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ABSTRACT
It has been reported that microRNAs (miRs) can regulate renal response to acute 

injury and members of them are believed to be important in maintenance of renal 
function and development of renal injury. We investigated the actions of microRNA-
423-5p (miR-423-5p) and glutathione-S-transferase (GST) M1 after acute kidney
injury. MiR-423-5p was up-regulated and GSTM1 was down-regulated in human
kidney (HK-2) cells subjected to hypoxia/reoxygenation (H/R) and in rat kidneys
subjected to ischemia/reperfusion (I/R) injury. Dual luciferase assays revealed
miR-423-5p binding to the 3′ untranslated region of GSTM1. Proliferation was lower
and apoptosis, ER stress and oxidative stress were all higher in H/R-treated HK-2
cells transfected with or without miR-423-5p mimics and GSTM1 siRNA than in the
same cells transfected with miR-423-5p inhibitors and a GSTM1 expression vector.
Increased miR-423-5p and decreased GSTM1 mRNA and protein levels were observed
in rat kidneys on days 1, 2 and 7 after I/R. Levels had normalized by days 14 and 21.
On day 3 after treatment, rats receiving I/R or I/R plus miR-423-5p mimics exhibited
higher serum creatinine and urea nitrogen levels than rats receiving I/R plus a miR-
423-5p inhibitor. MiR-423-5p and lower GSTM1 mRNA and protein levels were higher
in the I/R and I/R plus miR-423-5p mimic groups than in the I/R plus miR-423-5p
inhibitors group. These findings demonstrate that after acute kidney injury, miR-423-
5p induces ER stress and oxidative stress by inhibiting GSTM1and suppresses repair.

INTRODUCTION

Renal proximal tubular epithelial cells (RPTECs) 
account for 90% of kidney volume and represent the major 
cell type constituting the entire tubulointerstitium [1]. They 
are vital for kidney function and any injury to RPTECs 
results in accumulation of myofibroblasts leading to renal 
tubulointerstitial fibrosis [2]. RPTEC injury is also a major 
risk factor for crystal formation in the kidneys [3]. RPTEC 
injury results in endoplasmic reticulum (ER) and oxidative 
stress, and ER is a site for membrane and protein biogenesis 

and folding [4]. Perturbations in ER results in accumulation 
of mis-folded proteins in the ER leading to ER stress 
[5]. The unfolded protein response (UPR) is induced in 
response to ER stress. Inefficient response to ER stress can 
result in cell death [6]. Renal damage can also occur due 
to oxidative damage that is a result in increased cellular 
oxidants due to formation of toxic reactive intermediates 
that damage cellular components like proteins, genome 
and the membranes [7]. Thus, identification of factors 
regulating ER and oxidative stresses are potentially 
promising for repairing RPTEC injury. 
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MicroRNAs (miRs) are a large family of non-coding 
RNAs, 19 to 25 nucleotides in length, which bind to the 
3′-UTR of their target mRNAs, thereby regulating gene 
expression [8]. MiRs are involved in regulating a number 
of cellular processes. For example, a study on obesity 
revealed that miRs regulated oxidative stress, apoptosis 
and angiogenesis [9]. The miR-423-5p levels determined 
tumor cell growth in gastric cancer and predicted heart 
failure [10, 11]. Also, miR-199a-3p, miR-let-7i-5p and 
miR-423-3p are involved in maintaining renal function 
and response to renal injury [12]. 

GSTM1 encodes the glutathione-S-transferase 
(GST) M1 enzyme that is involved in detoxification of 
various carcinogens in lung cancer [13]. During renal 
tubular injury, various GST isoforms are released into the 
urine and can be detected earlier than changes in serum 
creatinine levels. Moreover, GSTs including GSTM1, 
GSTM3 and GSTT1 play a critical role in protecting 
cells from oxidative stress [14]. Loss of GSTM1 gene 
could inhibit kidney disease progression; and GSTM1 
and GSTT1 prevent renal cell injury due to carcinogens 
[15, 16]. GSTM1 is the most abundant GST enzyme in 
the mouse kidneys [17]. But, if GSTM1 is regulated by 
miR-423-5p is not known. Therefore, we investigated the 
relationship between the miR-423-5p and GSTM1 and 
their role in RPTEC repair after acute kidney injury.

RESULTS

Increased miRNA-423-5p expression in H/R 
induced HK-2 cells and I/R treated rats 

Renal tissues from the I/R group rats demonstrated 
higher miRNA-423-5p levels compared to sham rats 
(P < 0.05; Figure 1A). In regard to HK-2 cells, the 
H/R group showed higher miRNA-423-5p expression 
compared to the normal control group (P < 0.05) with the 
highest miRNA-423-5p expression at 24 h (Figure 1B). 
This suggested that miRNA-423-5p played a role in renal 
injury. We selected the 24 h hypoxia group for further 
functional experiments.

