycle and a constant temperature and humidity (tempera‑
ture, 23±2˚C; humidity, 45±15%) with ad libitum access to

standard rat food and water in a polystyrene cage. Animal
experiments were approved by the Animal Care and Use
Committee of Hainan Medical University (Haikou, China;
approval no. HYLL‑2021‑053) and were conducted according
to the National Institutes of Health guidelines.
Isolation and culture of PRKs. Rats were euthanized by intra‑
peritoneal injection of pentobarbital sodium (200 mg/kg body
weight). The kidneys were removed aseptically and the cortical
portion of the kidney was excised. The renal cortex was cut
into tissue fragments of <1 mm 3, washed with phosphate‑
buffered saline (PBS) three times and centrifuged at 1,000 x g
at 25˚C for 5 min. The supernatant was then discarded. Tissue
fragments were added to collagenase type I solution (Gibco;
Thermo Fisher Scientific, Inc.) at a final concentration of 1 g/l,
and the tissue fragments were digested at 37˚C for 30 min under
oscillation. After filtration through a 200‑mesh stainless steel
filter, the cells were separated by Ficoll®‑Paque PREMIUM
(Cat. No. 17‑5442‑02; GE Healthcare, Uppsala, Sweden)
density gradient centrifugation (33). The supernatant was
discarded after centrifugation at 1,000 x g at 25˚C for 2 min.
The precipitate was mixed with Dulbecco's Modified Eagle
Medium/Nutrient Mixture F‑12 (DMEM/F12) (Gibco; Thermo
Fisher Scientific, Inc.), inoculated in a 6‑well plate and cultured
at 37˚C with 5% CO2. After 24 h, the supernatant was replaced
with fresh medium, and the unattached renal cells and tissues
were discarded. After 48 h, the cells were washed twice with
PBS and denoted as PRKs (34,35). PRKs were cultured in
DMEM/F12 with 10% Fetal bovine serum (FBS; Gibco) for
three generations and treated with Ang II (1 µmol) at 37˚C for
24 h to establish the PRK renal damage model. The concen‑
tration used for Ang II was selected based on the study by
Nair et al (36).
Identification of PRKs. PRKs (5x104) were inoculated into
a 6‑well plate (on round glass coverslips; Corning, Inc.) for
24 h. After twice rinses with PBS, Fix with 4% formaldehyde
at 25˚C for 10 min. Then, Triton‑X‑100 (0.1%) was added
at 4˚C for 2 h. PRKs were incubated with 1% BSA (Beijing
Solarbio Science & Technology Co., Ltd.) for 30 min at 4˚C
and then overnight with anti‑α‑smooth muscle actin (α‑SMA)
(1:200; ab7817; Abcam) and anti‑vimentin (1:250; ab92547;
Abcam) antibodies at 4˚C in the dark. After rinsing with
PBS three times, the cells were incubated with Alexa Fluor®
488‑(1:100; cat. no. ab150077; Abcam) or 647‑labeled (1:200;
cat. no. ab150075; Abcam) secondary antibodies at 37˚C
for 1 h. Then, the cells were mounted with Gold Antifade
Mountant with DAPI (ProLong™; Thermo Fisher Scientific,
Inc.). Finally, images were captured using a fluorescence
microscope (magnification, x400; Leica Microsystems GmbH).
Culture and identification of EPCs. The femur and tibia of the
rats were separated, and each bone marrow tube was rinsed
with sterile PBS. The resulting mixture was centrifuged
(1,000 x g; 25˚C; 5 min), and the EPCs were isolated by Ficoll
density gradient centrifugation (1,000 x g; 25˚C; 20 min) and
cultured (DMEM with 10% FBS) at 37˚C with 5% CO2. After
4 days, the medium was exchanged with fresh culture medium,
and the adherent cells were cultured for another 3 days (37).
According to the manufacturer's instructions, Dil complex

EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 702, 2022

3

acetylated low‑density lipoprotein (Dil‑Ac‑LDL) staining
(Cat. No. IL2140; Beijing Solarbio Science & Technology
Co., Ltd.) was used to identify EPCs. The criterion for the
suitability of isolated EPCs for subsequent experiments was
that the red fluorescence of Dil‑Ac‑LDL and blue fluorescence
(DAPI nuclear staining) of most cells overlapped under a fluo‑
rescence microscope (magnification x400). In the co‑culture
system, PRKs (1x104) were added to the lower chamber of
transwell plates (Corning, Inc.) and incubated at 37˚C for 24 h,
after which Ang II (1 µM) and EPCs (3x104) were added to the
upper chamber. The medium in both the upper and lower cham‑
bers was DMEM/F12 contained 10% FBS. After incubation
for 24 h at 37˚C, cells were used for subsequent experiments.
As for the co‑culture of PRKs and EPC supernatant, after the
supernatant of EPCs (3x104) was collected, cell debris was
removed using a filter (Millipore) and then added to PRKs for
culture.

