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Metformin Reduces the Senescence of Renal Tubular Epithelial
Cells in Diabetic Nephropathy via the MBNL1/miR-130a-
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Senescence of renal tubular epithelial cells plays an important role in diabetic nephropathy, but the mechanism is unknown.
Metformin may alleviate diabetic nephropathy by reducing this senescence. This study is aimed at clarifying the effects and
mechanism of metformin on the senescence of renal tubular epithelial cells in diabetic nephropathy. We found that metformin
reduced the expression of senescence-associated gene P21 in high-glucose-induced (30mmol/L) renal tubular epithelial cells and
decreased the β-galactosidase positive staining rate (decreased 16%, p < 0:01). Metformin was able to reduce senescence by
upregulating the expression of RNA-binding protein MBNL1 and miR-130a-3p and reducing STAT3 expression. MBNL1
prolonged the half-life of miR-130a-3p, and miR-130a-3p could negatively regulate STAT3 by binding to its mRNA 3′UTR. In
db/db diabetic mice, we found an enhanced senescence level combined with low expression of MBNL1 and miR-130a-3p and
high expression of STAT3 compared with db/m control mice during nephropathy development. Meanwhile, metformin
(200mg/kg/day) could increase the expression of MBNL1 and miR-130a-3p and decreased STAT3 expression, thus reducing
this senescence in db/db mice. Our results suggest that metformin reduces the senescence of renal tubular epithelial cells in
diabetic nephropathy via the MBNL1/miR-130a-3p/STAT3 pathway, which provided new ideas for the therapy of this disease.

1. Introduction

Diabetes is a metabolic disorder characterized by elevated
blood glucose levels [1]. The increasing morbidity of diabe-
tes exposes more patients to diabetic complications, e.g.,
diabetic nephropathy [2], which is the major contributor
to end-stage renal disease (ESRD) and involves renal glo-
merular, vascular, and tubular injuries [3, 4]. Studies have
revealed that renal tubular epithelial cells present prema-
ture senescence in type II diabetic nephropathy, indicating
that senescence of renal tubular epithelial cells is one of
the mechanisms involved in the progression of diabetic
nephropathy [5]. The occurrence and development of vari-
ous diseases can trigger cell senescence, and the aged cells

can drive and accelerate disease progression [6]. That is,
the senescence program is implicated in diverse biological
processes. For example, senescence can cause microvascular
lesions in type II diabetes [7]. The high-glucose-induced
accelerated senescence of renal tubular epithelial cells is
an important cellular event that precedes renal interstitial
injury in diabetic nephropathy [8].

Metformin is a biguanide derivative and a first-line oral
therapeutic drug for type II diabetes [2]. Metformin has sev-
eral hypoglycemic effects, for example, by inhibiting glucose
absorption, enhancing peripheral insulin sensitivity, reduc-
ing glucose synthesis, and improving glucose availability
[9, 10]. As previously shown, metformin can decrease both
the blood glucose levels, as well as partially reversing the
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renal damage caused by diabetic nephropathy and prolong-
ing the survival of diabetic mice [11, 12].

RNA-binding proteins (RBPs) can directly bind to RNA,
thus forming a ribonucleoprotein complex, and in this way,
they regulate the biological functions of RNA [13]. Studies
have shown that RBPs are associated with diabetic nephrop-
athy and senescence. Sheng et al. found that heterogeneous
nuclear ribonucleoprotein F (hnRNP F) ameliorated intersti-
tial fibrosis of renal tubules in the diabetic nephropathy mice
[14]. Similarly, heterogeneous nuclear ribonucleoprotein A1
(hnRNP A1) could inhibit the senescence of human lung
fibroblasts by upregulating SIRT1 expression [15]. In addi-
tion, MBNL1 is an RBP consisting of 343 amino acids and
located at chromosome 3q25.1-q25.2, and its location
imbalance in cells is an important pathogenic factor for
myotonic dystrophy [16]. MBNL1 can bind to several
RNAs to regulate their functions including stability [17].
It can bind to two tumor suppressors drebrin-like protein
(DBNL) and transforming acidic coiled-coil containing pro-
tein 1 (TACC1) to maintain their stability and thus inhibit
the invasion and metastasis of breast cancer [18]. More
importantly, Lee et al. explored the influence of MBNL1
on the life of mice and found that MBNL1-knockout mice
had significantly shorter lives [19]. However, there are cur-
rently no reports about the effects of metformin or MBNL1
on diabetic nephropathy-associated senescence.