Dual luciferase reporter analysis of miR-423-5p 
binding to GSTM1 3′UTR 

The online bioinformatics software (miRBase 
Prediction Algorithm) was used to predict target genes 
which may be regulated by miR-423-5p. The result 
showed that the specific binding site of miR-423-5p was 
presented in the sequence of GSTM1 3′UTR (Figure 2A). 
Therefore, as described in the methods, we constructed the 
GSTM1 luciferase reporter vector to analyze the specific 
binding between miR-423-5p and GSTM1 3 ‘UTR. 
The dual luciferase reporter assay showed that relative 
luciferase activity decreased in H/R induced HK-2 cells 

after co-transfection of pGL3-GSTM1-WT and miR-
423-5p mimics (P < 0.05; Figure 2B). However, relative
luciferase activity increased in H/R induced HK-2 cells
co-transfected with pGL3-GSTM1-WT and miR-423-5p
inhibitors (Figure 2C). On the other hand, H/R induced
HK-2 cells co-transfected with pGL3-GSTM1-MUT
vector and miR-423-5p mimics or miR-423-5p inhibitors
demonstrated no change (Figure 2B, 2C). These results
confirmed that miR-423-5p specifically bound to GSTM1-
3′UTR.

Inhibition of GSTM1 expression by miR-423-5p 
in H/R induced HK-2 cells

The H/R induced HK-2 cells showed high miR-423-
5p and lower GSTM1 mRNA and protein levels compared 
to the control group (both P < 0.05; Figure 3A–3B). 
However, expressions of miR-423-5p and GSTM1 in the 
H/R and NC groups were similar (both P > 0.05). The 
miR-423-5p expression in the miR-423-5p mimics group 
was upregulated compared to the H/R and NC groups 
whereas expression of GSTM1 mRNA and protein was 
down-regulated (all P < 0.05; Figure 3A–3B). In the miR-
423-5p inhibitors group, miR-423-5p was downregulated
and both GSTM1 mRNA and protein was up-regulated
(all P < 0.05). In the GSTM1 group, the miR-423-5p
expression was comparable to the NC group (P > 0.05),
whereas GSTM1 mRNA and protein was up-regulated
(all P < 0.05). In the siGSTM1 group, the miR-423-
5p expression was similar to the NC group (P > 0.05),
whereas GSTM1 mRNA and protein was down-regulated
(all P < 0.05; Figure 3A–3B). In the miR-423-5p inhibitors
+ siGSTM1 group, GSTM1 mRNA and protein levels were
down-regulated compared to the miR-423-5p inhibitors
group (Figure 3A–3B). These results demonstrated that
miR-423-5p negatively regulated GSTM1 expression.

Inhibition of GSTM1 by miR-423-5p enhances 
ER stress in H/R induced HK-2 cells 

We observed increased ER stress-related proteins, 
namely GRP78, p-PERK, p-IRE1α and CHOP in the 
H/R group compared to control group (both P < 0.05; 
Figure 4B). The expression of ER stress-related proteins 
was similar in the H/R and NC groups (all P > 0.05). 
In the miR-423-5p mimics + siGSTM1 group, GRP78, 
p-PERK, p-IRE1α and CHOP expression was up-
regulated, whereas in the miR-423-5p inhibitors +
GSTM1 group, their expression was down-regulated
(all P < 0.05). The levels of GRP78, p-PERK, p-IRE1α
and CHOP were higher in the miR-423-5p inhibitors +
siGSTM1 group compared to the miR-423-5p inhibitors
group (all P < 0.05; Figure 4B). These results showed
that inhibition of GSTM1 expression by miR-423-5p
enhanced ER stress under H/R conditions.
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Inhibition of GSTM1 by miR-423-5p enhances 
oxidative stress in H/R induced HK-2 cells

We observed increased ROS levels and MDA and 
GST activities and decreased SOD activity in the H/R group 
compared to the control group (P < 0.05; Figure 5A–5D). 
There were no differences in the NC and H/R groups of 
HK-2 cells in regard to ROS levels and MDA, GST and 
SOD activities (all P > 0.05). In the miR-423-5p mimics and 

siGSTM1 groups, ROS levels and MDA and GST activities 
were up-regulated, whereas SOD activity was downregulated 
(all P < 0.05). Conversely, ROS levels and MDA and GST 
were down-regulated, whereas SOD activity was up-
regulated in the miR-423-5p inhibitors and GSTM1 groups 
(all P < 0.05). The ROS levels and MDA and GST activities 
were upregulated, whereas SOD activity was downregulated 
in the miR-423-5p inhibitors + siGSTM1 group compared to 
miR-423-5p inhibitors group (all P < 0.05; Figure 5). 

Figure 2: Dual luciferase assay analysis of miR-423-5p binding to GSTM1 3′UTR. (A) Predicting miR-423-5p binding sites 
in GSTM1 sequence by miRBase. (B) Relative luciferase activity in HK-2 cells after co-transfection with miR-423-5p mimics and pGL3-
GSTM1-WT or pGL3- GSTM1-MUT. (C) Relative luciferase activity in HK-2 cells after co-transfection with miR-423-5p inhibitors 
and pGL3-GSTM1-WT or pGL3- GSTM1-MUT. Note: *denotes P < 0.05 in comparison with the NC group; GSTM1, Glutathione-S-
transferase (GST) M1; miR-423-5p, microRNA-423-5p; HK-2 cells, human renal tubular epithelial cells; NC, negative control.

