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miR-17-5p attenuates kidney ischemia-reperfusion injury by 
inhibiting the PTEN and BIM pathways
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Background: Kidney ischemia-reperfusion (I/R) injury is an independent risk factor for delayed graft 
function after kidney transplantation with long-term graft survival deterioration. Previously, we found that 
the upregulated expression of miR-17-5p exerts a protective effect in kidney I/R injury, but the mechanism 
has not been clearly studied.
Methods: A kidney I/R injury model was induced in adult C57BL/6 male mice (20–22 g) by clamping both 
kidney pedicles for 30 min. The miR-17-5p agomir complex was injected into mice 24 h before surgery 
via the tail vein at a total injection volume of 10 μL/g body weight. The mice were euthanized on post-I/R 
injury day 2, and kidney function, apoptosis, autophagy, and related molecules were then detected. Human 
kidney-2 (HK-2) cells, which underwent hypoxia/reoxygenation, were treated with the miR-17-5p agomir, 
miR-17-5p antagomir, and small interfering ribonucleic acids (siRNAs). Cell viability, apoptosis, autophagy, 
and molecules were also examined.
Results: Autophagy, miR-17-5p expression, and kidney function damage were significantly more increased 
in the I/R group than in the sham group. In the cultured HK-2 cells underwent hypoxia/reoxygenation, 
the miR-17-5p agomir directly inhibited the expression of phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN) and Bcl-2 like protein 11 (BIM), and attenuated apoptosis and autophagy. 
Further, miR-17-5p inhibited autophagy by activating the protein kinase B (Akt)/Beclin1 pathway, which 
was suppressed by siRNAs. Additionally, the administration of miR-17-5p agomir greatly improved kidney 
function in the I/R mice group by inhibiting autophagy and apoptosis.
Conclusions: These findings suggest a new possible therapeutic strategy for the prevention and treatment 
of kidney I/R injury. The upregulation of miR-17-5p expression appears to inhibit apoptosis and autophagy 
by suppressing PTEN and BIM expression, which in turn upregulates downstream Akt/Beclin1 expression.
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Introduction

Kidney ischemia-reperfusion (I/R) injury is characterized 
by a transient cessation and restoration of blood flow, and 
reoxygenation is associated with a significantly increased 
incidence of morbidity and mortality in major surgical 
procedures (1,2). Even after recovery from the initial injury, 
kidney I/R injury may still result in chronic kidney disease 
or even kidney failure (3). Further, it is an independent risk 
factor for delayed graft function after kidney transplantation 
with long-term graft survival deterioration (4). Kidney I/R  
injury is an intriguing pathophysiological process that 
involves inflammation, immunological responses, oxidative 
stress, tubular injury, and endothelial dysfunction (5). 
However, the mechanism is still not well elucidated, and 
limited therapies are available for the effective treatment of 
I/R-induced kidney injury.

Autophagy plays a vital role in kidney I/R injury (6-8).  
The phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN), phosphatidylinositol-3 kinase 
(PI-3K), protein kinase B (Akt), Bcl-2 like protein 11 (BIM), 
Beclin1, and adenosine monophosphate-activated protein 
kinase (AMPK)/mammalian target of rapamycin (mTOR) 
pathways may be key signaling molecules (6). However, 
research on the effects of autophagy on kidney I/R injury 
has produced conflicting results (9,10). It is hypothesized 
that autophagy plays a dual role in the kidney I/R process, 
having both protective and detrimental properties, 
depending on the duration of the ischemic period and the 
phase of I/R injury (11).

Micro ribonucleic acids (miRNAs) have recently been 
recognized as small non-coding RNAs, approximately 
21–25 nucleotides in length. They post-transcriptionally 
regulate gene expression. The specific ablation of Dicer (a 
key enzyme for miRNA production) leads to kidney diseases 
and dysfunction, which indicates the critical roles of the 
miRNAs involved in kidney development and physiological 
maintenance (12,13). Fifteen differentially expressed 
miRNAs were identified in the kidneys of a rat kidney I/
R injury model, and miR-10a, miR-192, and miR-194 were 
found to be significantly increased in the plasma of the  
rats (14). Recent studies have also investigated other miRNAs 
in kidney I/R injury, and found that miR-20, miR-126, and 
miR-489 may protect kidneys from I/R injury (15-17).

MiR-17-92 is a highly conserved cluster that encodes  
6 miRNAs (miR-17, miR-18a, miR-19a, miR-19b-1, miR-
20a, and miR-92a). Postnatally, the early development 
of focal glomerulosclerosis and podocyte foot process 

effacement is detected at 3 months, which indicates that 
miR-17-92 is necessary for nephrogenesis and kidney 
function (18). MiR-17-92 might mediate the progression 
of cysts in polycystic disease, and the miR-17-mediated-
inhibition of mitochondrial metabolism might be the key 
regulating pathway (19,20). Previously, we showed that the 
expression of the miR-17-92 cluster (especially the miR-
17-5p) increases after kidney I/R injury, and the deletion 
of miR-17-92 in proximal tubule cells makes the kidneys 
highly susceptible to I/R injury (21). However, the exact 
mechanism of miR-17-92 in kidney I/R injury remains 
unknown. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-4678).