Table I. Sequences of miRNAs and reverse transcription‑
quantitative PCR primers.

Preparation of EPC‑MVs. EPCs were cultured for 7 days as
aforementioned, washed twice with PBS, and then serum starved
for 12 h. Subsequently, DMEM/F12 containing cultured EPCs
was centrifuged at 4˚C for 15 min (1,000 x g), and the super‑
natant was further centrifuged at 4˚C for 60 min (100,000 x g)
for the collection of secreted EPC‑MVs. MVs were fixed with
glutaraldehyde (2.5%; Beijing Solarbio Science & Technology
Co., Ltd.) in the dark at 4˚C for 1 hours, 10 µl was added drop‑
wise to the copper stain at 25˚C for 1 min, and the suspension
was removed by filter paper. Subsequently, 10 µl of phospho‑
tungstic acid (1%; Beijing Solarbio Science & Technology Co.,
Ltd.) was added dropwise to the copper stain at 25˚C for 1 min,
and the suspension was removed by filter paper. After drying
at 25˚C for 30 min, transmission electron microscopy (TEM)
was performed at 80 kV for imaging. In the co‑culture system,
50 µg/ml EPC‑MVs (38) were added to the top chamber of a
Transwell assay plate, and PRKs were added to the bottom
chamber as aforementioned and incubated for 24 h.

miR‑98‑5p‑F

Gene Expression Omnibus (GEO) analysis. Raw data of
GSE110231 dataset (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE110231) were downloaded from the GEO
website (https://www.ncbi.nlm.nih.gov/geo/) and analyzed. The
GSE110231 dataset included three healthy Sprague‑Dawley
rats (subsample, GSM2983040‑2983042) and three diabetic
rats (subsample, GSM2983037‑2983039). Use Gene Expression
Profiling Interactive Analysis 2 (http://gepia2.cancer‑pku.
cn/#index) to analyze the differential expression of miRNA,
and the criteria for differential expression are as follows:
P<0.05, log2|fold change|≥2. Kyoto Encyclopedia of Genes and
Genomes (KEGG; https://www.genome.jp/kegg/) was used to
analyze the influence of related signal transduction on diabetes
development in rats.
Cell transfection. Mimic (100 nM), inhibitor (100 nM), nega‑
tive control mimic (NC; 100 nM), NC inhibitor (100 nM),
overexpression (ov) IGF1R pCDNA3.1 plasmid (50 nM) and
ov‑NC plasmid (50 nM) (all from Sangon Biotech Co., Ltd.)
were transfected into PRKs or EPCs with Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer's instructions, and incubated in the dark for
4 h (37˚C, 5% CO2). After 24 h (for RT‑qPCR analysis) or 48 h

A, miRNA sequences
miRNA
miR‑98‑5p mimic
miR‑98‑5p mimic
NC
miR‑98‑5p inhibitor
miR‑98‑5p inhibitor
NC

Sequence (5'‑3')
UGAGGUAGUAAGUUGUAUUGUU
UAUAGAUUGUUGGAGUUGUUAG
AACAATACAACTTACTACCTCA
CAGUACUUUUGUGUAGUACAA

B, Primer sequences
Primer

miR‑98‑5p‑R
U6‑F
U6‑R
IGF1R‑F
IGF1R‑R
GAPDH‑F
GAPDH‑R

Sequence (5'‑3')
ACACTCCAGCTGGGTGAGGTAGT
AAGTTGT
CTCAACTGGTGTCGTGGA
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
CTCTAAGGCCAGAGGTGGAGAA
TAA
TGTGGACGAACTTGTTGGCA
TGGGGCCAAAAGGGTCATCA
GCAGGATGCATTGCTGACAA

F, forward; R, reverse; miRNA/miR, microRNA; IGF1R, insulin‑like
growth factor 1 receptor.