Figure 1: Increased miRNA-423-5p expression in kidney tissues after acute I/R and hypoxia/reoxygenation induced 
HK-2 cells. (A) Estimation of miRNA-423-5p levels in kidney tissues of sham and I/R rats by qRT-PCR. (B) Analysis of miRNA-423-5p 
levels in normoxia and hypoxia HK-2 cells by qRT-PCR. Note: *denotes P < 0.05 in comparison with sham or normal control group; I/R, 
ischemia/reperfusion; qRT-PCR, quantitative real-time polymerase chain reaction; miR-423-5p, microRNA-423-5p.
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SOD mRNA and protein were decreased in the H/R 
group compared with the normal control group. However, 
SOD mRNA and protein levels were similar in the normal 
control and H/R groups (P > 0.05) (Figure 5E–5F). 
SOD mRNA and protein expressions were lower in the 
miR-423-5p mimics group compared to the miR-423-5p 
inhibitors group (P < 0.05). Also, SOD mRNA and protein 
expression were upregulated in the GSTM1 group, but 
downregulated in the siGSTM1 group (all P < 0.05). The 
SOD mRNA and protein levels were lower in the miR-
423-5p inhibitors + siGSTM1 group compared to the
miR-423-5p inhibitors group (P < 0.05; Figure 5E–5F).
These results demonstrated that miR-423-5p inhibition of
GSTM1 promote oxidative stress in H/R conditions.

Inhibition of GSTM1 by miR-423-5p decreases 
cell proliferation in H/R induced HK-2 cells

As shown in Figure 6, cell proliferation in all 8 
groups was similar at the 24 h, but decreased in all groups 
in comparison to the normal control group at 48 and 72 h 
as determined by the CCK-8 assay. Cell proliferation was 
similar in H/R, NC and miR-423-5p inhibitors + siGSTM1 
groups (P > 0.05). Cell proliferation was downregulated 
in the miR-423-5p mimics and siGSTM1 groups and 
upregulated in the miR-423-5p inhibitors and GSTM1 
group compared to the H/R group (all P < 0.05). Also, 
cell proliferation in the miR-423-5p inhibitors + siGSTM1 
group was lower than the miR-423-5p inhibitors group 

Figure 3: Analysis of miR-423-5p and GSTM1 expression in hypoxia/reoxygenation induced HK-2 cells. (A) Levels 
of miR-423-5p and GSTM1 in (1) normal control, (2) H/R , (3) negative control, (4) miR-423-5p mimics, (5) miR-423-5p inhibitor, (6) 
GSTM1, (7) siGSTM1 and (8) miR-423-5p inhibitor plus siGSTM1 groups of HK-2 cells by qRT-PCR. (B) GSTM1 protein expression 
in HK-2 cells of the above 8 groups by western blotting. Note: *denotes P < 0.05 compared with the normal control group; #denotes  
P < 0.05compared with the HR group; & denotes P < 0.05, compared with the miR-423-5p inhibitors group; miR-423-5p, microRNA-423-
5p; GSTM1, Glutathione-S-transferase (GST) M1; HK-2 cells, human renal tubular epithelial cells; NC, negative control; H/R, hypoxia/
reoxygenation.



Oncotarget82068www.impactjournals.com/oncotarget

(Figure 6). These results showed that inhibition of GSTM1 
by miR-423-5p decreased HK-2 cell proliferation in H/R 
conditions.

Inhibition of GSTM1 by miR-423-5p increases 
cellular apoptosis in H/R induced HK-2 cells

Next, we analyzed the status of cellular apoptosis. We 
observed increased apoptosis in the H/R group compared 
to the normal control group at 24 h (Figure 7). Apoptotic 
rate was similar in the H/R, NC and miR-423-5p inhibitors 
+ siGSTM1 groups (P > 0.05). In comparison to the H/R 
group, we observed increased apoptosis in the miR-423-
5p mimics and siGSTM1 groups and decreased in the 
miR-423-5p inhibitors and GSTM1 groups (all P < 0.05; 
Figure 7). Also, higher rate of apoptosis was observed in 
the miR-423-5p inhibitors + siGSTM1 group than the miR-
423-5p inhibitors group (P < 0.05). These results suggested 
that miR-423-5p inhibition of GSTM1 enhanced apoptosis 
in HK-2 cells apoptosis in H/R conditions.

Renal function is reduced n I/R group rats

Rats subjected to I/R showed increased serum 
creatinine and urea nitrogen levels at day 1 that further 

increased at day 3 (both P < 0.05; Table 1). Although we 
observed that day 7 serum creatinine and urea nitrogen 
levels were lower than days 1 and 3 in the I/R treatment 
group, they were still higher than the sham group (both 
P < 0.05). The levels normalized earliest at day 14 or after 
day 21 (both P > 0.05; Table 1).

Expression of miR-423-5p and GSTM1 in I/R rat 
kidney 

We observed that miR-423-5p levels were up-
regulated and GSTM1 mRNA and protein levels were 
down-regulated in I/R rats on days 1, 2 and 7 compared to 
the sham control group (all P < 0.05; Figure 8). Further, 
the levels of miR-423-5p and GSTM1 mRNA and protein 
normalized on days 14 and 21 (all P > 0.05; Figure 8).

Effect of miR-423-5p mimics and inhibitors on 
renal function of I/R rats 

Next, we analyzed the effect of miR-423-5p mimics 
and inhibitors on the renal function of I/R rats. We 
observed that on day 3, high serum creatinine and urea 
nitrogen levels in the I/R and I/R + miR-423-5p mimics 
group and lower serum creatinine and urea nitrogen levels 

