
RESEARCH PAPER

Circular RNA_0037128 aggravates high glucose-induced damage in HK-2 cells 
via regulation of microRNA-497-5p/nuclear factor of activated T cells 5 axis
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ABSTRACT
Circular RNAs (CircRNAs) were reported to play vital roles in the progression of DN. Herein, the 
action of circular RNA_0037128 (circ_0037128) was investigated in DN. The level of circ_0037128, 
microRNA-497-5p (miR-497-5p) and nuclear factor of activated T cells 5 (NFAT5) was determined 
using quantitative real-time polymerase chain reaction (qRT-PCR). The feature of circ_0037128 was 
tested by RNase R and Actinomycin D treatment assays. Cell Counting Kit-8 (CCK-8) and 5-ethynyl- 
2�-deoxyuridine (EdU) staining assays were conducted to evaluate the proliferation ability. The 
relative protein expression was determined via Western blot analysis. Levels of the inflammatory 
cytokines, like tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6), were 
assessed by enzyme-linked immunosorbent assay (ELISA). Reactive oxygen species (ROS) produc-
tion, lactate dehydrogenase (LDH) and superoxide dismutase (SOD) activity were determined by 
the matched kits. Dual-luciferase reporter and RNA immunoprecipitation (RIP) assays were con-
ducted for evaluating the correlation between miR-497-5p and circ_0037128 or NFAT5. 
Circ_0037128 and NFAT5 were enhanced, while miR-497-5p was weakened in kidney tissues of 
DN patients and high glucose (HG)-cultured HK-2 cells. Circ_0037128 inhibition bated HG-caused 
inhibition effect on cell proliferation and promotion effects on oxidative stress, inflammation and 
fibrosis in HK-2 cells. Moreover, circ_0037128 knockdown alleviated HG-caused cell damage via 
regulating miR-497-5p. In addition, NFAT5 overexpression could reverse the influence of miR-497- 
5p on HG-induced injury in HK-2 cells. Mechanically, circ_0037128 sponged miR-497-5p to 
modulate NFAT5. Circ_0037128 downregulation could mitigate HG-stimulated cell damage via 
regulating the miR-497-5p/NFAT5 axis in HK-2 cells in vitro, providing a possible therapy target for 
DN.
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Introduction

Diabetic nephropathy (DN) is a frequently lethal 
complication of patients diagnosed with diabetes 
accompanying with renal impairment and accounts 
for 30–47% of end-stage renal disease and chronic 
renal failure [1,2]. It was reported that hyperglyce-
mia-caused metabolic disorder is vital to the patho-
genesis of DN, and long duration of diabetes, glucose 
metabolism disorder, dyslipidemia, obesity, and high 
blood pressure were the risk factors in DN progres-
sion [3,4]. Recently, the therapy strategies for DN, 
including glycemic control, blood pressure control, 
cardiovascular reduction, and renin–angiotensin 
system inhibitors, did not achieve the effective pro-
gress [5]. High concentration glucose treatment- 
induced renal tubular cell damage is considered as 
a main feature of DN, and tubular cells are verified to 

be the main targets of DN [6]. Hence, investigating 
the potential mechanism of tubular cell injury under 
high glucose condition might develop an efficient 
therapeutic target for DN.