Methods

Murine model of kidney I/R injury

Twenty-four 6–8-week-old (20–22 g) C57BL/6 male 
mice (Chengdu Dossy Experimental Animals, Co., Ltd., 
Chengdu, China) were included in this study. Using the 
random number method, the mice were randomly divided 
into a sham group (n=8), I/R group (n=8), and I/R + agomir 
group (n=8). The mice were fed adaptively for 7 days, 
and then anaesthetized with intraperitoneal pentobarbital 
(30 mg/kg). Kidney I/R injury modeling was induced. In 
brief, bilateral dorsal incisions were made to expose kidney 
pedicles and both pedicles were clamped for 30 min. The 
clamps were then released for reperfusion for 48 hours. 
Mice in the sham group were operated on to expose the 
kidney pedicles without clamping. The mice were raised 
under standard guidelines (4 mice per cage), and all mice 
were monitored throughout the experiment. The mice 
were free of viral, bacterial, and parasitic pathogens, and 
all mice survived before they were euthanized at the end 
of the experiment. The Animal Ethics Committee of West 
China Hospital, Sichuan University, Chengdu, China (No. 
2019141A) approved this study. All animal studies were 
conducted in accordance with the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of 
Health. A protocol was prepared before the study without 
registration.

In vivo miR-17-5p agomir delivery

The miR-17-5p agomir and agomir-negtive control (NC) 
were synthesized by GenePharma Co. Ltd. (Shanghai, China) 
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and delivered as per the protocol of the Invivofectamine 
2.0 kit (Invitrogen, Carlsbad, CA, USA). In brief, 200 μL of 
Invivofectamine-agomir complex was prepared by mixing the 
miRNA agomir (20 nmol) and Invivofectamine at the ratio of 
1:1. For the in-vivo test, the Invivofectamine-agomir complex 
(n=4) or agomir-NC complex (n=4) were injected into mice 
24 h before I/R surgery via the tail vein at 20–40 μL/s at a 
total injection volume of 10 μL/g body weight.

Histological evaluation and TUNEL assay

The mice were euthanized after I/R for 48 hours, and their 
kidneys were perfused with phosphate-buffered saline 
(PBS) followed by 4% paraformaldehyde. The kidneys were 
fixed in 10% formalin and then embedded in paraffin. The 
sections were cut and stained with hematoxylin and eosin. 
Histological changes, including tubular necrosis, tubular 
dilation, cast formations, and the loss of brush border, were 
examined in a blinded manner. 10 areas in randomly selected 
kidney tubules from the outer medulla of the kidney were 
examined at ×200 magnification. Based on the percentage 
of the injury area, pathological scores were assigned on a 
scale of 0 to 5 (on which 0 points represented normal, 1 
point represented an injury area <10%, 2 points represented 
an injury area between 10–25%, 3 points represented an 
injury area between 25–50%, 4 points represented an injury 
area between 50–75%, and 5 points represented an injury 
area >75%) (22). Micrographs of the representative fields 
were recorded. Apoptosis in kidney tissues was identified 
using the terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling (TUNEL) assay with a Cell Death 
Detection kit (Roche Applied Science, IN, USA). Five fields 
per section and 3 sections per kidney were examined in each 
experimental group (n=4 mice in each group).

Kidney function analysis

Kidney function (n=4) was monitored by measuring blood 
urea nitrogen (BUN) and serum creatinine (Scr). In brief, 
blood samples were collected and centrifuged. BUN and 
Scr were measured using commercial kits from Nanjing 
Jiancheng Bioengineering Institute (Jiangsu, China).

Cell culture and hypoxia modeling

The human kidney-2 (HK-2) cell line was purchased from 
Chinese Type Culture Collection (CTCC). The HK-2 cells 
were cultured in a medium containing 10% fetal bovine 

serum (FBS; Hyclone, Logan, UT, USA) and a 5% carbon 
dioxide (CO2) chamber (Thermo Fisher Scientific Inc. 
Waltham, MA, USA), and moved to hypoxia treatment 
after growing to cover 80% of the plate. The cells were 
plated in 96-cell plates with 2×103 cells in complete medium 
overnight, changed to Dulbecco’s Modified Eagle Medium 
(DMEM; Hyclone, Logan, UT, USA) without FBS, and 
incubated in a hypoxia chamber with 95% nitrogen (N2) 
and 5% CO2 for 6, 12, and 24 h. The cells were then 
cultured in a medium containing 10% FBS and a 5% CO2 
chamber for 6, 12, and 24 h. After the initial experiments, 
we determined that hypoxia for 24 h and reoxygenation for 
24 h represented reasonable times to detect apoptosis and 
cell viability.

Flow cytometry

Flow cytometry was used to detect the cell apoptosis 
rate. In brief, cells were digested with trypsin without 
e thy lenediaminete t raace t i c  ac id ,  centr i fuged  a t  
2,000 rpm/min for 5 min. The supernatant was discarded 
and the cells were collected. After washing the cells twice 
with pre-chilled PBS, 300 μL of Binding Buffer was added to 
the cell precipitate to suspend the cells. Add 5 μL of Annexin 
V-FITC to the cell suspension and then incubate for 15 min 
at room temperature and protected from light. After this,  
10 μL of PI stain was added to the cell suspension and 
incubate for 10 min at room temperature under light-proof 
conditions. Finally, apoptosis was detected by using flow 
cytometry and analyzed by CELL Quest software.

