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ABSTRACT
Acute kidney injury (AKI) is a common disorder without effective therapy yet. Renal ischemia/
reperfusion (I/R) injury is a common cause of AKI. MicroRNA miR-192-5p has been previously 
reported to be upregulated in AKI models. However, its functional role in renal I/R injury is not 
fully understood. This study aimed to investigate the effects and the underlying mechanism of 
miR-192-5p in renal I/R progression. Hypoxia/reoxygenation (H/R)-induced cell injury model in 
HK-2 cells and I/R-induced renal injury model in mice were established in this study. Cell counting 
kit-8 assay was performed to determine cell viability. Quantitative real-time PCR and western blot 
analysis were performed to detect gene expressions. Hematoxylin-eosin and periodic acid-Schiff 
staining were performed to observe the histopathological changes. Enzyme-linked immunosorbent 
assay was performed to detect the kidney markers’ expression. In vivo and in vitro results showed 
that miR-192-5p was up-regulated in the I/R-induced mice model and H/R-induced cell model, and 
miR-192-5p overexpression exacerbated I/R-induced renal damage. Then, the downstream target 
of miR-192-5p was analyzed by combining the differentially expressed mRNAs and the predicted 
genes and confirmed using a dual-luciferase reporter assay. It was found that miR-192-5p was 
found to regulate fat mass and obesity-associated (FTO) protein expression by directly targeting 
the 3’ untranslated region of FTO mRNA. Moreover, in vivo and in vitro studies unveiled that FTO 
overexpression alleviated renal I/R injury and promoted HK-2 cell viability via stimulating autophagy 
flux. In conclusion, miR-192-5p aggravated I/R-induced renal injury by blocking autophagy flux via 
down-regulating FTO.

Introduction

Acute kidney injury (AKI) is a global common clinical prob-
lem associated with high morbidity and mortality. AKI can 
lead to a decline in kidney function, such as decreased glo-
merular filtration rate and increased serum concentration of 
urea nitrogen, creatinine, and proteinuria [1]. Renal 
ischemia-reperfusion (I/R) injury is the most frequent cause 
of AKI, characterized by injury to tubular epithelial cells and 
vascular endothelium, and robust inflammatory reaction, as 
well as cellular apoptosis in kidneys [2–6]. However, the 
pathogenesis of renal I/R injury is complex and unclear. Thus, 
it is urgently needed to explore the molecular mechanisms 
of renal I/R injury to unveil effective strategies to protect 
against renal I/R injury.

MicroRNAs (miRNAs), a group of highly conserved small 
non-coding RNAs, have been well-studied in numerous bio-
logical processes such as cell development, metabolism, and 

immune responses [7]. Recently, increasing studies revealed 
the role of miRNAs in renal I/R injury. For instance, endothelial- 
specific miR-17, -18a, -19a, -20a, -19b-1, and -92a-1 knockout 
promotes renal dysfunction following renal I/R injury through 
dysfunction of renal microvasculature [8]. Another study 
found that miR-218-5p promoted endothelial cell injury to 
accelerate renal injury [9]. Kirti et  al. found that miR-687 is 
markedly upregulated in the kidney during renal I/R in mice 
and accelerates the apoptosis of renal proximal tubular 
cells  [10]. Lang et  al. found that miR-20a-5p is upregulated in 
the kidney of AKI mice and attenuates I/R injury by inhibiting 
the ferroptosis of proximal tubular cells [11]. These studies 
also revealed that a variety of complex pathways were 
involved in renal I/R injuries, such as apoptosis, ferroptosis, 
and endothelial injury.

miR-192-5p, belonging to the miR-192/215 family, is a 
conserved miRNA [12]. miR-192-5p has been reported as 
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a tumor suppressor in several cancer types [13–15]. 
Previous studies have also linked miR-192-5p to the I/R 
injury in cardiomyocytes and liver and found that 
miR-192-5p inhibition reduces cell apoptosis induced by 
I/R [16,17]. Similarly, the expression of miR-192-5p is 
found to be upregulated in vancomycin-induced AKI mice, 
and the knockdown of miR-192-5p suppresses the 
vancomycin-induced cell apoptosis [18]. Besides, Zou 
et  al. showed that the urinary levels of miR-192-5p are 
significantly elevated in rats with I/R-induced kidney 
injury 72h post-operation, which was earlier than the 
time of elevation of kidney injury molecule-1 (KIM-1), 
indicating that miR-192-5p may promote renal I/R injury 
[19]. However, the regulatory mechanisms of miR-192-5p 
in renal I/R injury are not well understood, and further 
studies are required to functionally elucidate.