In recent years, non-coding RNAs have 
attracted intensive attention due to its function in 
mammalian development [7,8]. Circular RNAs 
(circRNAs) are a novel type of endogenous non- 
coding RNAs with the covalently closed loop and 
obtain a high degree of sequence conservation and 
stability due to lack of the 3ʹ end of the polyade-
nylated tail and the 5ʹ cap [9–11]. MicroRNAs 
(MiRNAs), the short, small, non-coding RNAs 
containing only 20–22 nucleotides, are capable of 
degrading target mRNAs or inhibiting its transla-
tion [12]. Increasing evidence indicated that 
circRNAs could canonically act as miRNA sponges 
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and play essential roles in the regulation of various 
human diseases pathogenesis by sponging miRNA 
[13,14]. Multiple studies demonstrated that dysre-
gulation of some circRNAs and miRNAs was 
found in human diseases and largely related to 
their pathological progression, including DN [15– 
17]. For example, upregulation of circHIPK3 in 
Ang II-triggered cardiac fibroblasts accelerated 
the metastasis of cardiac fibroblasts via regulating 
miR-29b-3p, indicating the promotion action of 
circHIPK3 on fibrosis via functioning as miR- 
29b-3p sponge [18]. A recent report revealed that 
highly expressed circRNA_15698 was validated in 
both mouse mesangial cells under high glucose 
(HG) treatment in vitro and db/db mice in vivo, 
exacerbating the accumulation of extracellular 
matrix and aggravating DN through inhibiting 
miR-185 expression [19]. Of note, circular 
RNA_0037128 (circ_0037128; Position: 
chr16:142,593–150,507) originates from the 9–12 
exons of nitrogen permease regulator like protein 
3 (NPRL3) and was identified to be overexpressed 
in mouse DN model and HG-stimulated mesangial 
cells, suggesting that circ_0037128 might be 
involved in DN pathogenesis [20]. Moreover, 
miR-497 was proved to be lowly expressed in the 
renal tissues from DN patients [21]. However, the 
precise role, biological function and the underlying 
detail mechanism of circ_0037128 are completely 
unclear in DN development. Whether 
circ_0037128 could serve as a microRNA-497-5p 
(miR-497-5p) sponge in DN needs further 
investigation.

Nuclear factor of activated T cells (NFAT) is the 
zymolyte for calcineurin, and nuclear factor of 
activated T cells (NFAT5) belongs to NFAT pro-
tein family [22]. Increasing researches showed that 
NFAT participated in various physiological pro-
cesses, such as glomerulosclerosis and renal tubu-
lar cell apoptosis, and suppression of NFAT- 
related pathway could alleviate early-stage DN 
[23,24]. Thus, exploration of the role of NFAT5 
in DN progression is of value.

Here, we hypothesis that circ_0037128 might play 
an important role in the development of DN. The 
aim and goal of this research was to investigate the 
biological function of circ_0037128, miR-497-5p and 
NFAT5 in DN pathogenesis.

Material and methods

Tissue samples

Seventy-five fresh samples of kidney tissues 
including DN kidney tissues (n = 45) and the 
normal kidney tissues (n = 30) were obtained 
from the First Affiliated Hospital of Zhengzhou 
University. Forty-five patients, who diagnosed 
with DN by renal biopsy examination according 
to the diagnostic criteria for diabetes in the World 
Health Organization [25], provided the DN kidney 
tissues. Thirty patients with renal trauma were 
recruited to collect the normal kidney tissues dur-
ing nephrectomy, which served as controls. Renal 
damage caused by other primary and secondary 
factors or complications was not found in these 
patients, and all participants did not receive any 
treatment before admission. Written informed 
consent was provided by each patient prior to 
taking part in this research. All experimental pro-
cedures were ratified by the Ethics Committee of 
The First Affiliated Hospital of Zhengzhou 
University.

Cell culture and treatment

HK-2 cells (a renal tubular epithelial cell line) were 
provided by the American Type Culture Collection 
(Manassas, VA, USA). The culture medium for 
HK-2 cells was the Dulbecco’s Modified Eagle 
Medium (DMEM) (Thermo Fisher Scientific, 
Rockford, IL, USA) containing penicillin (100 U/ 
mL), streptomycin (100 µg/mL) and 10% FBS 
(Gibco, Carlsbad, CA, USA), and the culture con-
dition was a 5% CO2 atmosphere incubator at 
37°C. HK-2 cells treated with 30 mM glucose 
were included in the HG group, and the cells 
treated with 5 mM glucose were served as the 
normal-glucose (NG) group as previously 
described [26].

Cell transfection

The oligonucleotides, including small interfering 
RNA against circ_0037128 (si-circ_0037128: 5ʹ- 
GGUCGAACGTCGAGU-3ʹ), miR-497-5p mimic 
(5ʹ-CAGCAGCACACUGUGGUUUGU-3ʹ) and 
inhibitor (5ʹ-ACAAACCACAGUGUGCUGCUG 
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-3ʹ), and the matched negative controls (si-NC: 5ʹ- 
CACUGAUUUCAAAUGGUGCUAUU-3ʹ, miRNA 
NC: 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ, and 
inhibitor NC: 5ʹ-CAGUACUUUUGUGUAGUACA 
A-3ʹ), and overexpression-NFAT5 vector (pc- 
NFAT5) and the empty pcDNA3.1 vector (pc-NC) 
were procured from Genepharma (Shanghai, China). 
HK-2 cells were transfected with the oligonucleotides 
and aforementioned plasmids using Lipofectamine 
3000 (Invitrogen, Carlsbad, CA, USA) [27].