Cell counting kit-8 (CCK-8) assay

Cell viability was assessed with the CCK-8 assay in 
accordance with the manufacturer’s instructions (Beyotime 
Biotechnology Co., Ltd., Haimen, China). The HK-2 cells 
were plated in 96-well plates at a density of 2,000 cells/
plate and cultured for 24 h. After hypoxia/reoxygenation 
treatment, the culture medium was replaced with 110 
μL of CCK-8 solution (containing 100 μL of serum-free 
DMEM and 10 μL of CCK-8 reagent). After incubating the 
cells for 4 h, we measured the absorbance in each well at a 
wavelength of 450 nm with a microplate spectrophotometer 
(MK3, Thermo).

Measurement of autophagosomes

The HK-2 cells grown on the coverslips were transfected 
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with mRFP-GFP-LC3 adenovirus (Hanheng Bio, Shanghai, 
China), administered additional treatments for appropriate 
periods, and subjected to hypoxia/reoxygenation treatment. 
The cells were then fixed with 10% formalin. RFP-
GFP-LC3 fluorescence was observed under a confocal 
fluorescence microscope (Leica, Heidelberg, Germany).

Real-time polymerase chain reaction (PCR)

In accordance with the manufacturer’s instructions, total 
RNA from the cells and kidney tissues (n=4) was extracted 
using Trizol (Invitrogen). Subsequently, the total RNA  
(2 mg) was converted to complementary deoxyribonucleic 
acid (cDNA) using the miRNA Reverse Transcription 
Kit (Thermo #K1622, MA, USA). The real-time PCR 
was performed using the SYBR Green PCR kit (Thermo 
F-415XL, MA, USA), which included sequence-specific 
primers for the cDNA synthesis and probes for the real-
time PCR. Fold changes were quantified using 2−ΔΔCt 
values. The primer sets are set out in Tables S1-S4.

Luciferase reporter assay

TargetScan (www.targetscan.org) was used to forecast the 
potential miR-17-5p biological target sites. To construct 
a luciferase reporter vector, we synthesized the PTEN-
3'UTR and BIM-3'UTR, which contained the binding 
region of miR-17-5p, and then inserted these fragments 
into a pYr-Mir Target (XhoI/NotI) vector to form the 
pYr-MirTarget-PTEN-3'UTRWT and pYr-MirTarget-
BIM-3'UTRWT luciferase vector (Hangzhou Luepu bio, 
Hangzhou, China). The 3 prime untranslated region 
(3'UTR) mutant (MUT) luciferase vectors of PTEN 
and BIM were constructed into pYr-MirTarget-PTEN-
3'UTRMUT and pYr-MirTarget-BIM-3'UTRMUT. For the 
reporter assay, we co-transfected the HK-2 cells that were 
seeded in 24-well plates with either luciferase reporter 
construct, or the miR-17-5p agomir (Invitrogen). 48 h after 
transfection, the cells were lysed, and luciferase activity 
levels were measured using a dual-luciferase reporter assay 
system (Promega, Madison, USA). Firefly luciferase activity 
levels were normalized to Renilla luciferase activity levels. 
The primer sets are set out in Tables S1-S4.

miR-17-5p-agomir or antagomir transfection and RNA 
interference

The miR-17-5p-agomir (50 nM) or the miR-17-5p 

antagomir (100 nM) was transfected into the HK-2 cells for 
48 h to upregulate or downregulate miR-17-5p expression 
using Lipofectamine 3000 (Invitrogen) in accordance with 
the manufacturer’s instructions. The expression of PTEN, 
BIM, and Akt were also reduced by transfection with 
corresponding small interfering ribonucleic acids (siRNAs) 
(50 nM, Jima Pharm, Shanghai, China). All interventions 
were paired with the corresponding control group.

Molecular examination

A immunoblot analysis was conducted following a standard 
protocol. In brief, the whole cell lysate was collected by 
using 2% sodium dodecyl sulphate (SDS) buffer (Biosharp, 
Hefei, Anhui, China). The exact amount (30 μg) of 
protein samples was resolved by SDS-polyacrylamide gel 
electrophoresis (PAGE) gel (Sigma-Aldrich, St. Louis, 
MO, USA), and then transferred to the polyvinylidene 
fluoride (PVDF) membranes (Merck Millipore, Billerica, 
MA, USA). The blots were blocked in 5% non-fat milk for 
1 h before incubation in primary and secondary antibodies. 
The antibodies were purchased from the following sources: 
LC3 (1:500, Ab51520, Affinity Biosciences, Cincinnati, 
OH, USA), P62 (1:500, Ab56416, Affinity), PTEN (1:1,000, 
AF6351, Affinity), BIM (1:1,500, AF0121, Affinity), 
BMPR2 (1:1,000, BF0342, Affinity), Beclin1 (1:1,000, 
AF7885, Affinity), p-Beclin1 (234) (1:250, ab183335, 
Abcam, Cambridge, UK), p-Beclin1(295) (1:250, ab183313, 
Abcam), Akt (1:1,000, AF6261, Affinity), GAPDH (1:1,000, 
Ab8245, Abcam), and p-Akt (1:1,000, AF0016, Affinity). 
To ensure that Western blot was in a linear range, we 
performed Western blot with a 2-fold serial dilution of 
samples (from 1.25–80 μg), and found that 30 μg was within 
the linear range. The images were collected by ChemiScope 
5300 Pro (Clinx Science Instruments Co., Ltd., Shanghai, 
China), and then quantified by Image J software (National 
Institute of Health, Bethesda, MD, USA).