Figure 4: Analysis of ER stress in hypoxia/reoxygenation induced HK-2 cells. (A) Analysis of ER-stress related proteins, 
GRP78, p-PERK, p-IRE1α and CHOP in (1) normal control, (2) H/R , (3) negative control, (4) miR-423-5p mimics, (5) miR-423-5p 
inhibitor, (6) GSTM1, (7) siGSTM1 and (8) miR-423-5p inhibitor plus siGSTM1 groups of H/R induced HK-2 cells by western blotting; 
(B) Relative levels of GRP78, p-PERK, p-IRE1α and CHOP proteins in the 8 experimental groups. Note: *denotes P < 0.05 compared with 
the normal control group; # denotes P < 0.05 compared with H/R group; & denotes P < 0.05 compared with miR-423-5p inhibitors group; 
miR-423-5p, microRNA-423-5p; GSTM1, Glutathione-S-transferase (GST) M1; ER, endoplasmic reticulum; GRP78, 78 kDa glucose-
regulated protein; CHOP, C/EBP homology protein; NC, negative control; H/R, hypoxia/reoxygenation.
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Figure 5: Analysis of oxidative stress in hypoxia/reoxygenation induced HK-2 cells. (A) FACS analysis of cellular ROS in 
(1) normal control, (2) H/R, (3) negative control, (4) miR-423-5p mimics, (5) miR-423-5p inhibitor, (6) GSTM1, (7) siGSTM1 and (8) 
miR-423-5p inhibitor plus siGSTM1 groups of H/R induced HK-2 cells by intracellular DCHF-DA staining. (B) Analysis of cellular SOD 
activity in the 8 experimental HK-2 cell groups. (C) Analysis of cellular MDA activity in the 8 experimental HK-2 cell groups. (D) Analysis 
of cellular GST activity in the 8 experimental H/R induced HK-2 cell groups. (E) Expressions of SOD mRNA and protein in each group. 
(F) Protein band of SOD in each group by western blotting. Note: *denotes P < 0.05 compared with the normal control group; #denotes P 
< 0.05 compared with the H/R group; & denotes P < 0.05 compared with the miR-423-5p inhibitors group; miR-423-5p, microRNA-423-
5p; GSTM1, Glutathione-S-transferase (GST) M1; RPTEC, renal proximal tubular epithelial cell; NC, negative control; H/R, hypoxia/
reoxygenation; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; GST, glutathione S-transferase.
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in the I/R + miR-423-5p inhibitors group compared to the 
sham group (all P < 0.05; Table 2). This demonstrated that 
renal function improved upon miR-423-5p inhibition in 
I/R rats.

Effect of miR-423-5p on GSTM1 expression in 
I/R rat kidneys

Next, we compared the status of GSTM1 mRNA 
and protein in relation to miR-423-5p levels in the rat 
kidneys. On day 3, we observed higher miR-423-5p levels 
in the rat kidneys of I/R and I/R + miR-423-5p mimics 
group and lower miR-423-5p levels in the I/R + miR- 
423-5p inhibitors group compared to the sham group (all 
P < 0.05; Figure 9). Further, on day 3, GSTM1 mRNA 
and protein levels were lower in the I/R and I/R + miR-
423-5p mimics groups and higher in the I/R + miR-423-5p  
inhibitors group compared to the sham group (all P < 0.05; 

Figure 9). This suggested that renal I/R induced miR-
423-5p, which subsequently down-regulated GSTM1 
expression.

DISCUSSION

With a rat model of H/R and a rat model of I/R 
injury, the study confirmed the functions of miR-423-
5p in the processes of RPETC injury by comparing the 
expressions and the changes of oxidative stress and 
ER stress after miR-423-5p treatment. Also, RPTECs 
are a vital factor in kidney function and miR-423-5p 
can regulate renal response to acute injury essential in 
maintenance of renal function and development of renal 
injury [2, 12]. Therefore, our study aims to explore the 
miR-423-5p effect on RPTECs.

The dual-luciferase reporter assay showed that miR-
423-5p bound to the 3′UTR of GSTM1 and suppressed its 

Figure 6: Analysis of proliferation in hypoxia/reoxygenation induced HK-2 cells by CCK-8 assay. Estimation of proliferation 
in (1) normal control, (2) H/R, (3) negative control, (4) miR-423-5p mimics, (5) miR-423-5p inhibitor, (6) GSTM1, (7) siGSTM1 and (8) 
miR-423-5p inhibitor plus siGSTM1 groups of H/R induced HK-2 cells by CCK-8 assay. Note: *denotes P < 0.05 compared with the 
normal control; # denotes P < 0.05 compared with the H/R group; & denotes compared with the miR-423-5p inhibitors group; miR-423-5p, 
microRNA-423-5p; GSTM1, Glutathione-S-transferase (GST) M1; RPTEC, renal proximal tubular epithelial cell; NC, negative control; 
H/R, hypoxia/reoxygenation.

Table 1: Comparisons of serum creatinine and urea nitrogen levels in rats between the sham 
group and the I/R group (n = 7)

Group Serum creatinine (μmol/L) P Urea nitrogen 
(mmol/L)

P

Sham group 31.13 ± 2.85 5.76 ± 0.71
I/R group

1 d 318.32 ± 14.67 P < 0.001 33.64 ± 8.16 P < 0.001
3 d 337.41 ± 12.63 P < 0.001 78.07 ± 7.19 P < 0.001
7 d 214.05 ± 17.43 P < 0.001 43.51 ± 3.24 P < 0.001
14 d 33.27 ± 6.28 0.24 6.15 ± 1.38 0.34
21 d 32.01 ± 8.69 0.71 5.89 ± 2.13 0.82

Note: I/R, ischemia/reperfusion.
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Figure 8: Analysis of miR-423-5p and GSTM1 levels in sham and I/R rat kidneys. (A) Estimation of miR-423-5p and GSTM1 
mRNA levels in the kidneys of sham and I/R group rats on days 1, 3, 7, 14 and 21 by qRT-PCR. (B) Quantification of GSTM1 protein levels 
in the renal tissues of sham and I/R group rats on days 1, 3, 7, 14 and 21 by analyzing gray values of western blots. (C) Western blotting 
analysis of GSTM1 in the renal tissues of sham and I/R group rats on days 1, 3, 7, 14 and 21 by western blotting. Note: *denotes P < 0.05 
compared with the sham group; qRT-PCR, quantitative real-time polymerase chain reaction; miR-423-5p, microRNA-423-5p; GSTM1, 
Glutathione-S-transferase (GST) M1; RPTEC, renal proximal tubular epithelial cell; NC, negative control; I/R, ischemia/reperfusion.