It is reported that miRNA can repress gene expression via 
mRNA degradation or translation repression [20,21]. The fat 
mass and obesity-associated (FTO) gene was initially nominated 
as an RNA demethylase, which served as catalysis during m6A 
demethylation and acted in a Fe (II)- and α-ketoglutarate-de-
pendent manner [22]. Studies have shown that FTO expression 
is downregulated in cisplatin-induced AKI mice, and its overex-
pression can inhibit cell apoptosis in cisplatin-induced AKI mice 
[23,24]. Additionally, TargetScan predicted that miR-192-5p had 
a potential binding relationship with FTO. However, whether 
miR-192-5p regulates FTO in renal I/R injury-induced AKI 
remains unknown, and the role of the miR-192-5p/FTO interac-
tion in renal I/R injury-induced AKI is not elucidated.

Autophagy is a self-preservation mechanism in terms of 
lysosomal degradation and removal of damaged or dysfunc-
tional organelles and macromolecules to achieve cellular 
cleaning and repair. Besides, autophagy can provide energy 
and clear toxic proteins to enlarge the cell cycle for damaged 
cells [25]. Recently, autophagy has been discovered to be 
implicated in the pathophysiology of AKI [26]. Proximal 
tubule-specific deletion of autophagy-related gene 5 and 7 
in mice worsens tubular apoptosis and renal impairment 
[27,28]. Thus, autophagy plays a reno-protective effect on 
renal I/R injury. FTO downregulation is reported to inhibit 
autophagy [29]. However, the role of FTO-mediated autoph-
agy in renal I/R injury-induced AKI is not clear.

In this study, we aimed to understand the regulatory 
mechanism of miR-192-5p in renal I/R injury and identify its 
downstream mediators. We demonstrated the hypothesis 
that miR-192-5p is up-regulated in renal I/R injury via medi-
ating FTO directly. We also identified the promoting effect of 
FTO on autophagy in renal I/R injury. Our findings will pro-
vide clues for developing novel therapies for renal I/R 
injury-induced AKI.

Materials and methods

Microarray analysis

RNA expression data of three kidney samples from I/R mice 
(bilateral renal pedicle clamping for 30 min and reperfusion 
for 24h) and sham mice (undergo the same surgical 

procedures but without occlusion of the renal pedicle) was 
taken from NCBI Gene Expression Omnibus (GSE131454, 
https://www.ncbi.nlm.nih.gov/geo/). The differential analysis 
was performed using the ‘limma’ package in R software 
(v.3.6.3). Down-regulated genes were screened out with 
log2(Fold Change) < −1 and p value < .05 as the criteria.

Cell culture

The normal proximal tubule epithelial cell line HK-2 was 
obtained from Procell Life Science Technology Co., Ltd. 
(Wuhan, China) and cultured in a Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum, 100 IU/
mL of penicillin and 100 mg/mL of streptomycin at 37 °C in a 
5% CO2 humidified environment.

Establishment of hypoxia and reoxygenation model

To establish the hypoxia/reoxygenation (H/R) model, HK-2 
cells were firstly cultured in an anaerobic atmosphere (1% O2, 
5% CO2, 94% N2) for 4h at 37 °C. After that, the cells were 
placed into a DMEM medium in a humidified 5% CO2 atmo-
sphere, maintained at 37 °C for 12h.

For the in vitro study of the function of miR-192-5p and 
FTO, miR-192-5p agomir/antagomir and FTO overexpression 
vector were obtained from GenePharma (Suzhou, China). 
Once the cells reached about 75% confluence, the oligonu-
cleotides listed above were transfected into HK-2 cells using 
Lipofectamine 2000 reagent (Invitrogen) following the manu-
facturer’s instructions. At 24h after transfection, the H/R pro-
cess was carried out.