Transmission electron microscopy

Kidney samples (n=4) of approximately 1 mm3 were 
clipped by ophthalmic scissors and immersed in 2.5% 
glutaraldehyde for 2 h. The tissues were then washed  
3 times with 0.1 M phosphate buffer and fixed with 1% 
osmium tetroxide in 0.1 M phosphate buffer for another 
2 h. The samples were dehydrated with increasing 
concentrations of ethanol and 100% acetone, and then 
embedded in Embed 812 (Electron microscopy science). 

https://cdn.amegroups.cn/static/public/ATM-21-4678-Supplementary.pdf
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Semi-thin sections were cut at 1 μm and stained with 1% 
toluidine blue to evaluate preservation quality. Ultrathin 
sections (50–70 nm) were cut, and mounted on copper 
grids. The autophagosome ultrastructure was observed 
under a transmission electron microscope (JEM-1200EX, 
JEOL Ltd., Tokyo, Japan).

Statistical analysis

The continuity variables are presented as mean ± standard 
deviation (SD). Differences between the 2 groups were 
evaluated using the Student’s t-test. For the multiple groups, 
the one-way NOVA analysis of variance followed by a Tukey 
test was used to compare the differences of all the column 
pairs. A P value <0.05 was considered statistically significant.

Results

Autophagy was upregulated during kidney I/R in vivo and 
hypoxia in vitro

Kidney I/R injury was induced in mice by 30 min of bilateral 
kidney ischemia followed by reperfusion for 48 h. The 
histological examination (see Figure 1A) showed severe tissue 
injury accompanied by increased autophagosomes in the I/
R group. The increase of BUN and Scr suggested that the 
I/R model was completed, and an increased expression of 
miR-17-5p was observed (see Figure 1B). The expression of 
the LC3 II/I ratio was significantly upregulated after 48 h 
of reperfusion, while the expression of P62 was significantly 
decreased (see Figure 1C). In the HK-2 cells cultured in 
hypoxia, prolonging the reoxygenation time decreased 
the expression of miR-17-5p (see Figure 1D) and P62 (see  
Figure 1E), but increased the LC3 II/I ratio (see Figure 1E).

miR-17-5p reduced apoptosis and autophagy in HK-2 cells

To test the effects of miR-17-5p on kidney tubular cell 
apoptosis, the HK-2 cells were treated with the miR-17-
5p agomir or antagomir. The transfection efficiency was 
high (see Figure 2A). Hypoxia intubation significantly 
impaired the viability and proliferation of the HK-2 cells, 
but the miR-17-5p agomir ameliorated this impairment. 
Conversely, the miR-17-5p antagomir aggravated hypoxia-
induced impairment (see Figure 2B). Notably, transfection 
with the miR-17-5p antagomir almost increased the 
percentage of apoptotic cells by 20% under hypoxia, while 
the transfection of the miR-17-5p agomir significantly 

reversed this effect (see Figure 2C). As Figure 2D shows, the 
autophagy levels (the expression of P62 and LC3 II/I ratio) 
were significantly reduced after treatment with the miR-17-
5p agomir; these results were confirmed by autophagy flux 
detection (see Figure 2E). When chloroquine (CQ, Sigma, 
C6628), an autophagy inhibitor, was used to treat the HK-2 
cells, the autophagy levels of the HK-2 cells after hypoxia 
were significantly inhibited, and this effect was replicated 
with the miR-17-5p agomir. Additionally, we noted a more 
significant reduction in autophagy levels when the HK-2 
cells were simultaneously treated with CQ and miR-17-5p 
agomir (see Figure 2F). The flow cytometry results indicated 
that CQ reduced 50% of the apoptosis of the HK-2 cells 
after hypoxia. A similar effect was observed in miR-17-
5p agomir treatment. When the HK-2 cells were treated 
with CQ and the miR-17-5p agomir, a more significant 
reduction in apoptosis was noted in those cells than in 
those treated CQ or miR-17-5p only (see Figure 2G).  
These results suggest that miR-17-5p protects HK-2 cells 
from hypoxia-induced injury by inhibiting autophagy and 
apoptosis.