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

Total RNA was isolated using TRIzol kit (Invitrogen) 
and purified in line with the instruction of the RNeasy 
Maxi kit (Qiagen, Dusseldorf, Germany). The cDNA 
synthesis was obtained using the PrimeScript RT 
Reagent Kit (Takara, Shiga, Japan). Then, qRT-PCR 
analysis was conducted utilizing the SYBR® Green 
PCR Master Mix kit (TaKaRa, Dalian, China). The 
level of NPRL3, circ_0037128, miR-497-5p and 
NFAT5 was quantified using the 2−∆∆Ct method, 
and U6 and β-actin were used for standardization 
[26]. The primers of the relative genes were listed as 
below: circ_0037128, F 5ʹ-CCAGTTCCCATCTCAT 
GACC-3ʹ, R 5ʹ-GATGTGAAGCCGAACTACGCC 
-3ʹ; miR-497-5p, F 5ʹ-GCCGAGCAGCAGCACA 
CTGTG-3ʹ, R 5ʹ-GTGCAGGGTCCGAGGT-3ʹ; 
NFAT5, F 5ʹ-CAGGCCAACCACAAAACGAG-3ʹ, 
R 5ʹ-TCATCTTGTGAGAAAGCCACA-3ʹ; NPRL3, 
F 5ʹ-ACGGCGATTCCAGGTTTTCA-3ʹ, R 5ʹ- 
GCATGCTGTAGCAGTGTTGG-3ʹ; β-actin, F 5ʹ- 
CTTCGCGGGCGACGAT-3ʹ, R 5ʹ-CCACATAGGA 
ATCCTTCTGACC-3ʹ; U6, F 5ʹ-CTCGCTTCG 
GCAGCACATA-3ʹ, R 5ʹ-CGAATTTGCGT 
GTCATCCT-3ʹ.

CircRNA identification

For RNase R treatment, the extracted total RNA 
(3 µg) was treated with RNase R (10 U) for 30 min 
at 37°C [28]. In actinomycin D test, HK-2 cells 
were treated with actinomycin D (2 mg/ml; R&D 
Systems, Shanghai, China) to block the new RNA 
synthesis for 0, 6, 12, 18 and 24 h. Finally, the 
relative level of circ_0037128 and NPRL3 was 
examined using qRT-PCR [29].

Cell Counting Kit-8 (CCK-8) assay

A total of 5000 HK-2 cells suspended in 100 μL med-
ium were seeded in the 96-well plates. Ten microliters 
of CCK-8 solution (Beyotime, Shanghai, China) was 
added and incubated with the cells for 4 h. Cell 
viability was analyzed by determining the optical 
density with a microscope reader (Thermo 
Labsystems, Waltham, MA, USA) at 450 nm [30].

5-Ethynyl-2ʹ-deoxyuridine (EdU) staining assay

EdU staining assay was conducted through the 
usage of the BeyoClick™ EdU Cell Proliferation Kit 
with Alexa Fluor 488 (Beyotime). Briefly, the treated 
HK-2 cells were incubated with EdU reagent 
(10 μM) for 2 h and dyed with 4,6-diamidino-2-phe-
nylindole (DAPI; Beyotime). Finally, an inverted 
fluorescence microscope (Nikon Microsystems, 
Shanghai, China) was utilized to detect the fluores-
cence. The EdU-positive cells were counted and 
quantified with ImageJ software [30].

Western blot

Radio immunoprecipitation assay (RIPA) lysis buffer 
(Beyotime) containing proteinase inhibitor was uti-
lized to lyse the transfected HK-2 cells to extract the 
total protein. Twenty micrograms of proteins were 
separated by 10% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis. The proteins were trans-
ferred onto the polyvinylidene fluoride membrane 
and then blocked with 5% nonfat milk. The antibodies 
were proliferating cell nuclear antigen (PCNA; 1:1000, 
ab18197, Abcam, Cambridge, UK), fibronectin (FN; 
1:1000, ab45688, Abcam), transforming growth fac-
tor-β1 (TGF-β1; 1:1000, ab215715, Abcam), collagen 
type I (Col. I; 1:1000, ab34710, Abcam), NFAT5 
(1:1000, ab3446, Abcam), β-actin (1:2000, ab8227, 
Abcam), as well as the secondary antibody (goat anti- 
rabbit; 1:10,000, ab205718, Abcam). Finally, the pro-
tein signals were obtained using the enhanced chemi-
luminescence kit (Amersham Pharmacia Biotech, 
Little Chalfont, UK) [28].