Establishment of renal I/R injury mice model

Male C57BL/6J mice (18 ± 2 g) at 8–12 weeks of age were pur-
chased from Shanghai Laboratory Animal Center. All experi-
mental procedures were approved by the Institutional Animal 
Care and Use Committee of the Affiliated Hospital of Qingdao 
University. Mice were anesthetized by 4% isoflurane inhalation 
and continuously inhaled 2% isoflurane to keep narcosis. After 
which mice were subjected to renal ischemia or to sham oper-
ation. For both the right and left side, the kidney was taken 
out to expose renal pedicles, then the pedicle was dissected, 
and the blood was blocked by using a micro-aneurysm to 
clamp the pedicle. After a 30-min clamping, the micro-aneurysm 
was released and the kidney was ready for reperfusion. Mice 
were decapitated at 24 h after reperfusion, and their kidneys 
and blood were collected for further analysis.

For the in vivo study of the function of miR-192-5p, a 
total of 10 nM miR-192-5p agomir or 50 nM miR-192-5p 
antagomir were injected via tail veins into the mice for 3 
consecutive days. On day 4, the mice were subjected to 
the renal I/R injury. For the in vivo study of the function of 
FTO, the adeno-associated virus 9-packaged FTO overex-
pression plasmid was delivered via tail vein injection into 
the mice. After 3 d, the mice were subjected to the renal 
I/R injury.

https://www.ncbi.nlm.nih.gov/geo/
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Renal injury markers detection

Blood was collected from the inferior vena cava and centri-
fuged at 3000 rpm, 4 °C for 15 min. Serum levels of creatinine, 
neutrophil gelatinase-associated lipocalin (NGAL), KIM-1 and 
blood urea nitrogen (BUN) were analyzed using the corre-
sponding enzyme linked immunosorbent assay detection kit 
(Beyotime, Shanghai, China), respectively, according to the 
manufacturer’s procedure.

Histopathology examination

For the histological examinations, hematoxylin-eosin (HE) 
staining and periodic acid-Schiff (PAS) staining were per-
formed. The harvested kidney tissues were fixed in 4% para-
formaldehyde, which was followed by dehydration using 
increasing concentrations of ethanol, embedding into paraf-
fin, and cutting down into slices of 4 μm. De-paraffin slices 
were stained with hematoxylin and eosin or PAS (Solarbio, 
Beijing China). Using light microscopy at 200×, five different 
visual fields were chosen randomly to capture images. 
Histologic damage was assessed by two researchers in a 
blinded manner and de-identified.

Terminal deoxynucleotidyl transfer-mediated dUTP nick 
end-labeling (TUNEL) staining

Cell apoptosis of kidney tissue and HK-2 cells was detected 
using TUNEL assay. The kidney tissue sections or HK-2 cells 
were fixed, paraffin-embedded, and incubated with a Tunel 
reagent mixture for about 30 min at room temperature. After 
staining the nucleus with DAPI, sections were visualized 
under a Leica TCS SP5 II microscope and apoptotic areas 
were quantified in independent fields. The percentage of 
stained area was calculated using the Image J software.

Cell counting kit-8 (CCK-8) assay

CCK-8 solution was used for the measurement of cell viabil-
ity. In brief, HK-2 cells in confluent condition were trans-
ferred into 96-well plates (5000 cells/well) and cultured 
overnight at 37 °C. Afterward, cells were subjected to H/R 
treatment. 10 μL per well of CCK-8 reagent was added into 
the plate with further incubation for 4h. Optical density at 
450 nm was measured under a microplate reader 
(HITACHI, Japan).

Quantitative real-time PCR (qRT-PCR)

RNA was extracted from the cells and tissues using a PicoPure 
RNA Isolation kit and a Pure-Link RNA Mini Kit (Life 
Technologies), respectively. RNA concentrations were quanti-
fied by nanodrop. Then, the reverse transcription of RNA was 
achieved by using a RevertAid First Strand cDNA Synthesis 
Kit (ThermoFisher). Quantitative PCR analysis was proceeded 
using MonAmpTM Fast SYBR® Green qPCR Mix (Monad 
Biotech Corporation, Wuhan, China) according to the 

standard protocol. β-actin was used as an internal control for 
mRNA expression normalization, and U6 was used as the 
control for miRNA expression normalization using the 2−ΔΔCt 
method. Primer sequences were listed in Supplementary 
Table 1.