miR-17-5p targeted PTEN and BIM in HK-2 cells

Studies  have suggested a  c lose  l ink among bone 
morphogenetic protein type II receptor (BMPR2), BIM, 
PTEN, and autophagy (23-25). Additionally, miR-17 
inhibits the expression of PTEN, BIM, and BMPR2 (26-28).  
The bioinformatic analysis indicated that PTEN, BIM, and 
BMPR2 are targets of miR-17-5p, whose binding site is in 
the 3'UTR of PTEN, BIM, and BMPR2 (see Figure 3A). 
The miR-17-5p agomir downregulated the overexpression 
of PTEN and BIM induced by hypoxia, but did not change 
the expression of BMPR2 (see Figure 3B). The miRNA 
target luciferase reporter assay was applied to determine 
whether miR-17-5p directly targeted the 3'UTR of PTEN 
and BIM. The HK-2 cells were co-transfected with the 
luciferase reporter gene along with the miR-17-5p agomir. 
The miR-17-5p agomir significantly reduced luciferase 
expression in the luciferase-PTEN-3'UTR and luciferase-
BIM-3'UTR transfected cells but not in the luciferase-
PTEN-3'UTRMUT and luci ferase-BIM-3'UTRMUT 
transfected cells (see Figure 3C). Thus, miR-17-5p directly 
targeted PTEN-3'-UTR and BIM-3'UTR. Further, to 
determine the role of PTEN and BIM in the HK-2 cells 
that underwent hypoxia, we designed overexpression 
plasmids pcDNA3.1-PTEN and pcDNA3.1-BIM. A 
Western blot assay showed that pcDNA3.1-PTEN and 
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pcDNA3.1-BIM significantly increased the expression of 
PTEN and BIM (see Figure 3D). Compared with the empty 
vector, pcDNA3.1-PTEN and pcDNA3.1-BIM significantly 
increased the apoptosis (see Figure 3E) and autophagy levels 
(see Figure 3F) of the HK-2 cells after hypoxia, and the 
miR-17-5p agomir partially reduced these upregulations. 
Thus, it appears that miR-17-5p protects HK-2 cells by 
repressing PTEN and BIM.

miR-17-5p regulated the Akt/Beclin1 signaling pathway 
in HK-2 cells

Akt is the critical downstream signaling factor of PTEN 
and BIM, and the activation of Akt ameliorates I/R-induced 
kidney injury (29-31). After hypoxia or miR-17-5p agomir 
treatment, the expression of Akt produced no significant 
change compared to the control group. However, hypoxia 
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Figure 1 I/R injury upregulated the miR-17-5p expression and enhanced autophagy. Representative images (A) of kidney histology with 
H&E staining and TEM (n=4). The concentration of BUN and Scr in mice, and the expression of miR-17-5p in mice kidneys (n=4) (B). 
The expression of P62 decreased in the I/R group, LC3II increased, and LC3I decreased, indicating an increased autophagy level (n=4) 
(C). The expression of miR-17-5p in HK-2 cells (D). Representative band and statistical analysis of P62 and LC3 II/I expression in the 
HK-2 cells experiencing different times of H/R (E). *, P<0.05. BUN, blood urea nitrogen; H&E, hematoxylin-eosin; H/R, hypoxia/
reoxygenation; HK-2, human kidney-2; LC3, microtubule-associated protein light chain 3; Scr, serum creatinine; TEM, transmission 
electron microscope.



Annals of Translational Medicine, Vol 9, No 20 October 2021 Page 7 of 16

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(20):1545 | https://dx.doi.org/10.21037/atm-21-4678

5

4

3

2

1

0

2.5

2.0

1.5

1.0

0.5

0.0

50

40

30

20

10

0

R
el

at
iv

e 
m

iR
17

 m
R

N
A

 e
xp

re
ss

io
n

O
D

 v
al

ue
, 4

50
 n

m

A
po

pt
os

is
 r

at
io

, %

C
on

tr
ol

 +
 a

go
-N

C
 

C
on

tr
ol

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir 

C
on

tr
ol

 +
 a

nt
-N

C
 

C
on

tr
ol

 +
 a

nt
ag

om
ir 

H
yp

ox
ia

 +
 a

nt
-N

C
 

H
yp

ox
ia

 +
 a

nt
ag

om
ir

C
on

tr
ol

 +
 a

go
-N

C
 

C
on

tr
ol

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir 

C
on

tr
ol

 +
 a

nt
-N

C
 

C
on

tr
ol

 +
 a

nt
ag

om
ir 

H
yp

ox
ia

 +
 a

nt
-N

C
 

H
yp

ox
ia

 +
 a

nt
ag

om
ir

C
on

tr
ol

 +
 a

go
-N

C
 

C
on

tr
ol

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir 

C
on

tr
ol

 +
 a

nt
-N

C
 

C
on

tr
ol

 +
 a

nt
ag

om
ir 

H
yp

ox
ia

 +
 a

nt
-N

C
 

H
yp

ox
ia

 +
 a

nt
ag

om
ir

CCK-8

3

2

1

0

R
el

at
iv

e 
ex

pr
es

si
on

C
on

tr
ol

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir

C
on

tr
ol

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir

Control + ago-NC 

Hypoxia + ago-NC 

Hypoxia + agomir

C
on

tr
ol

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
m

ir
LC3 

P62 

GAPDH

P62/GAPDH
eGFP-LC3 mRFP-LC3 MergeDAPI

LC3 II/I

P62/GAPDH LC3 II/I

LC3 

P62 

GAPDH

5

4

3

2

1

0

40

30

20

10

0

R
el

at
iv

e 
ex

pr
es

si
on

A
po

pt
os

is
 r

at
io

, %

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 +

 C
Q

 

H
yp

ox
ia

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
m

ir 
+

 C
Q

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 +

 C
Q

 

H
yp

ox
ia

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
m

ir 
+

 C
Q

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 +

 C
Q

 

H
yp

ox
ia

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
m

ir 
+

 C
Q

H
yp

ox
ia

 +
 a

go
-N

C
 

H
yp

ox
ia

 +
 a

go
-N

C
 +

 C
Q

 