(for western blot analysis) of the transfection medium replaced
with fresh medium, cells and supernatants were collected for
further processing. miR‑98‑5p mimic and inhibitor sequences
are presented in Table I.
Reverse transcription‑quantitative (RT‑q)PCR. According
to the manufacturer's instructions, PRKs were extracted
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). After 10 min of centrifugation at 4˚C (13,000 x g), the
precipitate was adsorbed and dissolved with 15 µl diethylpyro‑
carbonate‑treated water and reverse‑transcribed into cDNA
using a PrimeScript™ RT‑PCR Kit (Takara Bio Inc.) according
to the manufacturer's protocol. SYBR® Premix Ex Taq™ II
kit (Takara Bio Inc.) was used for RT‑qPCR analysis with the
Applied Biosystems® 7500 Real‑Time PCR system (Thermo
Fisher Scientific, Inc.). qPCR was carried out under the
following conditions: 95˚C for 30 sec, followed by 40 cycles of
95˚C for 3 sec and 60˚C for 30 sec. The primer sequences used
for RT‑qPCR are presented in Table I. MiR‑98‑5p and IGF1R
RNA levels were normalized to those of U6 or glyceraldehyde
3‑phosphate dehydrogenase (GAPDH) and calculated using
the 2‑ΔΔCq method (39).
Western blotting. PRKs were lysed using RIPA lysis
buffer (Elabscience Biotechnology, Inc.). Lysate protein
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Table II. Details of the antibodies used in western blot analysis.
Antibody

Dilution

Cat. no.

Manufacturer

Application

IGF1R
PI3K
AKT
p‑PI3K
p‑AKT
eNOS
p‑eNOS
Goat anti‑rabbit
GAPDH

1:1,000
1:1,000
1:500
1:500
1:500
1:1,000
1:500
1:20,000
1:5,000

ab182408
ab191606
ab8805
ab182651
ab38449
PA1‑037
MA5‑14957
ab205718
ab181602

Abcam
Abcam
Abcam
Abcam
Abcam
Invitrogen; Thermo Fisher Scientific, Inc.
Invitrogen; Thermo Fisher Scientific, Inc.
Abcam
Abcam

Primary antibody
Primary antibody
Primary antibody
Primary antibody
Primary antibody
Primary antibody
Primary antibody
Secondary antibody
Loading control

p, phosphorylated; eNOS, endothelial nitric oxide synthase; IGF1R, insulin‑like growth factor 1 receptor.

concentrations were determined using a BCA protein assay
kit (Beijing Solarbio Science & Technology Co., Ltd.) and
resolved denatured proteins (20 µg) using 10% SDS‑PAGE
(Elabscience Biotechnology, Inc.). Protein bands were trans‑
ferred onto a PVDF membrane at 60 V for 2 h at 4˚C. Then,
Ponceau S dye was used to stain the membrane at 25˚C for
5 min. The membrane was blocked with 5% BSA at 25˚C for
2 h, incubated with primary antibodies (anti‑IGF1R, anti‑PI3K,
anti‑AKT, anti‑p‑PI3K, anti‑p‑AKT, anti‑eNOS, anti‑p‑eNOS)
overnight at 4˚C, rinsed with TBS‑0.05%Tween 20 buffer
(Beijing Solarbio Science & Technology Co., Ltd.) twice, for
10 min each time, and incubated with the secondary antibody
(Goat anti‑rabbit; Horseradish peroxidase) for 1.5 h at 23±2˚C.
Details of the antibodies are shown in Table II. Subsequently,
ECL reagent (Thermo Fisher Scientific, Inc.) was used for
the chemiluminescence reaction. Finally, the membrane
was developed and fixed using a Developer and Fixer Kit
(Beyotime Institute of Biotechnology), and the densitometry
was quantified using ImageJ software (version 1.8.0; National
Institutes of Health, Bethesda, MD, USA).
Cell viability assays. PRKs were digested with trypsin, inocu‑
lated in 96‑well plates at a density of 0.5x104 cells/well, and
cultured for 24 h. The optical density at 490 nm was measured
using the Cell Counting Kit‑8 reagent (CCK‑8; 10 µl/well;
Beijing Solarbio Science & Technology Co., Ltd.) at 37˚C
for 1 h, added at 0 and 24 h according to the manufacturer's
instructions, to evaluate the cell viability.
EPC‑MVs and PRK fusion. EPC‑MVs were labeled with
a lipid membrane‑embedded fluorescent dye (PKH26;
Sigma‑Aldrich; Merck KGaA) prior to co‑incubation with
PRKs. Briefly, 50 g/ml EPC‑MVs were mixed with 2 ml
PKH26 (2x10 ‑6 M) and incubated at 23±2˚C for 5 min. The
labeled mixture was added to 2 ml of 1% BSA and centrifuged
at 4˚C for 60 min (120,000 x g), and the precipitate was
rinsed with PBS. The precipitate was then suspended in 2 ml
DMEM/F12 in 6‑well plates and added to PRKs (2x105/ml)
before incubation at 37˚C for 24 h. Finally, 1 µg/ml DAPI
was added for nuclear staining at 25˚C for 5 min. Cell images
were acquired using a fluorescence microscope (Leica
Biosystems).