Western blot analysis

Protein extracts from cells and tissues were subjected to 
7.5% sodium dodecyl-sulfate polyacrylamide gel electropho-
resis gel and ran for 2 h. The separated proteins were then 
transferred onto polyvinylidene difluoride membranes and 
exposed to 5% skim milk at room temperature for 1h. After 
the blockade, membranes were incubated with antibodies 
against FTO, LC3, p62, and β-actin overnight at 4 °C. 
Thereafter, membranes were washed in tris-buffered saline 
and incubated with correlated horseradish peroxidase conju-
gated secondary antibody for 2 h at room temperature. 
Protein normalization was achieved by using β-actin as an 
internal control. Immunoreactive bands were visualized by 
the enhanced chemiluminescence system (Bio-Rad) and qual-
ified by ImageJ software. The primary antibodies are listed in 
Supplementary Table 2.

Dual-luciferase reporter assay

The targets of miR-192-5p were predicted by TargetScan 8.0. 
The wild-type (WT) and mutant 3′ untranslated region 3’UTR 
of FTO were synthesized and constructed into a pmirGLO 
luciferase reporter vector. The co-transfection of WT or 
mutant luciferase plasmid pmirGLO-FTO-3’UTR and 
miR-192-5p agomir into HK-2 cells was performed using 
Lipofectamine 2000 based on the manufacturer’s protocol. 
48 h later, luciferase activity was measured with the 
Dual-Luciferase reporter system (Promega, Shanghai, China).

Statistical analysis

All experiments were performed in triplicate at least three 
times. Data analysis was performed using SPSS 21.0 (IBM 
Corp., USA). Shapiro–Wilk test was employed to assess 
whether the data were in a normal distribution. The results 
were shown as mean ± standard deviation. Comparison 
between the two groups was analyzed by t-test. Comparison 
among multiple groups was analyzed by one-way analysis of 
variance (ANOVA), and pairwise comparison after ANOVA was 
conducted by Tukey’s multiple comparisons test. p values 
were obtained using a two-tailed test, and p < .05 was con-
sidered statistically significant.

Results

H/R and renal I/R increased the expression of miR-192-5p 
in vitro and in vivo

To detect the expression changes of miR-192-5p in renal I/R 
injury, we both established the in vitro H/R cell model and 

https://doi.org/10.1080/0886022X.2023.2285869
https://doi.org/10.1080/0886022X.2023.2285869
https://doi.org/10.1080/0886022X.2023.2285869
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the in vivo I/R injury model. The schematic illustration of the 
experimental setup was shown in Figure 1A. In the in vitro 
experiments, H/R induction in HK-2 cells was observed to 
inhibit cell viability (Figure 1B). In the in vivo experiments, 
there are detectable increases observed in BUN, Creatine, 
NGAL, and KIM-1 levels at 6, 12, and 24 h of reperfusion com-
pared to the sham group (Figure 1C–F). Besides, severe mor-
phological injury was identified by performing HE and PAS 
staining in renal I/R injury-induced mice, as evidenced by 
renal tubular dilatation, tubular lysis, loss of brush border, 
and glomeruli swelling (Figure S1A). These results demon-
strated the successful establishment of the in vitro H/R model 
and in vivo renal I/R injury model. Afterward, miR-192-5p 
expression in hypoxic HK-2 cells and renal tissues of mice 
with I/R-induced renal injury was detected by qRT-PCR, which 
increased between 6 and 24 h of reoxygenation and arrived 
at the highest level at 12 h of reoxygenation (Figure 1G). 
Also, miR-192-5p expression in mice reached the highest 
level at 24 h of reperfusion (Figure 1H).

miR-192-5p inhibition promoted cell viability in vitro and 
partially relieved renal I/R injury in vivo