miRNAs are noncoding RNAs with conservative sequences
and composed of 21-25 nucleotides; miRNAs inhibit the
expression of target genes by binding with the corresponding
mRNA 3′UTR, thus regulating several cellular biological
activities including cell differentiation, proliferation, apo-
ptosis, and migration [20]. Some studies have suggested
that miRNAs play an important role in hypertension
caused by diabetic nephropathy [21], and the key enzyme
Dicer—produced by miRNA knockout—can induce the
progressive injuries of renal glomeruli and tubules [22].
Liu et al. observed that miR-25 could reverse the progression
of diabetic nephropathy in mice [23]. Furthermore, Wu et al.
found that miR-455-3p could improve glomerular hypertro-
phy, mesenchymal hyperplasia, and renal fibrosis of mice
with diabetic nephropathy [24]. miR-130a-3p is located
at chromosome 11q12.a, and it has been demonstrated
that miR-130a-3p expression was reduced in the blood
and liver of elderly mice [25]. By analysis and prediction
using RBPDB software in this study, we found that MBNL1
and miR-130a-3p are potential binding partners.

STAT3 (signal transmission and transcription activation
factor 3) is located at chromosome 17 q21.2 and can act on
polypeptide receptors on the cell surface, resulting in the acti-
vation of various biological pathways [26]. STAT3 plays an
important role in the pathogenesis of diabetic nephropathy
[27, 28]. Waters et al. found that the stress-induced senes-
cence of lung fibroblasts was related to STAT3 activation
[29]. Moreover, in the senescence process of hepatic stellate
cells, the STAT3/p53/p21 signaling pathway was shown to
be activated [30]. A potential binding site of miR-130a-3p
and STAT3 was predicted with targetScan and miRanda soft-
ware in our study, but the action mechanism of miR-130a-3p
and STAT3 has not yet been reported.

This study is aimed at providing a new theoretical and
experimental basis for the pathogenesis of diabetic
nephropathy and the relevance of treatment with metfor-
min for this disease. We firstly explored the endogenous
expression of MBNL1, miR-130a-3p, and STAT3 in dia-
betic nephropathy and their relation with the senescence
of renal tubular epithelial cells. We then determined the
regulation patterns among MBNL1, miR-130a-3p, and
STAT3 and further investigated whether metformin was
able to protect renal tubular epithelial cells from senescence
via the MBNL1/miR-130a-3p/STAT3 pathway.

2. Materials and Methods

2.1. Cell Culture. The HK-2 human renal proximal tubular
epithelial cell line was purchased from the Shanghai Institute
for Biological Sciences Cell Resource Center. The HK-2 cells
were cultured in normal glucose (NG) Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) that
was supplemented with 10% fetal bovine serum (FBS; ExCell,
FSP500). Normal glucose DMEM/F-12 was a 1 : 1 mixture
of DMEM (Gibco, catalog no. 11966025) and Ham’s F-12
(Gibco, catalog no. 11765054) that contained 5.56mmol/L
D-glucose (Sigma-Aldrich, catalog no. 47829). The cells were
maintained at 37°C in a humidified 5% CO2 incubator. To
induce cell senescence, HK-2 cells were treated with high-
glucose DMEM/F-12 that contained 30mmol/L D-glucose
for 72 h. For treatment with metformin (Selleck, catalog no.
S1950), HK-2 cells were pretreated with metformin
(1mmol/L) for 2 h after serum starvation for 24 h and then
incubated with normal or high-glucose DMEM/F12 for 72 h,
for treatment with A-769662 (Selleck, catalog no. S2697)
and Dorsomorphin (Selleck, catalog no. S7840).