Figure 7: Analysis of cellular apoptosis in hypoxia/reoxygenation induced HK-2 cells. FACS analysis of apoptosis in (1) 
normal control, (2) H/R, (3) negative control, (4) miR-423-5p mimics, (5) miR-423-5p inhibitor, (6) GSTM1, (7) siGSTM1 and (8) miR-
423-5p inhibitor plus siGSTM1 groups of H/R induced HK-2 cells by AnnexinV/PI double staining. Note: * denotes P < 0.05 compared 
with the normal control group; # denotes P < 0.05 compared with the H/R group; & denotes compared with the miR-423-5p inhibitors 
group; ; miR-423-5p, microRNA-423-5p; GSTM1, Glutathione-S-transferase (GST) M1; RPTEC, renal proximal tubular epithelial cell; 
NC, negative control; H/R, hypoxia/reoxygenation.
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expression. GSTM1 belongs to one of the 5 Mu (μ) classes 
of GSTs in humans and is the most abundant among all 
GSTs in the kidneys of mice. However, approximately 
30% to 50% of humans exhibit deficiency in the GSTM1 
enzyme [18]. GSTM1 and glutathione-S transferase θ1 
(GSTT1) are two predominant enzymes that detoxify and 
regulate oxidative stress [19]. GSTs detoxify the genetoxic 
metabolites into more water-soluble and readily execrable 
forms and thereby prevent ROS-induced membrane lipid 
peroxidation [20]. Our study confirmed that H/R injury 
of RPETCs induced miR-423-5p, which down-regulated 
expression of its target gene, GSTM1.

To further explore the consequences of and the 
negative regulation of GSTM1 by miR-423-5p in RPETC 
injury, we analyzed of the status of ER stress and oxidative 
stress. In the H/R injury model of RPETCs, miR-423-5p  
mimics and GSTM1 siRNA treatments increased ER 
stress and oxidative stress, whereas miR-423-5p inhibitors 
suppressed them. Also, when miR-423-5p was inhibited, cell 
proliferation increased and cellular apoptosis diminished. 
Since unresolved ER stress can lead to cell death, UPR 
stress sensors are a vital in determining cell fate (survival or 
apoptosis) [21]. The GRP78 and CHOP proteins are closely 
related to ER stress. GRP78 is constitutively expressed in the 

Figure 9: Effects of miR-423-5p mimics and inhibitors on GSTM1 expression in I/R treated rat kidneys. (A) Expression 
miR-423-5p and GSTM1 mRNA in the renal tissues of I/R, I/R plus miR-423-5p mimics and I/R plus miR-423-5p inhibitors on day 3 by 
qRT-PCR. (B) Quantification of GSTM1 protein levels in the renal tissues of I/R, I/R plus miR-423-5p mimics and I/R plus miR-423-5p 
inhibitor groups by analysis of gray values in the western blotting. (C) Western blot analysis of GSTM1 protein expression in the renal 
tissues in I/R, I/R plus miR-423-5p mimics and I/R plus miR-423-5p inhibitors on day 3 after I/R. Note: *denotes P < 0.05 compared with 
the sham group; #denotes P < 0.05 compared with the I/R group, P < 0.05; qRT-PCR, quantitative real-time polymerase chain reaction; 
miR-423-5p, microRNA-423-5p; GSTM1, Glutathione-S-transferase (GST) M1; I/R, ischemia/reperfusion.

Table 2: Comparisons of serum creatinine and urea nitrogen levels in rats of each group (n = 15)

Group serum creatinine
(μmol /L) P Urea nitrogen 

(mmol /L) P

Sham group 31.13 ± 2.85 5.76 ± 0.71
I/R group 338.2 ± 8.11 P < 0.001 78.42 ± 7.59 P < 0.001
I/R + miR-423-5p mimic group 351.53 ± 6.23 0.040 92.04 ± 3.61 P < 0.001
I/R + miR-423-5p inhibitor group 312.2 ± 9.27 0.005 65.75 ± 5.64 P < 0.001

Note: I/R, ischemia/reperfusion; miR-423-5p, microRNA-423-5p.
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distal tubules of kidneys and binds to UPR sensors to repress 
the activities of CHOP and caspase-12 [22, 23]. Our study 
showed that the miR-423-5p inhibitors reduced GRP78 and 
CHOP expression and increased GSTM1 expression. This 
suggested that miR-423-5p increased ER stress in RPETCs 
by negatively regulating GSTM1. 