H
yp

ox
ia

 +
 a

go
m

ir 

H
yp

ox
ia

 +
 a

go
m

ir 
+

 C
Q

C

D E

F G

BA

Figure 2 HK-2 cells were transfected with a miR-17-5p agomir (50 nM), and miR-17-5p antagomir (100 nM). HK-2 cells were incubated 
under hypoxia for 24 hours, and reoxygenated for 24 hours. The expression of miR-17-5p in HK-2 cells (A). Cell viability was detected by 
CCK-8 (B). Apoptosis was detected by flow cytometry (C). Representative band and statistical analysis (D) of LC3B II/I and P62 expression 
in HK-2 cells using Western blotting. Confocal microscopy and the mRFP-eGFp-LC3 system were used to analyze the autophagy flux. The 
punctuated red spot is autolysosome, and the punctuated yellow spot is autophagosome (E). Representative band and statistical analysis (F) 
of LC3B II/I and P62 expression in HK-2 cells. Apoptosis was detected by flow cytometry (G). *, P<0.05. Ago-NC, agomir-negative control; 
ant-NC, antagomir-negative control; CCK-8, cell counting kit-8; CQ, chloroquine; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH, 
glyceraldehyde phosphate dehydrogenase; GFP, green fluorescent protein; HK-2, human kidney-2; LC3, microtubule-associated protein 
light chain 3; RFP, red fluorescent protein.
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Figure 3 HK-2 cells were co-transfected with the Luciferase-PTEN-3'-UTR, Luciferase-BIM-3'UTR or Luciferase-PTEN-3'UTRMUT, 
Luciferase-BIM-3'UTRMUT along with the miR-17-5p agomir. The bioinformatic analysis (A) predicted potential targets of miR-17-5p. 
Representative band and statistical analysis (B) of BIM and PTEN expression in HK-2 cells. The luciferase expression (C) among transfected 
HK-2 cells were detected by quantitative real-time PCR. HK-2 cells were transfected with plasmid pcDNA3.1-PTEN and pcDNA3.1-
BIM. Western blot (D) confirmed the pcDNA3.1-PTEN and pcDNA3.1-BIM significantly upregulated the expression of PTEN and BIM. 
Flow cytometry detected the apoptosis percentage (E) of HK-2 cells. Representative band and statistical analysis (F) of LC3B II/I and P62 
expression in HK-2 cells. *, P<0.05. **, P<0.01. ago-NC, agomir-negative control; BIM, Bcl-2 like protein 11; BMPR2, bone morphogenetic 
protein type II receptor; GAPDH, glyceraldehyde phosphate dehydrogenase; HK-2, human kidney-2; LC3, microtubule-associated protein 
light chain 3; MUT, mutant; PTEN, phosphatase and tensin homolog deleted on chromosome 10; siRNA, small interfering RNA.
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treatment dramatically reduced the expression of p-Akt, 
while the miR-17-5p agomir partially reversed this effect 
(see Figure 4A). Further, hypoxia increased the expression 
of Beclin1, but the expression of both phosphorylated forms 
p-Beclin1 (295) and p-Beclin1 (234) decreased. Additionally, 
the miR-17-5p agomir inhibited the expression of 
Beclin1 but increased the level of p-Beclin1 (295) and  
p-Beclin1 (234) (see Figure 4A). The HK-2 cells were 
subjected to hypoxia, and then pcDNA3.1-PTEN and 
pcDNA3.1-BIM significantly reduced the expression 
of p-Akt, p-Beclin1 (295), and p-Beclin1 (234) without 
changing the expression of Akt and Beclin1, while PTEN-
siRNA and BIM-siRNA significantly increased the 
expression of p-Akt, p-Beclin1 (295), and p-Beclin1 (234) 
(see Figure 4B). The expression of p-Akt decreased when 
the HK-2 cells were treated with Akt-siRNA, while the 
miR-17-5p agomir increased the expression of p-Akt. When 
the HK-2 cells were treated with the miR-17-5p agomir 
+ Akt-siRNA, the expression enhancement of p-Akt was 
remarkably reversed (see Figure 4C). Further study indicated 
that Akt-siRNA significantly increased the autophagy level 
of the HK-2 cells that underwent hypoxia, and significantly 
reversed the autophagy inhibition effect of the miR-17-
5p agomir (see Figure 4D). The flow cytometry results also 
demonstrated that Akt-siRNA significantly increased the 
apoptosis of the HK-2 cells and reversed the protective 
effect of miR-17-5p agomir (see Figure 4E). These results 
suggest that miR-17-5p might inhibit autophagy and 
apoptosis through the PTEN(BIM)/Akt/Beclin1 pathway.

miR-17-5p preserved kidney function

After the administration of miR-17-5p agomir, the 
expression of miR-17-5p in kidney tissues significantly 
increased (see Figure 5A). Further, the miR-17-5p agomir 
significantly improved kidney function in the treatment 
group 24 h and 48 h after modeling, as indicated by the 
reduced Scr and BUN levels (see Figure 5B). The tissue 
analysis (see Figure 5C) also showed ameliorated tissue 
injury and reduced apoptosis in the miR-17-5p agomir 
treated group. The miR-17-5p agomir significantly reduced 
the autophagy level (see Figure 5D) and autophagosomes in 
the miR-17-5p treatment group (see Figure 5E). Further, 
the miR-17-5p agomir downregulated the overexpression 
of PTEN and BIM induced by kidney I/R (see Figure 5F). 
Additionally, miR-17-5p agomir treatment did not change 
the expression of Akt and Beclin1, but did upregulate the 
expression of p-Akt, p-Beclin1 (234), and p-Beclin1 (295) 

(see Figure 5G). The 7-day follow-up showed that I/R injury 
resulted in increased Scr and BUN and peaked on day 3. 
Notably, Scr and BUN levels in the I/R group were 3 and  
4 times higher than those in the sham-operated group at 
day 7, respectively. Conversely, the Scr and BUN levels 
in the miR-17-5p group began to decrease on day 1 and 
almost completely recovered by day 7 (see Figure 5H).