Enzyme-linked immunosorbent assay (ELISA)

The production of the inflammatory cytokines, 
including tumor necrosis factor alpha (TNF-α), 
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interleukin-1β (IL-1β) and interleukin-6 (IL-6), 
was assessed using ELISA kits (BD Biosciences, 
Franklin Lakes, NJ, USA) based on the manufac-
turer's direction [28].

Determination of reactive oxygen species (ROS) 
production, superoxide dismutase (SOD) activity, 
and lactate dehydrogenase (LDH) activity

To detect ROS production, HK-2 cells were har-
vested and incubated with 5 μM 2ʹ,7ʹ- 
dichlorodihydrofluorescein diacetate (DCF-DA; 
Sigma-Aldrich) for 1 h at 37°C, followed by deter-
mining the fluorescence intensity at the wavelength 
488/525 nm. Then, ROS generation was quantified 
using FACS-Calibur (BD Biosciences). To measure 
SOD and LDH activity, the cells were collected, 
lysed, and then cell extract was obtained. Then, the 
examination of SOD and LDH activity in cell extract 
was performed with a SOD kit-WST (Dojindo, 
Kumamoto, Japan) and LDH kit (Beyotime) 
based on the manufacturer’s specification [28].

Dual-luciferase reporter assay

Circ_0037128 and NFAT5 containing the wild- 
type (WT) or mutant (MUT) complementary 
sites of miR-497-5p were synthesized and fused 
in pGL3 vector (Promega, Madison, WI, USA) to 
form the WT- or MUT-circ_0037128 and NFAT5- 
3ʹUTR vectors. These WT/MUT vectors and the 
indicated miRNAs were co-transfected into cells 
using Lipofectamine 3000 (Invitrogen). Lastly, the 
luciferase activity was estimated [28].

RNA immunoprecipitation (RIP) assay

In brief, the magnetic beads combined with the 
anti-Ago2 or IgG antibody were added in cell 
supernatant and incubated for 6 h at 4°C. Then, 
protease K was utilized to remove the proteins. 
Finally, circ_0037128, miR-497-5p and NFAT5 
enrichment were determined via qRT-PCR [30].

Statistical analysis

Data were obtained from three independent 
experiments. Measurement data analyzed by 
GraphPad Prism version 6.0 (GraphPad Software, 

La Jolla, CA, USA) were represented as the mean ± 
standard deviation (SD). Difference in groups was 
estimated by one-way analysis of variance 
(ANOVA) followed by Tukey’s test or Student’s 
t test. P < 0.05 was deemed as significantly statis-
tical difference.

Results

We hypothesized that circ_0037128 might play 
a vital role in the development of DN. Thus, this 
study explored the functional role of circ_0037128 
in DN progression and investigated the underlying 
molecular mechanism. Here, a variety of experi-
ments were performed to explore the effect of 
circ_0037128 knockdown on cell proliferation, 
inflammation, oxidative stress and fibrosis in HG- 
induced HK-2 cells.

Circ_0037128 was increased in kidney tissues 
from DN patients and HG-induced HK-2 cells 
in vitro

As represented in Figure 1a, circ_0037128 was 
highly expressed in DN tissues (n = 45) compared 
with the normal kidney tissues (n = 30). Moreover, 
the data in qRT-PCR analysis suggested that 
circ_0037128 was facilitated in HG-stimulated 
HK-2 cells (Figure 1b). The circRNA 
circ_0037128 originates from exon 9–12 of 
NPRL3 gene (Figure 1c). Our results demonstrated 
that the level of circ_0037128 was not changed, 
while linear NPRL3 level was significantly 
depressed after RNase R digestion treatment or 
Actinomycin D treatment (Figures 1d and e), sug-
gesting that circ_0037128 is indeed a circRNA.