2.2. Cell Transfection. Short-hairpin MBNL (sh-MBNL1) was
constructed in a GV493 lentiviral vector, and sh-STAT3 was
constructed in a GV248 lentiviral vector. Full-length MBNL1
and STAT3 genes were constructed in a GV492 lentiviral
vector. All of the lentivirus and their respective negative
controls were synthesized (Genechem, Shanghai, China).
The miR-130a-3p mimics, miR-130a-3p inhibitor, and their
respective negative controls were synthesized (GenePharma,
Shanghai, China). The cells were seeded in 24-well plates
(Corning), and transfection was performed until 80% con-
fluency was reached. For lentivirus transfection, HitransG
A (Genechem, catalog no. REVG003) was used according
to the manufacturer’s instructions to transfect cells with
the lentivirus. The stable cell lines were selected using
puromycin screening. For miRNA transfection, the cells
were transfected with the miR-130a-3p mimics, miR-
130a-3p inhibitor, or their respective negative controls
using Lipofectamine 2000 Reagent (Invitrogen, catalog
no. 11668019). The efficiency of transfection was analyzed
using quantitative real-time polymerase chain reaction
(qRT-PCR) or Western blot. The sequences for shRNAs
and RNA oligoribonucleotides were as follows: sh-MBNL1
(5′-GCCAACCAGATACCCATAATA-3′), sh-STAT3
(5′-CGGCGTCCAGTTCACTACTAA-3′), and miR-130a-3p
inhibitor (5′-AUGCCCUUUUAACAUUGCACUG-3′).
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2.3. Mouse Model of Diabetic Nephropathy. Thirty male
db/db mice (8 weeks old) and 15 male db/m control mice
(8 weeks old) were purchased from the Model Animal
Research Center of Nanjing University. All the mice were
housed in a temperature-controlled room (21°C ± 1°C)
under a 12 h/12 h light/dark cycle. The db/db mice were ran-
domly selected and divided into two groups (in accordance
with the random number table): db/db group and db/db+
metformin treatment (db/db+Met) group (n = 15/group).
Five mice from each group were sacrificed (isoflurane anes-
thesia followed by cervical dislocation, similarly hereinafter)
at that time (when the mice were 8 weeks old). The db/db
+Met group was then injected intraperitoneally with metfor-
min (200mg/kg/day, once daily, dissolved in saline), and the
db/m group and db/db group were injected intraperitoneally
with vehicle (saline). Eight weeks later, when the mice were
16 weeks old, another five mice in each group were sacrificed.
Finally, the remaining five mice in each group were sacrificed
16 weeks after treatment when the mice were 24 weeks old.
All experimental procedures involving animals were done
in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 80-23, revised
1996) and the institutional ethical guidelines for animal
experiments. The ethical approval was acquired from the
Research Ethics Committee of the First Affiliated Hospital
of China Medical University.

2.4. Groups. To determine the effect of high glucose on HK-2
cell senescence, the cells were divided into three groups:
normal glucose (NG; 5.56mmol/L D-glucose), mannitol
(MA; 5.56mmol/L D-glucose plus 24.44mmol/L mannitol),
and high glucose (HG; 30mmol/L D-glucose). To deter-
mine the effect of MBNL1, the following groups were
formed: MBNL1(+) (transfected with MBNL1 overexpres-
sion plasmid), MBNL1(-) (transfected with sh-MBNL1
plasmid), MBNL1(+)-NC (transfected with negative control
(NC) plasmid for MBNL1), and MBNL1(-)-NC (transfected
with sh-NC plasmid for sh-MBNL1 plasmid). To determine
the effect of miR-130a-3p, the following groups were
formed: miR-130a-3p(+) (transfected with miR-130a-3p
mimics), miR-130a-3p(-) (transfected with miR-130a-3p
inhibitor), miR-130a-3p(+)-NC (transfected with NC
mimics), and miR-130a-3p(-)-NC (transfected with NC
inhibitor). To determine the effect of STAT3, the follow-
ing groups were formed: STAT3(+) (transfected with
STAT3 overexpression plasmid), STAT3(-) (transfected with
sh-STAT3 plasmid), STAT3(+)-NC (transfected with NC
plasmid for STAT3), and STAT3(-)-NC (transfected with
sh-NC plasmid for sh-STAT3 plasmid).

2.5. qRT-PCR. Total RNA was extracted from HK-2 cells
using TRIzol reagent (Life Technologies, catalog no.
15596026). The concentration and quality of RNAwere deter-
mined using a Nanodrop Spectrophotometer (ND-100) at
a 260/280 nm ratio. Reverse transcription was performed
using the riboSCRIPT Reverse Transcription Kit (RiboBio,
catalog no. C11027-2) or PrimeScript RT reagent Kit with
gDNA Eraser (Takara, catalog no. RR047A). The expres-
sion levels of miR-130a-3p and U6 were determined using

the Bulge-Loop miRNA qRT-PCR Starter Kit (RiboBio, cata-
log no. C10211-2), with U6 as the internal control. The
expression levels of MBNL1, STAT3, and GAPDH were
determined using TB Green Premix Ex Taq II (Takara,
catalog no. RR820A), with GAPDH as the internal control.
Real-time PCR was performed using the ABI 7500 Fast
Real-Time PCR System (Applied Biosystems). The 2−ΔΔCt

relative quantification method was used to calculate RNA
expression. The primers for miR-130a-3p and U6 were syn-
thesized by RiboBio. The following primers for MBNL1,
STAT3, and GAPDH were synthesized by Sangon Biotech:
MBNL1 (forward, 5′-ATGGCTGTTAGTGTCACACCA-3′;
reverse, 5′-CATGTTCTTCTGCTGAATCAA-3′), STAT3
(forward, 5′-AGAAGGACATCAGCGGTAAG-3′; reverse,
5′-CCTTGGGAATGTCAGGATAGAG-3′), and GAPDH
(forward, 5′-CGGATTTGGTCGTATTGGG-3′; reverse,
5′-CTGGAAGATGGTGATGGGATT-3′).