We next explored the effects of miR-192-5p on renal I/R injury. 
HK-2 cells were transfected with miR-192-5p agomir or antag-
omir 24 h before H/R treatment (Figure 2A). As shown in Figure 
2B, increased expression of miR-192-5p was observed in the 
H/R + agomir group compared with the H/R group, and the 
up-regulation of miR-192-5p due to H/R treatment was signifi-
cantly inhibited by the transfection of miR-192-5p antagomir. 
We also determined the effects of miR-192-5p on the viability 
of HK-2 cells by CCK-8 assay. It was demonstrated that 
miR-192-5p overexpression suppressed HK-2 cell viability, while 
miR-192-5p inhibition promoted HK-2 cell viability under the 
H/R condition (Figure 2C). We got consistent results in the 
renal I/R mice model (Figure 2D), which unveiled an increase 
of miR-192-5p expression in the I/R + agomir group compared 
to the I/R group, and the injection of miR-192-5p antagomir 
significantly reduced miR-192-5p expression in mice (Figure 
2F). Moreover, HE staining and PAS staining results indicated 

Figure 1. miR-192-5p expression was increased in in vitro and in vivo models of renal i/R injury. (a) Schematic diagram of the experimental design. (B) 
The viability of HK-2 cells after H/R injury (n = 3). (C–F) the expression levels of Bun (C), Creatininie (D), nGal (e), and KiM-1 (F) in serum of renal i/R mice. 
(n = 5) (G-H) The expression level of miR-192-5p in vitro (G, n = 3) and in vivo (H, n = 5) based on qRT-PCR assay. The data are represented as means ± SD, 
** p < .01, compared with the control or sham group.

https://doi.org/10.1080/0886022X.2023.2285869
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that miR-192-5p overexpression aggravated tubular damage 
and inflammation, while knockdown of miR-192-5p showed 
opposite effects on I/R-induced renal tissues (Figure S1B). 
Additionally, the expression levels of BUN, Creatinine, NGAL, 
and KIM-1 in mice were monitored. For the mice given 
miR-192-5p agomir, their BUN, Creatinine, NGAL, and KIM-1 
levels were increased after renal I/R induction. However, for 
mice given miR-192-5p antagomir, their BUN, Creatinine, NGAL, 
and KIM-1 levels were significantly reduced after renal I/R 
induction (Figure 2F–1).

miR-192-5p directly targeted FTO and suppressed its 
expression

For further understanding of the regulatory mechanism of 
miR-192-5p in renal I/R injury, we analyzed the microarray 
GSE131454 to explore the gene expression after renal I/R. The 

down-regulated mRNAs in GSE131454 were listed in 
Supplementary Table 3. We also applied the TargetScan webtool 
to predict the miR-192-5p targets. Taking the two findings 
together, FTO was selected as the main target in this study 
(Figure 3A). By constructing wild-type and mutant 3’UTR of FTO 
into luciferase reporter plasmids (Figure 3B), the targeting rela-
tionship between miR-192-5p and FTO was verified by 
dual-luciferase reporter assay. As shown in Figure 3C, 
co-transfection of miR-192-5p agomir with wild-type FTO lucif-
erase reporter resulted in a significant reduction of luciferase 
activity, while no significant difference was observed after the 
co-transfection of miR-192-5p agomir with mutant FTO lucifer-
ase reporter. In addition, qRT-PCR and western blot results fur-
ther demonstrated that miR-192-5p down-regulated FTO 
protein expression, but had no obvious effect on the mRNA 
expression of FTO (Figure 3D,E), suggesting that miR-192-5p 
negatively regulated FTO by the post-transcriptional mechanism.