ROS measurements using flow cytometry (FCM). PRKs
(2x105/ml) were incubated in 6‑well plates with 2',7'‑dichloro‑
dihydrofluorescein diacetate (1.0 µM; Beijing Solarbio Science
& Technology Co., Ltd.) at 37˚C for 15 min. Subsequently,
PRKs were washed twice with PBS and analyzed by FCM
(FACSCanto II; BD FACSChorus™ software, version: 1.0;
BD Biosciences) to detect ROS using a 488‑nm laser for exci‑
tation and a 535‑nm laser for detection.
Enzyme‑linked immunosorbent assay (ELISA). PRKs cell
supernatant of each subgroup was collected to determine
the levels of MDA, GSH, SOD, IL‑6, IL‑1β and TNF‑α. The
following kits were used according to the manufacturer's
instructions: MDA Content Assay Kit (cat. no. BC0020;
Beijing Solarbio Science & Technology Co., Ltd.), Reduced
GSH Content Assay Kit (cat. no. BC1175; Beijing Solarbio
Science & Technology Co., Ltd.), SOD Activity Assay Kit
(cat. no. BC0170; Beijing Solarbio Science & Technology
Co., Ltd.), Rat IL‑1 beta/IL‑1F2 Quantikine ELISA Kit
(cat. no. RLB00; R&D Systems), Rat IL‑6 Quantikine
ELISA kit (cat. no. R6000B; R&D Systems) and Rat TNF‑α
Quantikine ELISA Kit (cat. no. RTA00; R&D Systems).
Dual‑luciferase reporter assay. TargetScan software v7.2
(https://www.targetscan.org/vert_72/) was used to predict the
binding sites of miRNA and mRNA. PRKs were transfected
with 500 ng each of miR‑98‑5p mimic or inhibitor and their
NCs, 1 µg each of the psi‑CHECK2 vector (Promega, Madison,
WI, USA) containing wild‑type or mutant IGF1R 3'‑UTR and
50 ng of the pRL‑SV40 reporter vector plasmid (Promega)
Using Lipofectamine® 2000. Transfected cells were incubated
at 37˚C for 48 h, and luciferase activity was measured using
the Dual‑Luciferase ® Reporter Assay System (Promega
Corporation) according to the manufacturer's instructions, and
the ratio of firefly to Renilla activity was used to normalize
firefly luciferase values.
Statistical analysis. All experiments were repeated three
times. Data are expressed as the mean ± standard deviation.
Differences between multiple groups were assessed using
one‑way analysis of variance and Bonferroni post hoc test.
Student's t‑test was used for independent two‑group analyses
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Figure 1. Recovery of Ang II‑induced injury of PRKs and co‑culture with EPC‑MVs. (A) Confirmation of the isolation of EPCs using Dil‑Ac‑LDL staining
(magnification, x100). (B) Confirmation of the isolation of PRKs through immunofluorescence assay (magnification, x400). (C) The GSE110231 dataset was
analyzed using Gene Expression Omnibus to screen miRNAs. This heat map shows differentially expressed miRNAs in diabetic rats compared with healthy
rats. Blue bands represent low expression, and red bands represent high expression. (D) Analysis of isolated MVs using transmission electron microscopy
(upper image magnification, x15,000; lower image magnification, x40,000). (E) PKH26‑labeled EPC‑MVs successfully fused with PRKs (magnification, x100).
(F) RT‑qPCR analysis of the impact of Ang II, EPCs, EPC‑Medium and EPC‑MVs on the expression of miR‑98‑5p in PRKs (n=3). *P<0.05 vs. Ang II;
#
P<0.05 vs. EPC‑Medium. (G) RT‑qPCR analysis of the impact of miR‑98‑5p mimic/inhibitor transfection on the expression of miR‑98‑5p in EPCs (n=3).
*
P<0.05 vs. mimic NC; #P<0.05 vs. inhibitor NC. (H) RT‑qPCR analysis of the impact of miR‑98‑5p mimic/inhibitor transfection on the expression of miR‑98‑5p
in EPC‑MVs (n=3). *P<0.05 vs. mimic NC; #P<0.05 vs. inhibitor NC. Dil‑Ac‑LDL, Dil complex acetylated low‑density lipoprotein; Ang II, Angiotensin II;
EPCs, endothelial progenitor cells; PRKs, primary renal kidney cells; MVs, microvesicles; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative
control; α‑SMA, α‑smooth muscle actin; miR, microRNA.
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Table III. List of miRNAs that meet the criteria of log2|FC|≥2 and P<0.05.
Transcript identification (array design)
rno‑miR‑1‑3p
rno‑miR‑9a‑5p
rno‑miR‑98‑5p
rno‑miR‑205
rno‑miR‑206‑3p
rno‑miR‑216a‑3p
rno‑miR‑219a‑2‑3p
rno‑miR‑451‑5p
rno‑miR‑466b‑5p
rno‑miR‑490‑3p
rno‑miR‑743b‑3p
rno‑miR‑881‑3p
rno‑miR‑1949