Discussion

This study showed that the expression of miR-17-5p in 
kidney cortical tissues was significantly increased in the I/R 
group. miR-17-5p has been reported to increase in response 
to ischemia and hypoxia in various conditions. Research 
has shown that the expression of miR-17-5p is significantly 
upregulated in hypoxia-treated vascular smooth muscle 
cells (32), lung tissues from patients with pulmonary arterial 
hypertension (33), I/R injured hearts (34) and kidneys 
(35,36). The overexpression of miR-17-5p by the miR-
17-5p agomir improved kidney function and increased the 
survival of HK-2 cells, while the inhibition of miR-17-5p 
by the miR-17-5p antagomir exacerbated the injury. These 
results confirm the reno-protective effect of miR-17-5p. 
Additionally, we found that autophagy and apoptosis were 
significantly induced in the kidney I/R injury and cultured 
HK-2 cells that underwent hypoxia, and the overexpression 
of miR-17-5p appears to play a protective role by 
suppressing autophagy and apoptosis. Further, this study 
showed that miR-17-5p directly targeted PTEN and BIM, 
and the inhibition of PTEN and BIM further activated Akt/
Beclin1 signaling, which in turn reduced the autophagy 
level and attenuated kidney I/R injury.

The activation of autophagy plays an essential role 
in myocardial and liver I/R injury, and the inhibition of 
autophagy appears to protect myocardial cells and liver 
tissues from ischemic injury (37-39). I/R-induced hypoxic/
oxidative stress has been shown to enhance autophagy 
in different rodent kidney I/R models (22,40,41). The 
pathological role of autophagy in hypoxia-induced kidney 
cell injury and kidney I/R injury was observed in this 
study. In the present study, the LC3II/LC3I ratio of the 
hypoxic HK-2 cells was increased by the prolongation of 
the reoxygenation time, while the viability and proliferation 
of the HK-2 cells were significantly impaired. However, 
the exact role of autophagy in kidney I/R remains unclear. 
In a bilateral kidney I/R mice model, blocking autophagy 
sensitized cultured tubular cells to hypoxia-induced 
apoptosis and resulted in severe kidney tissue injury (42). 
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Figure 4 The mechanism of miR-17-5p is related to the Akt/Beclin1 signaling pathway. Representative band and statistical analysis (A) 
of p-Akt, Akt, Beclin1, p-Beclin1(234), and p-Beclin1 (295) expression among HK-2 cells treated with hypoxia or the miR-17-5p agomir. 
Representative band and statistical analysis (B) of p-Akt, Akt, Beclin1, p-Beclin1 (234), and p-Beclin1 (295) expression among HK-2 cells, 
which were treated with hypoxia, pcDNA3.1-PTEN, pcDNA3.1-BIM, or related siRNAs. Western blot (C) confirmed that the miR-17-5p 
agomir promoted the expression of p-AKT and Akt, while the Akt-siRNA reversed the upregulation. Akt-siRNA significantly increased the 
LC3II/I ratio and decreased the expression of p62, while the miR-17-5p agomir reversed this effect (D). Flow cytometry suggested that Akt-
siRNA greatly increased the apoptosis of HK-2 cells. *, P<0.05. ago-NC, agomir-negative control; Akt, protein kinase B; BIM, Bcl-2 like 
protein 11; GAPDH, glyceraldehyde phosphate dehydrogenase; HK-2, human kidney-2; LC3, microtubule-associated protein light chain 3; 
PTEN, phosphatase and tensin homolog deleted on chromosome 10; siRNA, small interfering RNA.
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Additional effect of autophagy on kidney I/R injury was 
obtained from a bilateral kidney ischemia model using 
conditional proximal tubule Atg7 knockout mice (43). In a 
bilateral kidney ischemia rat model, the mTOR inhibitor 
everolimus was shown to stimulate autophagy and aggravate 
kidney I/R injury after 40 mins of ischemia (44). In 2 rat 
models of unilateral kidney ischemia, repetitive hypoxic 
preconditioning was shown to preserve kidney function 
and suppress I/R-induced tubular apoptosis and autophagy 
(45,46). It has been proposed that autophagy in kidney I/
R injury has a dual role (protective and detrimental) that 
is largely dependent on the severity of the injury (47). In 
the present study, the autophagy inhibitor CQ significantly 
reduced the hypoxia-induced autophagy and apoptosis in 
the HK-2 cells, and the miR-17-5p-agomir mimicked the 
exact effect of CQ. A synergistic effect was exerted when 
miR-17-5p and CQ were combined, which might be due to 
the autophagy inhibition mechanism rather than lysosomes 

blocking the fusion of autophagosomes.
miR-17-5p has been reported to target the BMPR2, 