Circ_0037128 knockdown alleviated HG-caused 
cell damage in HK-2 cells

Circ_0037128 was knocked down in treated-HK 
-2 cells to find out the action of circ_0037128 
in the progression of DN in vitro. The data of 
qRT-PCR showed the successful knockdown 
efficiency of circ_0037128 (Figure 2a). CCK-8 
assay demonstrated that cell viability was sup-
pressed by HG treatment, which was signifi-
cantly reversed by circ_0037128 repression in 
HK-2 cells (Figure 2b). Consistently, HG- 
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caused reduction of EdU-positive HK-2 cells 
was alleviated by circ_0037128 silencing 
(Figure 2c). The protein expression of PCNA, 

a proliferation indicator, was dramatically 
decreased in HK-2 cells under HG condition, 
which was rescued by circ_0037128 

Figure 1. Circ_0037128 was increased in kidney tissues from DN patients and HG-stimulated HK-2 cells in vitro. (a) Circ_0037128 
level in DN kidney tissues (n = 45) and normal kidney tissues (n = 30) was measured using qRT-PCR. (b) Circ_0037128 level in HG- 
stimulated HK-2 cells and NG-cultured HK-2 cells was evaluated via qRT-PCR. (c) The genomic loci and structure of circ_0037128 
were described. RNase R digestion (d) and actinomycin D assays (e) were performed to evaluate the stability of circ_0037128, 
respectively. *P < 0.05.

Figure 2. Circ_0037128 knockdown alleviated HG-induced cell damage in HK-2 cells. (a) The transfection efficiency of si-circ 
_0037128 was assessed. (b–i) HK-2 cells were treated with NG, HG, HG + si-NC, or HG + si-circ_0037128. (b) Cell viability was 
detected using CCK-8 assay. (c) The proliferative ability was examined by EdU staining assay. (d) The protein expression of PCNA was 
determined by Western blot. (e) Level of TNF-α, IL-1β and IL-6 was detected in treated HK-2 cells via ELISA assay. (f) ROS production, 
LDH and SOD activity in treated HK-2 cells were assessed. (g) Western blot was employed for detection of protein levels of FN, Col. 
I and TGF-β1. *P < 0.05.
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downregulation (Figure 2d). Moreover, we 
detected the levels of inflammatory cytokines 
including TNF-α, IL-1β and IL-6 in HK-2 
cells. As described in Figure 2e, the level of 
TNF-α, IL-1β, and IL-6 was significantly ele-
vated in the HG treatment group, which was 
suppressed by circ_0037128 knockdown in HK- 
2 cells under HG treatment, suggesting that 
circ_0037128 played a repression role in the 
inflammatory response in HG-stimulated HK-2 
cells. Moreover, the decline of SOD level, and 
the increase of ROS and LDH levels caused by 
HG treatment were overturned in circ_0037128 
silencing group, indicating that circ_0037128 
absence could significantly weaken HG- 
induced oxidative stress (figure 2f). Also, our 
data showed that the augment expression of 
FN, Col. I and TGF-β1 caused by HG treatment 
was dramatically abrogated by the absence of 
circ_0037128 in HK-2 cells (Figure 2g).

Circ_0037128 directly interacted with miR-497- 
5p

CircBank predicted that circ_0037128 had the 
complementary bases pairing with miR-497-5p 
(Figure 3a). The data in qRT-PCR analysis dis-
played that the expression of miR-497-5p was sig-
nificantly elevated by miR-497-5p mimic 
(Figure 3b). As indicated in Figure 3c, the lucifer-
ase activity was depressed by miR-497-5p mimic in 
WT-circ_0037128 group, while there was no 
remarkable change in MUT-circ_0037128 group. 
RIP assay revealed that circ_0037128 and miR- 
497-5p were dramatically enriched by anti-Ago2, 
not anti-IgG, in HK-2 cells (Figure 3d). 
Furthermore, miR-497-5p was decreased in DN 
kidney tissues (n = 45) compared with the normal 
kidney tissues (n = 30) (Figure 3e). Moreover, the 
decrease of miR-497-5p was detected in HK-2 cells 
under HG treatment (figure 3f). Our data 