Diabetic rat average (log2)

Control average (log2)

Fold change

P‑value

2.39
3.37
5.18
4.95
5.99
1.23
0.26
3.63
1.83
2.84
3.37
4.04
6.47

4.76
4.65
6.30
6.78
7.18
2.45
1.83
2.34
3.12
1.34
2.33
2.65
7.53

‑5.16
‑2.43
‑2.18
‑3.55
‑2.29
‑2.34
‑2.97
2.45
‑2.44
2.84
2.06
2.62
‑2.08

0.001
0.034
0.017
<0.001
0.010
0.016
0.007
0.001
0.023
0.014
0.003
0.001
<0.001

miR, microRNA.

(unpaired). P<0.05 was considered to indicate a statistically
significant difference using Graphpad prism (Version: 8.0;
GraphPad Software Inc.).
Results
Identification of EPCs and PRKs. The isolated EPCs were
identified using Dil‑Ac‑LDL staining. We observed under
the fluorescence microscope that most of the cells expressed
the superposition of highly positive red f luorescence
(Dil‑Ac‑LDL) and blue fluorescence (nuclear staining with
DAPI), which means that the isolated cells are suitable for use
in subsequent studies (Fig. 1A). Isolated PRKs were analyzed
using immunofluorescence staining (vimentin/α‑SMA). The
results revealed high expression of vimentin and α‑SMA in
PRKs, which suggested the successful isolation of PRKs
(Fig. 1B).
Analysis and screening of target miRNAs using GEO. To
explore the protective mechanism of EPC‑MVs against PRK
injury, GSE110231 dataset was analyzed using GEO. The
results revealed that 430 miRNAs were differentially expressed
between the control and the diabetic rat group (Fig. 1C).
Among them, 13 miRNAs met the differential expression
criteria set in the present study, as shown in Table III. A
previous study demonstrated that miR‑98‑5p expression is
reduced in diabetic nephropathy in mice (17). However, the
mechanism of miR‑98‑5p in rat PRKs has not been confirmed.
Therefore, miR‑98‑5p was selected as the target miRNA in the
present study.
Transfection of miR‑98‑5p mimic/inhibitor affects the expres‑
sion of miR‑98‑5p in EPC‑MVs. The MVs isolated from
the culture supernatant of EPCs were observed using TEM
(Fig. 1D). Ang II was added to PRK cells to simulate an
in vitro renal cell injury model, and the protective mechanism
of EPCs on Ang II‑induced damage of renal cells was further