PTEN, and BIM pathways, which are involved in 
regulating autophagy (22-28). This study found a significant 
decrease in BIM and PTEN expression in the miR-17-
5p agomir-treated HK-2 cells. PTEN can play a role 
in inhibiting Akt activation and blocking Akt-regulated 
downstream signaling events by dephosphorylating and 
converting phosphatidylinositol-3,4,5-trisphosphate 
to phosphatidylinositol-4,5-bisphosphate, which in 
turn promotes cell autophagy and apoptosis (48). The 
bioinformatic analysis indicated that miRNAs play crucial 
roles by directly binding to targeting the 3'UTRs of 
mRNAs and inhibiting gene expression. The luciferase 
reporter assay confirmed that PTEN is a direct target of 
miR-17-5p, and is negatively regulated by miR-17-5p. 
Targeting PTEN suppresses the autophagy level in diabetic 
nephropathy, and the downstream PI3K/Akt pathway 

Figure 5 The miR-17-5p agomir was administrated via the tail vein 24 h before I/R modeling (n=4 per group). The expression of miR-17-
5p in mice kidneys (A), and the concentration of BUN and Scr (B) in mice after 24 h and 48 h of intervention. Representative images of 
kidney histology (C) with H&E and TUNEL staining, and the statistical analysis of apoptosis in kidneys. Representative band and statistical 
analysis (D) of LC3B II/I and P62 expression in mice kidneys. Representative images of autophagosome and autophagolysosome (E) in 
mice kidneys detected by TEM, and the red arrow stands for autophagosome and autophagolysosome. The mRNA expression of BIM and 
PTEN in mice kidneys were detected by real-time PCR (F). Representative band and statistical analysis (G) of BIM, PTEN, p-Akt, Akt, 
Beclin1, p-Beclin1 (234), and p-Beclin1 (295) expression in mice kidneys. Trends in the concentrations of BUN and Scr (H) in mice for  
7 days postoperative follow-up. *, P<0.05. ago-NC, agomir-negative control; Akt, protein kinase B; BIM, Bcl-2 like protein 11; BUN, 
blood urea nitrogen; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde phosphate dehydrogenase; H&E, hematoxylin-eosin; 
I/R, ischemia and reperfusion; LC3, microtubule-associated protein light chain 3; PTEN, phosphatase and tensin homolog deleted on 
chromosome 10; Scr, serum creatinine; TEM, transmission electron microscopy; TUNEL, terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling.
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mediates this process (48,49). In this study, silencing PTEN 
with a siRNA significantly attenuated the effect of miR-17-
5p inhibition on the hypoxia-induced apoptosis of HK-2 
cells. Expression of phosphorylated Akt, as a downstream 
molecule of PTEN, is upregulated upon overexpression 
of miR-17-5p or silencing of PTEN with siRNA. On 
the other hand, silencing Akt with a siRNA significantly 
aggravated the hypoxia-induced apoptosis and autophagy 
of HK-2 cells. Furthermore, as a generally recognized anti-
autophagy protein, BIM recruits Beclin1 to microtubules by 
bridging Beclin1 and DYNLL1 to directly inhibit Beclin1 
action; however, this interaction is disrupted by BIM 
phosphorylation in response to stress, which attenuates the 
inhibition of autophagy (50,51). In a model of Parkinson’s 
disease, the upregulated expression of miR-124 reduced 
autophagy by inhibiting BIM, probably due to the 
alleviation of the BIM-mediated Bax translocation to both 
lysosomal and mitochondrial membranes (52). In this study, 
overexpression of miR-17-5p downregulated the expression 
of BIM and attenuated kidney I/R injury by reducing the 
autophagy level, while the protective effect was reversed by 
silencing BIM with a siRNA. Beclin1 is the pivotal molecule 
in autophagy and has several phosphorylation sites with 
different autophagy effects (53). Countering the general 
conception that the phosphorylation of Beclin1 dissociates 
its interaction to Bcl-2 and induces autophagy, we found 
that Akt mediated phosphorylation at S234 and S295 leads 
to the suppression of Beclin1 function in autophagy and 
oncogenesis. A novel signaling pathway is proposed that 
inhibits PTEN and BIM by overexpressing miR-17-5p, 
which in turn upregulates Akt/Beclin1 and consequently 
inhibits I/R-induced autophagy and apoptosis.

This study had some limitations. First, there are 
significant anatomical and pathophysiological differences 
between mice and humans; thus, the results of this study 
need to be verified by more experiments. Second, we did 
not explore the effect of miR-17-5p on vascular endothelial 
cells, pericytes, or mesenchymal cells; thus, further in-depth 
subsequent need to be conducted.

Conclusions

miR-17-5p was identified as a novel protective gene to 
attenuate kidney ischemia and I/R injury. The expression 
of miR-17-5p is upregulated in kidney ischemia and I/
R. The upregulation of miR-17-5p expression inhibits 
apoptosis and autophagy by suppressing PTEN and BIM 
expression, which in turn upregulates downstream Akt/

Beclin1 expression. These findings suggest a new possible 
therapeutic strategy for the prevention and treatment of 
kidney I/R injury.
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