Figure 2. effects Of miR-192-5p on H/R-induced cells and renal i/R-induced mice. (a) Schematic diagram of the in vitro experimental design. (B) qRT-PCR 
analysis to detect miR-192-5p expression in H/R-induced HK-2 cells (n = 3). (C) CCK-8 assay to detect the viability of HK-2 cells (n = 3). (D) Schematic dia-
gram of the in vivo experimental design. (e) qRT-PCR analysis to detect miR-192-5p expression in i/R-induced renal tissues (n = 5). (F–i) expression levels 
of Bun (F), Creatininie (G), nGal (H), and KiM-1 (i) in serum of renal i/R mice (n = 5). the data are represented as means ± SD, * p < .05, ** p < .01.

https://doi.org/10.1080/0886022X.2023.2285869
https://doi.org/10.1080/0886022X.2023.2285869
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FTO promoted cell viability in vitro and partially relieved 
renal I/R injury in vivo

The expression of FTO was examined in H/R-induced cells 
and renal I/R-induced mice. As shown in Figure 4A,B, lower 
expression of FTO was observed in experimental groups 
compared to the sham group both in vivo and in vitro, with 
the lowest protein level shown at 24 h of reperfusion in vivo 
and at 12 h of reoxygenation in vitro. Moreover, to analyze 
the effect of miR-192-5p on FTO protein expression in vivo 
and in vitro, the cells and mice treated with miR-192-5p ago-
mir and miR-192-5p antagomir were applied. The results 
showed that miR-192-5p overexpression could decrease the 
FTO protein level, and miR-192-5p knockdown could pro-
mote the FTO protein level (Figure 4C,D). Subsequently, to 
determine the function of FTO in renal I/R injury, we used 
the FTO overexpression vector to promote FTO expression in 
HK-2 cells. Results from the western blot assay confirmed 
that FTO expression was promoted by the FTO overexpres-
sion vector in H/R-induced HK-2 cells (Figure 4E). And over-
expression of FTO promoted cell viability in H/R-induced 
HK-2 cells (Figure 4F). Besides, the above results were also 
confirmed in renal I/R-induced mice (Figure 4G–K, Figure 
S1C). In addition, rescue experiments were performed in 
HK-2 cells. Results showed that miR-192-5p overexpression 
attenuated HK-2 cell viability and inhibited FTO protein 
expression, and these effects were diminished by the  
additional transfection of the FTO overexpression vector 

(Figure S1A–C). Thus, we can conclude that miR-192-5p  
functions on renal I/R injury via mediating FTO.

FTO promoted autophagy flux and inhibited apoptosis 
after H/R and I/R

Emerging evidence indicated the importance of autophagy for 
maintaining renal tubule functions during ischemic injury [26]. 
Based on this, we detected the expression of autophagy-related 
proteins in HK-2 cells, which showed an increase in the LC3 II/I 
ratio after the H/R process. Interestingly, the expression of 
autophagy adaptor protein p62, which normally negatively 
correlated to autophagy activity, was increased after the H/R 
process (Figure 5A). Therefore, we hypothesized that autoph-
agy flux was inhibited in H/R-induced HK-2 cells. Next, the 
TUNEL-positive rate and the levels of LC3 I, LC3 II, and p62 
proteins were examined in FTO-overexpressed HK-2 cells. 
TUNEL staining results showed that the TUNEL-positive rate 
was upregulated in H/R-induced HK-2 cells, and further 
decreased by transfection with FTO overexpression vector 
(Figure 5B). We also found that FTO overexpression suppressed 
the p62 expression, which resulted in promoted autophagy 
flux (Figure 5C). The in vivo experiments showed similar results 
that FTO overexpression suppressed the TUNEL rate and the 
p62 protein expression in the renal I/R mice model (Figure 
5E,F). Rescue experiments showed that FTO overexpression 
attenuated I/R injury in vitro, and this effect was reversed by 

Figure 3. miR-192-5p directly targeted FTO by post-transcriptional mechanism. (a) Venn plot showed the interaction between the miR-192-5p targets and 
down-regulated mRnas in GSe131454. (B) The predicted miR-192-5p binding site of FTO. (C) Dual-luciferase reporter assay was performed in HK-2 cells 
(n = 5). (D-e) FTO mRna (D) and protein (e) expression regulated by miR-192-5p in HK-2 cells (n = 5). the data are represented as means ± SD, * p < .05, ** 
p < .01, compared with the agomir nC group.

https://doi.org/10.1080/0886022X.2023.2285869
https://doi.org/10.1080/0886022X.2023.2285869
https://doi.org/10.1080/0886022X.2023.2285869
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the autophagy inhibitor 3-MA (Figure 5G,H). These results sug-
gested that FTO may promote the autophagy flux and sup-
press apoptosis under H/R and I/R injury.