analyzed. EPC‑MVs were labeled with PKH26 and incubated
with PRKs in the presence of Ang II. PKH26 fluorescence was
detected in the cytoplasm of PRKs (Fig. 1E), which indicated
the fusion of EPC‑MVs with PRKs. RT‑qPCR results revealed
that Ang II induction reduced the expression of miR‑98‑5p
compared with the control group, which was consistent with
the GEO data analysis. The co‑culture of PRKs with EPCs or
EPC supernatant increased the expression of miR‑98‑5p, while
after treatment with EPC‑MVs the expression of miR‑98‑5p
returned to the normal level (Fig. 1F). Subsequently, miR‑98‑5p
mimic and inhibitor were transfected into EPCs. RT‑qPCR
results revealed that the expression of miR‑98‑5p was upregu‑
lated in the miR‑98‑5p mimic group, and downregulated in
the miR‑98‑5p inhibitor group compared with their respective
controls, which suggested that the transfection with miR‑98‑5p
mimic and inhibitor was successful (Fig. 1G). Additionally, the
supernatant of each group was collected and the MVs were
extracted. RT‑qPCR results revealed that the expression of
miR‑98‑5p in the exosomes of each group was consistent with
that in EPCs (Fig. 1H).
miR‑98‑5p mimic/inhibitor affects PRK viability, oxidative
stress and inflammation through EPC‑MVs. The collected
exosomes from each group were added to the PRKs induced
by Ang II. The results revealed that all groups incubated
with MVs showed red fluorescence, indicating that the
MVs and PRKs were successfully fused (Fig. 2A). CCK‑8
analysis revealed that EPC‑MVs increased viability of PRKs
compared with the Ang II group, and miR‑98‑5p mimic‑MVs
enhanced the effect of EPC‑MVs, whereas miR‑98‑5p
inhibitor‑MVs inhibited the increased cell viability effect
of EPC‑MVs on PRKs (Fig. 2B). EPC‑MVs inhibited Ang
II‑induced oxidative stress compared with Ang II group [ROS
(Fig. 2C, D) and MDA (Fig. 2E) levels decreased, whereas
GSH (Fig. 2F) and SOD (Fig. 2G) levels increased] and
inflammatory response [IL‑1β (Fig. 2H), IL‑6 (Fig. 2I) and
TNF‑α (Fig. 2J)]. Furthermore, co‑treatment with miR‑98‑5p
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Figure 2. miR‑98‑5p‑MVs inhibit Ang II‑induced oxidative stress and the secretion of inflammatory cytokines in PRKs. (A) PKH26‑labeled miR‑98‑5p‑MVs
successfully fused with PRKs (magnification, x100). (B) Cell Counting Kit‑8 analysis determined the effects of miR‑98‑5p‑MVs on the cell viability of PRKs
treated with Ang II (n=3). (C and D) Flow cytometry analysis determined the effect of miR‑98‑5p‑MVs on the levels of Ang II‑induced ROS production in
PRKs (n=3). ELISA analysis determined the effect of miR‑98‑5p‑MVs on the levels of (E) MDA, (F) GSH and (G) SOD in PRKs treated with Ang II (n=3).
ELISA analysis determined the effect of miR‑98‑5p‑MVs on the levels of secreted (H) IL‑1β, (I) IL‑6 and (J) TNF‑α in PRKs treated with Ang II (n=3).
*
P<0.05 vs. mimic NC; #P<0.05 vs. inhibitor NC. Ang II, angiotensin II; ROS, reactive oxygen species; EPCs, endothelial progenitor cells; PRKs, primary renal
kidney cells; MVs, microvesicles; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; NC, negative control; miR, microRNA.

mimic‑MVs enhanced the inhibitory effect of EPC‑MVs on
oxidative stress and inflammation, whereas co‑treatment
with miR‑98‑5p inhibitor‑MVs had an opposite effect to
that of miR‑98‑5p mimic‑MVs. These results indicated the
successful establishment of the Ang II‑induced PRK injury
model and the injury‑repair effect of miR‑98‑5p mimic‑MVs.
Therefore, the mechanism of miR‑98‑5p on Ang II‑induced
PRK injury was further examined.

Mechanism of miR‑98‑5p MVs against PRK injury. The results
of KEGG analysis indicated that the PI3K‑Akt signaling
pathway is an important factor affecting the progress of
diabetes (Fig. 3A). In the GSE110231 dataset, 16 target genes
were identified as key factors affecting the PI3K‑Akt signaling
pathway. A total of 16 mRNAs were compared with the down‑
stream target genes of miR‑98‑5p (predicted by the TargetScan
database) and it was found that IGF1R was shared between the
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Figure 3. miR‑98‑5p targets IGF1R to regulate the PI3K/Akt/eNOS signaling pathway. (A) KEGG analysis of the signaling pathways associated with the
progression of diabetes. (B) Key factors affecting the PI3K‑Akt signaling pathway (result of the KEGG analysis) and TargetScan database were jointly used to
screen target genes. (C) Dual‑luciferase analysis of the binding of miR‑98‑5p and the putative target gene IGF1R (n=3) *P<0.05 vs. mimic NC. (D) RT‑qPCR
analysis of the impact of ov‑IGF1R on the expression of miR‑98‑5p in PRKs (n=3). (E) RT‑qPCR analysis the impact of Ang II, EPCs, EPC‑Medium and
EPC‑MVs on the expression of IGF1R in PRKs (n=3). *P<0.05 vs. Ang II; #P<0.05 vs. EPC‑Medium. (F) Western blot analysis of the impact of miR‑98‑5p‑MVs
on the protein levels of IGF1R, PI3K, p‑PI3K, Akt, p‑Akt, eNOS and p‑eNOS (n=3). *P<0.05 vs. mimic NC; #P<0.05 vs. inhibitor NC. (G) RT‑qPCR analysis
of IGF1R expression in PRKs after transfection with ov‑NC or ov‑IGF1R (n=3) *P<0.05 vs. ov-NC. (H) Western blot analysis of the combined effects of
miR‑98‑5p‑MVs and IGF1R on the protein levels of IGF1R, PI3K, p‑PI3K, Akt, p‑Akt, eNOS and p‑eNOS (n=3). *P<0.05 vs. Ang II; #P<0.05 vs. mimic‑MVs
+ ov‑NC. IGF1R, insulin‑like growth factor 1 receptor; eNOS, endothelial nitric oxide synthase; RT‑qPCR, reverse transcription‑quantitative PCR; Ang II,
Angiotensin II; KEGG, Kyoto Encyclopedia of Genes and Genomes; EPCs, endothelial progenitor cells; PRKs, primary renal kidney cells; MVs, microvesicles;
p, phosphorylated; NC, negative control; ov, overexpression; WT, wild‑type; mut, mutant; miR, microRNA.