SOD and MDA are critical markers of oxidative 
stress, whereas ROS influence cellular damage and renal 
dysfunction by inducing oxidative stress [24]. In a recent 
study, GSTM1 was associated with MDA and ROS, and 
loss of GSTM1 enhanced oxidative stress [16]. In this 
study, cells treated with miR-423-5p mimics demonstrated 
enhanced ROS and MDA and GST activities, whereas 
SOD activity was reduced. Since SOD is an antioxidant 
enzyme that acts against superoxide, decreased SOD 
activity suggested increased oxidative stress and decreased 
antioxidant capacity [25]. This trend was reversed by 
treating with miR-423-5p inhibitors that increased GSTM1. 
These results further showed that negative regulation of 
GSTM1 by miR-423-5p promoted oxidative stress during 
renal cell injury. Consistent with our data, another study 
showed that miR-423-5p inhibitors in gastric cancer 
cells reduced cell proliferation and increased tumor cell 
invasion [26]. In addition, miR-423-5p negatively regulated 
autophagy and cell cycle in hepatocellular carcinoma cells 
[27]. In this study, miR-423-5p increased RPETC apoptosis 
and decreased cell proliferation. This suggested that 
negative regulation of GSTM1 by miR-423-5p influences 
cell proliferation and apoptosis during renal injury.

In conclusion, our study demonstrates that miR-
423-5p negatively regulates GSTM1 during renal cell 
injury, thereby affecting the repair process by enhancing 
oxidative stress and ER stress. Therefore, miR-423-5p 
inhibitors can be potentially therapeutic for RPTEC injury 
and need to be investigated. 

MATERIALS AND METHODS

Ethical statement

All procedures were conducted strictly in 
conformity with the international guidelines and principles 
for Laboratory Animal Care. 

Cell culture

Human RPTECs (HK-2 cells) were obtained from 
American Type Culture Collection (ATCC) and cultured in 
RPMI1640 medium (Corning Glass Works, Corning, N.Y., 
USA) containing 10% fetal calf serum (Gibco, New York, 
NY, USA) at 37°C and 5% CO2 (LabServ CO-150, Thermo 
Fisher Scientific Inc., Waltham, MA, USA). When they 
reached confluence in 3–4 days, the cells were trypsinized 
(0.25% trypsin-EDTA; Sigma-Aldrich, Co. LLC, USA) 
and further sub-cultured or used for experiments [28]. 

Dual luciferase reporter assay

The miRBase software was used to predict the 
binding sites of miR-423-5p in the 3′ UTR with the binding 
site of miR-423-5p was cloned into pGL3 vector (Promega 
Corp., Madison, Wisconsin, USA) and referred as pGL3-
GSTM1-wild-type (WT). The miR-423-5p-binding site in 
the pGL3-GSTM1-WT plasmid was mutated to generate 
the pGL3-GSTM1-mutant-type (MUT) plasmid. Then, 
5 × 104/well HK-2 cells were grown in 24-well plates 
for 24 h at 37°C with 5% CO2 until they were 50 to 60% 
confluent. Then, we incubated the pGL3 firefly luciferase 
and the pRL renilla luciferase (Sigma Chemical Co, St 
Louis, USA) plasmids with the Lipofectamine 2000 
transfection reagent for 15 min followed by transfecting 
them into the HK2 cells in the 24 well plates according to 
manufacturer’s instructions (Invitrogen Inc., Carlsbad, CA, 
USA). The medium was changed after 6 h, and the cells 
were cultured for an additional 48 h. The firefly luciferase 
and renilla luciferase activities in each transfection group 
were measured at 450 nm wavelength using a microplate 
reader system (GloMax, Promega, Madison, WI, USA) and 
the relative fluorescence calculated.

HK-2 cell transfections and experimental 
grouping

Transfections were performed in HK-2 cells after 
hypoxia/reoxygenation (H/R) injury. The following were 
the 8 groups: (1) the normal control group without H/R 
treatment; (2) the H/R group (cells with H/R injury); (3) 
the negative control (NC) group (cells with H/R injury and 
transfected with nonsense sequence); (4) the miR-423-
5p mimics group (cells with H/R injury and transfected 
with miR-423-5p mimics); (5) the miR-423-5p inhibitor 
group (with H/R injury and transfected with miR-423-5p 
inhibitors); (6) the GSTM1 group (cells with H/R injury 
and transfected with wild type GSTM1 gene); (7) the 
siGSTM1 group (cells with H/R injury and transfected 
with siRNA to GSTM1), and (8) the miR-423-5p inhibitor 
+ siGSTM1 group (cells with H/R injury and transfected 
with miR-423-5p inhibitors and siRNA to GSTM1). 

A nonsense sequence, miR-423-5p mimics and 
inhibitors, and siRNA to GSTM1 (siGSTM1) were 
purchased from GenePharma Co., Ltd (Shanghai, China). 
The miR-423-5p inhibitors are single-stranded RNA 
with chemical (2-methoxy) modification carried out after 
synthesis to ensure that specific binding with mature miR-
423-5p would inhibit endogenous miR-423-5p expression. 
The pcDNA3.1-GSTM1 plasmid was purchased from 
Addgene (Cambridge, MA, USA). The transfection 
sequences are presented in Table 3. The transfected cells 
were plated at 50–60% confluence in 6-well plates at a 
density of 2 × 105/well for 24 h at 37°C with 5% CO2. 
LipofectamineTM 2000 transfection reagent (Thermo Fisher 
Scientific, Ltd., USA) was used to transfect either 50 nM 
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nonsense sequence or 50 nM miR-423-5p mimics, 100 nM 
miR-423-5p inhibitors, 4 μg pcDNA3.1-GSTM1 plasmids. 
LipofectamineTM RNAimax (Thermo Fisher Scientific, 
Ltd., USA) was used to transfect 50 nM siGSTM1.  The 
medium was changed 6 h after transfection.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