Discussion

Renal I/R injury is a common cause of AKI by tubule necrosis 
during ischemia and severe immune responses during reper-
fusion [30]. It is also a severe complication of increased 
mortality and morbidity of postoperative graft procedures 
[31]. A previous study suggested that miR-192-5p serves as 

an important potential diagnostic marker for I/R-induced kid-
ney injury [19]. However, the underlying mechanism of 
miR-192-5p in renal I/R has not been fully elucidated. In this 
study, miR-192-5p was confirmed to be up-regulated in 
H/R-induced HK-2 cells and mice renal after I/R injury, and 
the overexpression of miR-192-5p aggravated tubular dam-
age and exacerbated renal I/R injury. We further unveiled 
that miR-192-5p positively regulated immunity by 
post-transcriptional regulation of FTO, which attenuated renal 
I/R injury by promoting the autophagy flux. The regulatory 
network between miR-192-5p and FTO gives us an idea of 

Figure 4. effects of FTO on H/R-induced cells and renal i/R-induced mice. (a,B) Protein levels of FTO in vitro (a, n = 3) and in vivo (B, n = 5). (C) Protein 
levels of FTO in H/R-induced HK-2 cells with miR-192-5p agomir and antagomir transfection (n = 3). (D) Protein levels of FTO in i/R-induced kidney tissues 
with miR-192-5p agomir and antagomir injection (n = 5). (e) Protein levels of FTO in H/R-induced HK-2 cells (n = 3). (F) effects of FTO on cell viability of 
H/R-induced HK-2 cells (n = 3). (G) Protein levels of FTO in i/R-induced kidney tissues with aaV9-FTO treatment (n = 5). (H–K) expression levels of Bun (H), 
Creatininie (i), nGal (J), and KiM-1 (K) in serum of renal i/R mice (n = 5). the data are represented as means ± SD, * p < .05, ** p < .01.
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treating renal injury, and they might be promising targets for 
renal I/R injury-induced AKI therapy.miRNAs are important in 
the maintenance of normal cellular functions, and dysregula-
tion of miRNAs can result in a number of pathological states. 
Several studies have reported that miRNAs regulate angio-
genesis, mitochondrial dysfunction, endothelial progenitor 
cell migration, and glomerular basement membrane struc-
ture [8,9,32,33]. A previous study also reported that 
miR-192-5p inhibition blocks cell apoptosis in 
vancomycin-induced HK-2 cells [18]. Consistent with the pre-
vious study, we verified the upregulation of miR-192-5p in 

I/R-induced renal tissues and H/R-induced HK-2 cells. By per-
forming gain- and loss-of-function studies, we demonstrated 
that miR-192-5p inhibition promoted cell viability of 
H/R-induced HK-2 cells and significantly alleviated tubular 
damage in renal I/R mice. Furthermore, Jia et  al. found that 
miR-192-5p induced fibrosis production and autophagy lim-
itation in diabetic nephropathy [34]. Unfortunately, the role 
of miR-192-5p in renal fibrosis was not examined in the pres-
ent study; we hypothesized that miR-192-5p may affect renal 
fibrosis in the renal I/R model.miRNAs fulfill their biological 
functions by binding to target genes [35]. Through 