Figure 3. Circ_0037128 directly interacted with miR-497-5p. (a) The complementary binding sites of circ_0037128 and miR- 
497-5p were predicted by circBank. (b) The expression of miR-497-5p in HK-2 cells transfected with miRNA NC or miR-497-5p 
mimic was detected by qRT-PCR. (c) The relative luciferase activity in HK-2 cells co-transfected with WT-circ_0037128, MUT- 
circ_0037128, miR-497-5p mimic or miRNA NC was determined. (d) RIP assay verified the enrichment of circ_0037128 and 
miR-497-5p. (e) MiR-497-5p level in DN kidney tissues (n = 45) and the normal kidney tissues (n = 30) was assessed by qRT- 
PCR. (f) MiR-497-5p level in HG or NG-treated HK-2 cells was evaluated by qRT-PCR. (g) The level of miR-497-5p in HK-2 cells 
transfected with si-NC or si-circ_0037128 was measured by qRT-PCR. *P < 0.05.
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represented that circ_0037128 knockdown signifi-
cantly boosted miR-497-5p level (Figure 3g).

Circ_0037128 downregulation mitigated 
HG-caused damage in HK-2 cells through 
sponging miR-497-5p

In view of the regulatory effect of circ_0037128 on 
miR-497-5p expression, whether miR-497-5p was 
involved in the influence of circ_0037128 on HG- 
induced damage in HK-2 cells was investigated. 
The data displayed that miR-497-5p was signifi-
cantly repressed by miR-497-5p inhibitor 
(Figure 4a). CCK-8 and EdU staining assays 
demonstrated that miR-497-5p inhibition abated 
circ_0037128 knockdown-caused promotion 
action on cell proliferation in HG-treated HK-2 
cells (Figures 4B and 4 C), accompanied by 
decreased PCNA expression (Figure 4d). In addi-
tion, our results revealed that circ_0037128 inhibi-
tion-induced decrease of TNFα, IL-1β, and IL-6 
was mitigated by depression of miR-497-5p in 

HG-treated HK-2 cells (Figure 4e). Moreover, the 
augment of SOD activity and the decline of ROS 
production and LDH activity caused by 
circ_0037128 depletion were hindered by miR- 
497-5p inhibitor in HG-stimulated HK-2 cells (fig-
figure 4f). Additionally, the suppression effect of 
circ_0037128 deletion on the expression on FN, 
Col. I and TGF-β1 was blocked by repression of 
miR-497-5p in HG-stimulated HK-2 cells 
(Figure 4g).

NFAT5 was a target of miR-497-5p

StarBase predicted that NFAT5 harbored the bind-
ing sites of miR-497-5p (Figure 5a). The interac-
tion between miR-497-5p and NFAT5 was attested 
by dual-luciferase reporter and RIP assays 
(Figure 5b and c). Of note, the mRNA and protein 
expression of NFAT5 were elevated in DN kidney 
tissues (n = 45) in comparison to the normal 
kidney tissues (n = 30) (Figures 5d and e). Also, 
the protein expression of NFAT5 was highly 

Figure 4. Circ_0037128 downregulation mitigated HG-caused damage in HK-2 cells through sponging miR-497-5p. (a) miR-497-5p 
expression in HK-2 cells transfected with inhibitor NC or miR-497-5p inhibitor was determined by qRT-PCR. (b-i) HK-2 cells were 
treated with HG + si-circ_0037128, HG + si-NC, HG + si-circ_0037128 + inhibitor NC, or HG + si-circ_0037128 + miR-497-5p inhibitor. 
(b-d) CCK-8 assay (b), EdU staining assay (c) and Western blot analysis (d) were employed for proliferation assessment. (e) ELISA was 
utilized for TNF-α, IL-1β and IL-6 determination. (f) ROS generation, LDH and SOD activity were evaluated. (g) FN, Col. I and TGF-β1 
expression were determined by Western blot. *P < 0.05.
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expressed in HG-treated HK-2 cells (figure 5f). 
Furthermore, miR-497-5p significantly suppressed 
NFAT5 expression (Figure 5g).