To detect miR-423-5p and GSTM1 mRNA levels 
by qRT-PCR, RNA was extracted from the 8 groups of 
experimental HK-2 cells or the rat kidneys according to 
the manufacturer’s instructions (Promega Corp., Madison, 
Wisconsin, USA). Equal amounts of RNA (1 μg) were 
reverse-transcribed to cDNA. Primer 5.0 software was 
used to design primers based on the gene sequences 
published in Genebank database. The primers are shown 
in Table 3.All primers were synthesized by Sangon 
Biotech Co., Ltd. (Shanghai, China). The real time PCR 
mix included 10 μL of 2 × SYBR Green mix (Roche, 
Switzerland) , 0.3 μL of 20 μM forward and 20 μM reverse 
primers each, 1 μL cDNA and 8.4 μL ddH2O. The real 
time PCR protocol was 95°C for 5 mins followed by 40 
cycles of 95°C for 30 sec and 60°C for 1 min conducted in 
Applied Biosystems ViiA™ 7 Real-Time PCR instrument 
(Thermo Fisher Scientific, Ltd., USA). The relative 
expressions of miRNA-423-5p and GSTM1 mRNA 
were determined in relation to U6 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), respectively. For 
quantification, the relative expression levels of miRNA-

423-p and GSTM1 mRNA in the normal control and sham 
groups were set to 1, respectively. 

Construction of the RPTEC injury model

To model RPTEC injury in cells, logarithmically 
growing HK-2 cells were washed twice with PBS 
and incubated in PBS in a 1% O2 + 94% N2 + 5% CO2 
incubator (LabServ CO-150, Thermo Fisher Scientific 
Inc., Waltham, MA, USA). They were then incubated 
in hypoxic conditions (without O2) for 4 h at 37°C and 
then re-oxygenated. Then, PBS was replaced by normal 
medium and the cells were placed in a 5% CO2 + 95% air 
incubator for 12 h at 37°C.

Western blotting

The concentration of the extracted protein was 
measured with the bicinchoninic acid (BCA) reagent 
kit (Beyotime Biotechnology Co., Shanghai, China). 
Equal amounts (30 μg) of total protein was mixed with 
SDS loading buffer and boiled for 10 min at 100°C and 
resolved on 10% SDS-PAGE for 30 min at 80V and then at 
120V for 1h. Then, the proteins were wet transferred onto 
a PVDF membrane for 90 min at 100V. The membrane 
was blocked in 5% BSA (Beyotime Biotechnology 
Co., Shanghai, China) at room temperature for 1h, and 
then probed with primary antibodies against GSTM1 
(ab113432, 1: 1000), 78 kDa glucose-regulated protein 
(GRP78) (ab173613, 1: 100), p-PERK (CST, #3179, 

Table 3: Transfection sequences and qRT-PCR primers
Type Sequence (5′–3′)

miR-423-5p (nonsense sequence) CAGUACUUUUGUGUAGUA
miR-423-5p mimics UGAGGGGCAGAGAGCGAGACUUU
miR-423-5p inhibitors AAAGUCUCGCUCUCUGCCCCUCA
siGSTM1 CUCAAGCUAUGAGGAAAAGAAGU

miR-423-5p primers
F: 5′- ATGGTTCGTGGGTGAGGGGCAGAGAGCGAGAGCA
GGGTCCGAGGTATTCG -3′
R: 5′- GTGCAGGGTCCGAGGT -3′

GSTM1 primers F: 5′- TTCCCAATCTGCCCTACTTG -3′
R: 5′-TCTCCTCTTCTGTCTCCCCA -3′

U6 primers F: 5′- CTCGCTTCGGCAGCACA -3′
F: 5′- AACGCTTCACGAATTTGCGT -3′

SOD F: 5′- AATGTGTCCATTGAAGATCGTGTGA -3′
R: 5′-GCTTCCAGCATTTCCAGTCTTTGTA -3′

GAPDH F: 5′- GACAACTTTGGCATCGTGGA -3′
R: 5′-ATGCAGGGATGATGTTCTGG -3′

Note: qRT-PCR, quantitative real-time polymerase chain reaction; miR-423-5p, microRNA-423-5p; GSTM1, Glutathione-
S-transferase (GST) M1; SOD, superoxide dismutase; GAPDH, glyceraldehyde phosphate dehydrogenase.
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1: 1000), p-IRE1α (NB100-2323, 1: 1000) and C/EBP 
homology protein (CHOP) (ab10444, 1: 250), GAPDH 
(CST, #2118, 1: 1000) and superoxide dismutase (SOD) 
(ab13533, 1: 5000) overnight at 4°C. The membranes were 
then washed by TBST thrice for 5 mins and incubated with 
the corresponding secondary antibodies for 1h. The blots 
were then washed in TBST thrice for 5 min and developed 
with ECL chemiluminescence reagent (Nanjing Vazyme 
Biotech Co. Ltd, Nanjing, China) and imaged by the Bio-
Rad Gel Dol EZ imager (GEL DOC EZ IMAGER, Bio-
Rad, CA, USA). GAPDH was used as internal reference 
and the relative levels of different proteins were quantified.