two datasets (Fig. 3B). The subsequent dual‑luciferase assay
result revealed that when wild‑type IGF1R was co‑transfected

with miR‑98‑5p mimic, the luciferase activity was signifi‑
cantly lower than that of the group co‑transfected with mimic
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Figure 4. miR‑98‑5p/IGF1R axis regulates oxidative stress and inflammation in PRKs induced by Ang II. (A) Cell Counting Kit‑8 analysis determined the
combined effects of miR‑98‑5p‑MVs and IGF1R on the cell viability of PRKs treated with Ang II (n=3). (B and C) Flow cytometry analysis determined
the combined effects of miR‑98‑5p‑MVs and IGF1R on Ang II‑induced ROS generation in PRKs (n=3). ELISA analysis determined the combined effect of
miR‑98‑5p‑MVs on the levels of (D) MDA, (E) GSH and (F) SOD produced by PRKs treated with Ang II (n=3). ELISA analysis determined the combined
effects of miR‑98‑5p‑MVs and IGF1R on the levels of (G) IL‑1β, (H) IL‑6 and (I) TNF‑α secreted by PRKs treated with Ang II (n=3). *P<0.05 vs. Ang II;
#
P<0.05 vs. mimic‑MVs + ov‑NC. IGF1R, insulin‑like growth factor 1 receptor; Ang II, Angiotensin II; ROS, reactive oxygen species; EPCs, endothelial
progenitor cells; PRKs, primary renal kidney cells; MVs, microvesicles; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; NC, negative
control; ov, overexpression; miR, microRNA.

NC. However, when mutant IGF1R was co‑transfected with
miR‑98‑5p mimic, the luciferase activity was not significantly
different from that of the mimic NC co‑transfection group
(Fig. 3C). Additionally, the overexpression of IGF1R did not
affect the expression of miR‑98‑5p (Fig. 3D). These results
suggested that miR‑98‑5p directly targets IGF1R. Moreover,
the co‑culture of PRKs with EPCs or EPC supernatant reduced
the expression of IGF1R compared with Ang II group, and
under the action of EPC‑MVs the expression of IGF1R was
reduced compared with Ang II group (Fig. 3E).
miR‑98‑5p/IGF1R regulates the PI3K/Akt/eNOS signaling
pathway. Western blot analysis revealed that compared with