Figure 5. FTO regulated autophagy flux and apoptosis in renal i/R injured. (a) Protein expression of lC3 i, lC3 ii, and p62 in H/R-induced HK-2 cells (n = 3). 
(B) Tunel staining results in H/R-induced HK-2 cells (n = 3). (C) effects of FTO on the lC3 i, lC3 ii, and p62 expression in H/R-induced HK-2 cells (n = 3). 
(D,e) Tunel staining results in renal i/R-induced mice (n = 5). (F) effects of FTO on the lC3 i, lC3 ii, and p62 expression in renal i/R-induced mice (n = 5). 
(G) effects of FTO and autophagy inhibitor 3-Ma on the viability of HK-2 cells (n = 3). (H) effects of FTO and and autophagy inhibitor 3-Ma on the protein 
expression of lC3 i, lC3 ii, and p62 in H/R-induced HK-2 cells (n = 3). the data are represented as means ± SD, * p < .05, ** p < .01.
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bioinformatic analysis, we identified FTO as the downstream 
target of miR-192-5p in renal I/R injury. In previous studies, 
FTO was shown to serve crucial roles in renal injury. Zhou 
reported that FTO expression was downregulated in 
cisplatin-induced AKI mice, and overexpression of FTO 
relieves renal damage via inhibiting cell apoptosis [23]. Wang 
et  al. found that FTO expression in kidneys after unilateral 
ureteral obstruction (UUO) is increased, and FTO deficiency 
protected kidneys from UUO injury [36]. In this study, FTO 
was identified to be decreased in H/R-induced HK-2 cells and 
renal I/R-induced injury in mice. FTO overexpression enhanced 
the cell viability of HK-2 cells and alleviated tubular damage 
in renal I/R-induced mice.

Several studies have investigated the relationship between 
autophagy and renal I/R [26,27]. Autophagy is an evolution-
arily conserved multi-step process of degradation of intracel-
lular organelles, proteins, and other macromolecules by the 
hydrolases of lysosomes [37,38]. Autophagy itself is paradox-
ical in that it can both promote cell survival and induce cell 
death, depending on the environmental stressors [39]. Thus, 
the role of autophagy in renal I/R injury presents two differ-
ent results. Some studies found that autophagy was acti-
vated after renal I/R, and the activated autophagy attenuates 
renal I/R injury [40–43]. Some studies found that reducing 
autophagy could prevent renal I/R injury [44,45]. Given that 
autophagy is a dynamic process, the reason for this differ-
ence may be related to the point in time of detection. In the 
current study, we found that both expression of LC3 II and 
p62 was increased after H/R and I/R treatment. During the 
autophagy process, the autophagosomes engulf and deliver 
cellular contents to the lysosome for degradation. The con-
version of LC3I to LC3II is the marker of autophagosome for-
mation, and p62 expression reflects the degradation of 
lysosome [43]. Thus, our results showed that the autophago-
some was formed after renal I/R treatment, while the lyso-
some degradation was blocked. These findings suggested 
that autophagy flux was blocked in renal I/R injury. After the 
use of 3-MA to inhibit autophagy, the cell viability was fur-
ther reduced. This suggested that autophagy flux inhibition 
worsens kidney injury. Recent studies showed the regulation 
of FTO on autophagy. Lacking FTO has been shown to inhibit 
MTORC1 signaling and thereby activate autophagy [46]. In 
addition, abnormal FTO expression showed no effect on 
autophagy induced by starvation in U2OS cells [47]. In the 
current study, we demonstrated that overexpression of FTO 
could promote the autophagy flux in H/R-induced HK-2 cells 
and renal I/R mice. Considering the multifunctional effect of 
autophagy in cells and tissues, differences shown in 
FTO-regulated autophagy might be explained by specific cell 
types applied in these studies.

Limitations in this study should never be neglected. The 
expression of miR-192-5p was detected in HK-2 cells and 
mice. To make the results of the current study more reliable, 
the detection of miR-192-5p in AKI patients is needed. Also, 
the injection of miRNA agomir/antagomir was through the 
tail vein, which was not directly to the kidney and might 
have side effects. Some better methods, such as 

normothermic machine perfusion [48], can be applied to 
deliver the miRNA agomir/antagomir to kidneys. In addition, 
whether FTO could regulate renal I/R injury by other mecha-
nisms should also be further explored.

Conclusion

In summary, our results revealed the miR-192-5p was 
up-regulated in H/R-induced HK-2 cells and renal I/R-induced 
tissues. Besides, miR-192-5p inhibition enhanced cell viability 
and renal function in vivo and in vitro via the post- 
transcriptional down-regulation of FTO. In brief, miR-192-5p 
might serve as an important potential diagnostic biomarker 
for I/R-induced kidney injury, which should be interpreted 
with caution and further verified. Furthermore, FTO was 
found to promote autophagy flux in H/R-induced HK-2 cells 
and renal I/R mice. In short, our findings might provide novel 
therapeutic targets for renal I/R injury-induced AKI treatment.
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