MiR-497-5p weakened HG-induced injury in HK-2 
cells through regulating NFAT5 expression

Next, the detailed mechanism of miR-497-5p and 
NFAT5 in the progression of DN was investigated. 
As shown in Figure 6a, the successful overexpres-
sion efficiency of pc-NFAT5 was observed. 
Functionally, elevated cell proliferation caused by 
miR-497-5p overexpression was impeded by 
NFAT5 upregulation in HG-treated HK-2 cells, 
as depicted by reduced PCNA expression 
(Figure 6b-d). Synchronously, the level of TNF-α, 
IL-1β and IL-6 suppressed by miR-497-5p was 
reversed by NFAT5 overexpression in HG- 
stimulated HK-2 cells, suggesting that miR-497- 
5p caused inhibition action on inflammatory 
response was overturned by NFAT5 overexpres-
sion (Figure 6e). Additionally, the suppressive 
influence of miR-497-5p on oxidative stress was 

impaired by upregulation of NFAT5, as proved by 
increased LDH activity and ROS production, and 
decreased SOD activity in HG-stimulated HK-2 
cells (figure 6f). As exhibited in Figure 6g, the 
expression of FN, Col. I and TGF-β1 was signifi-
cantly repressed by miR-497-5p, which was evi-
dently rescued by NFAT5 overexpression in HG- 
stimulated HK-2 cells, implying that miR-497-5p 
weakened HG-induced fibrosis in HK-2 cells by 
targeting NFAT5. In addition, our data showed 
that the repression action of circ_0037128 knock-
down on NFAT5 expression was hindered by miR- 
497-5p inhibitor (Figure 7a).

Discussion

DN is a microangiopathic complication of diabetes 
mellitus with high death rate and severely threa-
tens the health of patients [31]. Accumulating 
researches suggested that DN progression was 
accompanied by renal tubular damage, and the 
death of renal tubular epithelial cells participated 
in DN [32]. Moreover, tubulointerstitial fibrosis 

Figure 5. NFAT5 was a target of miR-497-5p. (a) StarBase predicted the target sites of mir-497-5p and NFAT5. (b) Dual-luciferase 
reporter assay was conducted. (c) The enrichment of miR-497-5p and NFAT5 was measured by RIP assay. (d–e) The mRNA and 
protein expression of NFAT5 in DN tissues (n = 45) and control tissues (n = 30) were determined. (f) Western blot was utilized to 
detect NFAT5 expression in HG- or NG-treated HK-2 cells. (g) NFAT5 expression in HK-2 cells with transfection of miRNA NC or miR- 
497-5p mimic was measured by Western blot. *P < 0.05.
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was one of the main features of DN pathogenesis 
[33]. TGF-β1, an important inducer of renal fibro-
sis, could facilitate extracellular matrix proteins 
expression, predominantly FN and collagen [34]. 
Importantly, oxidative stress, apoptosis, and 
inflammatory response were regarded as insepar-
able factors that were related to the pathogenesis 
of DN [35,36]. Therefore, exploration of effective 
therapeutic agents that definitely repressed inflam-
matory injury, oxidative stress and fibrosis might 
be useful for DN therapy.

A convergence of researches illustrated that 
circRNAs functioned as regulators by sponging 
miRNA in DN progression through participating 
in renal damage [37]. For instance, increased 
circ_0123996 was observed in Type 2 diabetes 
patients with DN, DN mice model, and mice 
mesangial cells under HG condition, which played 
a promoting role in DN development, as evidenced 
by elevating mice mesangial cell growth and fibrosis 
[38]. Also, the effects of circ_0000712 on cell apop-
tosis, fibrosis, oxidative stress and inflammation 

were verified in mesangial cells, and circ_0000712 
knockdown downregulated SOX6 expression to 
assuage cell injury caused by HG treatment in 
SV40-MES13 cells via sponging miR-879-5p, 
implying the mainly regulatory role of circRNA in 
DN progression [28]. In HG-stimulated HK-2 cells, 
cell fibrosis and inflammatory responses were 
aggravated by circ_WBACR17 through the regula-
tion of SOX6 via targeting miR-185-5p [39]. 
Moreover, circ_0037128 was previously revealed 
to be increased in kidney tissues from DN mice 
and DN patients, as well as the HG-stimulated 
human mesangial cells [20]. Consistent with this 
result, we found that circ_0037128 was significantly 
upregulated in kidney tissues from DN patients and 
HK-2 cells under HG treatment. Furthermore, our 
results clarified that HG-caused cell injury includ-
ing fibrosis, inflammation and oxidative stress was 
dampened by downregulating circ_0037128 in HK- 
2 cells, indicating the possible inhibition action of 
circ_0037128 downregulation in HG-stimulated 
HK-2 cell damage.