the Ang II group, EPC‑MVs and miR‑98‑5p mimic‑MVs
increased the phosphorylation levels of PI3K/Akt/eNOS
and reduced the protein level of IGF1R, while miR‑98‑5p
inhibitor‑MVs reduced the phosphorylation levels of
PI3K/Akt/eNOS and increased the protein level of IGF1R
(Fig. 3F). In order to explore the mechanism of IGF1R in
PRKs, a plasmid overexpressing IGF1R was constructed
and transfected into PRKs. RT‑qPCR results revealed that
the expression of IGF1R in the ov‑IGF1R group increased
compared with the ov‑NC group (Fig. 3G), confirming the
transfection efficiency of the IGF1R plasmid. Subsequently,
western blot analysis showed that miR‑98‑5p mimic‑MVs
decreased the level of IGF1R protein and increased the levels
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of phosphorylation of PI3K/Akt/eNOS compared with the Ang
II group. The effects were reversed by ov‑IGF1R (Fig. 3H).
Compared with the Ang II group, miR‑98‑5p mimic‑MVs
protected PRKs from decreased viability (Fig. 4A), oxidative
stress [ROS (Fig. 4B, C) and MDA (Fig. 4D) levels decreased,
whereas GSH (Fig. 4E) and SOD (Fig. 4F) levels increased]
and inflammatory response [IL‑1β (Fig. 4G), IL‑6 (Fig. 4H)
and TNF‑ α (Fig. 4I)] induced by Ang II. However, overex‑
pression of IGF1R reversed the protective effect of miR‑98‑5p
mimic‑MVs on PRKs.
Discussion
In the present study, it was demonstrated for the first time to
the best of our knowledge, that EPC‑MVs with high levels
of miR‑98‑5p can protect PRKs from Ang II‑induced cell
damage.
EPCs can effectively protect from renal function deteriora‑
tion in CKD (40) and play an important role in maintaining
vascular integrity, repairing endothelial injury and improving
organ function (41). Recent evidence shows that EPCs
may play a protective role by secreting MVs (42). MVs are
important mediators of intercellular communication (43) and
are detached from the cell surface after activation, stress or
apoptosis (44). MVs have anti‑inflammatory, anticoagulant
and angiogenic effects (45,46), improve endothelial function
and alleviate endothelial dysfunction induced by oxidative
stress (47). As the damaged kidney can no longer effectively
filter out the metabolic waste in the blood, which eventually
leads to the occurrence of kidney disease, the GEO analysis
in the current study used diabetic rats based on the possibility
of diabetic rats suffering from kidney disease (48). One of
the main conclusions of the current study is that after the
successful establishment of the Ang II‑induced PRK injury
model, EPC‑MVs suppressed the reduction of PRK viability
induced by Ang II, as well as the promotion of oxidative stress
and inflammation. This result is similar to those in previous
studies (49,50).
Dysregulated miR‑98‑5p expression has been reported to
play a key role in the progression of several diseases, such as
oral squamous cell carcinoma (51) and bronchial asthma (52).
Kokkinopoulou et al (53) demonstrated that low levels of
miR‑98‑5p adversely affected the treatment of patients with
diabetes, and the results of the GEO data analysis in the present
study support this view that the expression of miR‑98‑5p is
downregulated in diabetic rats. In the current study, it was
found that miR‑98‑5p mimic enhanced EPC‑MVs‑induced
viability of PRKs, whereas miR‑98‑5p inhibitor showed the
opposite effect, which was consistent with the research by
Kokkinopoulou et al (53). In addition, miR‑98‑5p MVs also
reversed the Ang II‑induced increase of ROS, MDA, IL‑1β,
IL‑6 and TNF‑ α levels, as well as the decrease of GSH
and SOD levels. Therefore, the potential mechanism of the
protective effect of miR‑98‑5p MVs on PRKs may involve the
regulation of oxidative stress and inflammation.
The PI3K/Akt/eNOS signaling pathway is closely related
to cell inflammation, viability, endothelial injury and dysfunc‑
tion (54‑56). Our previous study showed that EPC‑MVs
protect cardiomyocytes from Ang II‑induced apoptosis by
activating the PI3K/Akt/eNOS signaling pathway (38). In the

current study, the mechanism by which miR‑98‑5p regulates
the PI3K/Akt/eNOS signaling pathway was further explored.
Through combined analysis of the TargetScan database and
KEGG, the IGF1R gene was identified as a potential target
gene for miR‑98‑5p. Subsequent results showed that miR‑98‑5p
directly targets IGF1R and regulates the phosphorylation level
of PI3K/Akt/eNOS through IGF1R. Consistently, the overex‑
pression of IGF1R reversed the promotive effect of miR‑98‑5p
mimic‑MVs on PRK viability and its inhibitory effect on
oxidative stress and inflammation. This result indicates that
miR‑98‑5p regulates the IGF1R/PI3K/Akt/eNOS axis and
inhibits the effect induced by Ang II, thereby protecting PRKs.
A limitation of the present study is whether EPC‑MVs can
protect against kidney injury in animal models of hypertensive
nephropathy, and therefore the mechanism of EPC‑MVs needs
to be further elucidated. Secondly, changes in various signaling
pathways, especially inflammation or related pathways, have
not been further explored in the current study. Finally, the
intracellular distribution of miRNA could be further explored
using fluorescence in situ hybridization, which was not
developed in the present study. These limitations will be the
focus of future research.
In summary, miR‑98‑5p, which is present in high levels
in EPC‑MVs, protected PRKs from Ang II‑induced injury
by activating the PI3K/Akt/eNOS signaling pathway and
inhibiting oxidative stress and inflammation. Therefore, the
current study provides a solid theoretical basis for the potential
treatment of hypertensive nephropathy.
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