Analysis of oxidative stress

To measure reactive oxygen species (ROS) levels, 
cells in all HK-2 cell groups were trypsinized after 48 h. 
The cells were then incubated with DCFH-DA for 20 min 
at 37°C and after PBS washing and analyzed by flow 
cytometry (FACSCalibur, BD Biosciences, San Jose, CA, 
USA) with excitation at 488 nm and emission at 525 nm.

To determine superoxide dismutase (SOD) activity, 
cells were lysed with 100 μL of RIPA buffer on ice for 
20 min and centrifuged for 30 min at 12,000 rpm. The 
supernatant was quantified by the BCA method. The 
SOD activity in all experimental groups was determined 
with the SOD activity assay kit (Shanghai Meilian 
Bioengineering Institute, Shanghai, China). The SOD 
activity was expressed as units/mg protein based on the 
protein concentration and dilution ratio of the samples.

To measure malondialdehyde (MDA) levels in cells, 
cell lysates were prepared as described for SOD activity. 
The samples were diluted to various concentrations (1, 
2, 5, 10, 20, and 50 μM) with distilled water to prepare 
the standard curve. Then, 0.2 mL MDA detection fluid 
(Shanghai Meilian Bioengineering Institute, Shanghai, 
China) was added to eppendorf tubes with either 0.1-mL 
DDH20 (as blank control) or 0.1-mL standard of different 
concentrations or 0.1mL cell lysates. The solutions were 
mixed and placed in a water bath for 15 min at room 
temperature and centrifuged at 1,000 rpm for 10 min. 
Then, 200 μL supernatant was added into a 224-well 
plate, and the absorbance determined at 532 nm (HBS-
1096A, Nanjing Detie Experimental Equipment Company, 
Jiangsu, China). The molar concentrations of MDA in all 
samples were determined from the standard curve.

To measure glutathione S-transferase (GST) activity, 
cell lysates were prepared similar to SOD activity. The 
GST activity was determined using the GST assay kit 
(Shanghai Meilian Bioengineering Institute, Shanghai, 
China). Briefly, 190 μL reagent C was added to the 224-
well plate followed by 25 μL reagent D and 10 μL reagent 
E. The plate was incubated for 3 mins at 25°C. Then, 
25 μL reagent F (negative control liquid) or the sample to 
be tested (10 μg protein) was added to the corresponding 

wells. The absorbance at 340 nm was measured at 0min 
and 5 min. GST activity of sample = [(reading value 
of sample – reading value of background) × dilution 
ratio of sample × 0.25]/[0.025 × 5.03 × 0.6 × 5]/protein 
concentration of sample.

Cell Counting Kit-8 (CCK-8) assay

Cell proliferation was determined by the CCK-8 
assay kit (Nanjing Jiancheng biotech Co. Ltd., Jiangsu, 
China). Briefly, 10 μl CCK-8 reagent was added to 
transfected HK-2 cells at 0, 24, 48 and 72 h, respectively 
and incubated for 1–3h. The absorbance was detected 
at 450 nm. Each group was analyzed in triplicate. All 
experiments were performed in triplicates.

Flow cytometry

To determine apoptosis by flow cytometry, transfected 
cells were trypsinized without EDTA after 48 h culturing 
and stained by AnnexinV-FITC and PI staining kit (Shanghai 
Qcbio Science & Technologies Co. Ltd., Shanghai, China). 
The stained cells were analyzed by flow cytometry 
(FACSCalibur, BD Biosciences, San Jose, CA, USA) and 
the percentage of AnnexinV+ PI+ cells in each group were 
determined. All experiments were performed in triplicate.

Rat Model for renal injury

Ninety male SD rats (28 days old weighing  
190–210 g) were obtained from Shanghai Experimental 
Animal Center (Shanghai, China). All animal feeding and 
operations were in accordance with experimental animal 
ethics and animal welfare. The rats were housed in the 
conservatory (20–28°C) with 12h/12h light/dark cycle 
with adequate drinking water and food. The animals were 
randomly divided into the sham (n = 15) and I/R groups 
(n = 75). The I/R group was further divided into five 
groups of 15 rats each representing days 1, 3, 7, 14, and 
21 time points. The rats in the sham-control group were 
opened but did not receive any treatment after finding the 
kidney pedicles. For the I/R group, the kidney pedicles 
of rats were clamped for 60 min. Then, the arterial clamp 
was removed, and renal blood flow was allowed. After the 
operation, the rats were placed in the normal environment, 
and their vital signs observed.

Evaluation of renal function

Serum samples were prepared from 2 ml blood 
obtained from the aorta abdominalis in rats by centrifuging 
at 3000 rpm for 5 min. Serum creatinine and urea 
nitrogen were determined from the serum of sham and 
the I/R group rats in the automatic biochemistry analyzer 
(Beckman Coulter, Inc., Brea, California, USA).
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Treatment of rats with miR-423-5p mimics or 
inhibitors 

After I/R treatment of SD rats, miR-423-5p mimics 
or inhibitors were mixed in a 1: 2 ratio with EntransterTM 
(Engreen Biosystem Co. Ltd., Beijing, China) and 
intravenously injected through the rat tails. After 3 days, 
the relative index of renal function and miR-423-5p and 
GSTM1 expression were determined.

Statistical analysis

All data were analyzed by SPSS 18.0 software 
(SPSS Inc., Chicago, IL, USA). The data were presented 
as the mean ± standard deviation (SD). The experimental 
groups were compared by t test and paired t test. 
Comparison among groups was analyzed by one-way 
analysis of variance (ANOVA), and statistical correlation 
was determined by the Pearson correlation test. The level 
of significance was set as P < 0.05.
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