Figure 6. MiR-497-5p alleviated HG-induced injury in HK-2 cells through regulating NFAT5 expression. (a) NFAT5 protein expression 
was detected using Western blot. (b–i) HK-2 cells were treated with HG + miR-497-5p mimic, HG + miRNA NC, HG + miR-497-5p 
mimic + pc-NC, or HG + miR-497-5p mimic + pc-NFAT5. (b-d) CCK-8 (b), EdU (c) and Western blot analysis (d) were performed to 
evaluate cell proliferation. (e) The level of TNF-α, IL-1β and IL-6 was assessed by ELISA assay. (f) The measurement of ROS generation, 
LDH and SOD activity via the corresponding kits. (g) The protein expression of FN, Col. I and TGF-β1 was determined by Western 
blot. *P < 0.05.
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Previous studies documented that circRNAs 
were involved in regulating diverse biological pro-
cesses via functioning as competing endogenous 
RNAs for miRNAs [40]. Accumulating evidence 
discovered that miR-497-5p was involved in can-
cer development, like laryngeal squamous cell car-
cinoma [41], papillary thyroid cancer [42], and 
non-small cell lung cancer [43]. Moreover, the 
vital role of miR-497 in inflammation has also 
been reported. By targeting NF-κB pathway, the 
inflammatory responses in human bronchial 
epithelial cells were dramatically repressed by 
miR-497 [44]. A previous study discovered that 
miR-497 was reduced in HG-cultured HK-2 cells 
and promoted cell pyroptosis and caspases-1 acti-
vation [21]. Consistently, our data represented the 
lowly expressed miR-497-5p in HK-2 cells under 
HG condition. Circ_0037128 sponged miR-497- 

5p, thereby modulating miR-497-5p expression. 
Additionally, circ_0037128 silencing weakened 
HG treatment-induced cell damage in HK-2 cells 
via sponging miR-497-5p.

MiRNAs directly bind to their target mRNA to 
degrade or inhibit its expression, thereby exerting 
function of miRNAs [45]. In this research, we 
found that miR-497-5p directly targeted NFAT5. 
NFAT5 was implicated in cellular stress response, 
inflammatory processes, and cell differentiation 
and proliferation in a tonicity-independent man-
ner [46]. Moreover, the abnormal expression of 
NFAT5 was found in some cancers and NFAT5 
exerted functions in cancer progression, like the 
promotion effect on cell growth and metastasis in 
melanoma and renal carcinoma [47,48]. More 
importantly, a recent research reported that 
NFAT5 was increased in DN mouse kidney 

Figure 7. Circ_0037128 downregulation mitigated HG-caused damage in HK-2 cells through targeting miR-497-5p to regulate NFAT5 
expression. (a) HK-2 cells were treated with HG + si-circ_0037128, HG + si-NC, HG + si-circ_0037128 + inhibitor NC, or HG + si-circ 
_0037128 + miR-497-5p inhibitor, and NFAT5 expression was detected using Western blot. (b) Schematic model of the 
circ_0037128/miR-497-5p/NFAT5 regulatory axis in HG-induced cell damage in HK-2 cells. *P < 0.05.
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tissues, HG-stimulated mesangial cells and DN 
patients [49]. In our study, we also found the 
upregulation expression of NFAT5 in DN, consis-
tent with the previous data [49]. In terms of 
mechanism, the repression effect of miR-497-5p 
on cell damage in HK-2 cells under HG was 
reversed by NFAT5 overexpression. Our results 
disclosed that circ_0037128 upregulated NFAT5 
expression through sponging miR-497-5p, sup-
porting that the circ_0037128/miR-497-5p/ 
NFAT5 regulatory axis was involved in HG- 
caused cell injury in HK-2 cells (Figure 7b).

Conclusion

Our findings revealed the augment of miR-497-5p, as 
well as the reduction of circ_0037128 and NFAT5 in 
DN, and testified the functional roles of circ_0037128, 
miR-497-5p and NFAT5 in DN progression, indicat-
ing that circ_0037128 could elevate NFAT5 expres-
sion by targeting miR-497-5p to aggravate cell 
damage in HG-treated HK-2 cells. Our study pro-
vided a promising target for the therapy of DN.
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