2.6. Western Blot. Total protein was extracted from HK-2
cells using RIPA lysis buffer (Beyotime, catalog no. P0013K)
for 30min on ice. The samples were centrifuged at 10,000g
at 4°C for 10min. Protein concentrations were then deter-
mined using the BCA protein assay kit (Beyotime, catalog
no. P0012). Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
10% acrylamide resolving gel and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The PVDF membranes
were then incubated in TBST (0.1% Tween-20) that contained
5% nonfat milk for 2h at room temperature, followed by incu-
bation for 18h with primary antibodies. The membranes were
subsequently incubated with the appropriate corresponding
horseradish peroxidase-conjugated secondary antibody (Pro-
teintech, catalog no. SA00001-1 or SA00001-2) for 2h. Immu-
noblots were visualized by enhanced chemiluminescence
(Millipore, catalog no. WBKLS0100) and scanned using
ChemImager 5,500 v.2.03 software. The relative integrated
density values (IDVs) were calculated using ImageJ software
based on GAPDH as the internal control. The primary anti-
bodies were as follows: MBNL1 (Santa Cruz Biotechnology,
catalog no. sc-47740), STAT3 (Proteintech, catalog no.
10253-2-AP), p21 (Cell Signaling Technology, catalog
no. 2947), GAPDH (Proteintech, catalog no. 60004-1-Ig),
P-AMPK (Cell Signaling Technology, catalog no. 2535S),
and AMPK (Proteintech, catalog no. 10929-2-AP). The uned-
ited blots in all the figures are provided in Supplementary
Materials (available here).

2.7. SA-β-gal Staining. HK-2 cells were cultured in six-well
plates, and tissue sections were deparaffinized and hydrated.
For β-galactosidase staining (Cell Signaling Technology, cat-
alog no. 9860) of cell senescence, cells or sections were rinsed
once with phosphate-buffered saline (PBS) and fixed with
1× fixative solution for 15min at room temperature. The
samples were rinsed twice with PBS and incubated with
β-galactosidase staining solution overnight at 37°C in a
dry incubator (without CO2). An Olympus DP71 microscope
(Olympus, Tokyo, Japan) was used to acquire photomicro-
graphs. For the cell experiments, blue-stained cells were
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counted in five randomly chosen fields per well to determine
the percentage of SA-β-gal-positive cells (200x magnifica-
tion). For tissue sections, the ratio of the blue-stained area
was evaluated relative to the total area infive randomly chosen
renal cortical areas per section (200xmagnification). The per-
centages of SA-β-gal-positive cells or areas were averaged and
quantified for the statistical analysis.

2.8. Nascent RNA Capture. The Cell-Light EU Apollo567
RNA Stain Kit (RiboBio, catalog no. C10316-1) was used to
detect nascent RNA according to the manufacturer’s proto-
col. HK-2 cells were treated with ethynyl uridine (EU), in
which EU-nascent RNA binds to fluorochrome, which can
be fluorescently detected. An Olympus BX51 fluorescence
microscope (Olympus, Tokyo, Japan) was used to acquire
the photomicrographs.

2.9. RNA Half-Life Assay. After transfection with sh-NC or
sh-MBNL1, HK-2 cells were treated with 5μg/mL actinomy-
cin D. Total RNA was collected at different time points and
quantified using qRT-PCR.

2.10. Reporter Vector Constructs and Luciferase Reporter
Assay. The potential binding site of miR-130a-3p in the
STAT3 3′-untranslated region sequence was amplified by
PCR and cloned into a pmirGlo Dual-luciferase miRNA
Target Expression Vector (Promega, Madison, WI) to con-
struct the luciferase reporter vector (STAT3-Wt; Gene-
Pharma). The sequence of the putative miR-130a-3p binding
site was replaced to generate STAT3-Mut. HK-2 cells were
cotransfected with STAT3-Wt (or STAT3-Mut) plasmids
and miR-130a-3p mimics (or miR-130a-3p-NC). After trans-
fection using the Dual-Luciferase reporter assay kit (Promega)
for 48h, luciferase activity was measured. HK-2 cells were
divided into five groups: control, STAT3-Wt+miR-130a-3p-
NC (transfected with STAT3-Wt and miR-130a-3p-NC),
STAT3-Wt+miR-130a-3p (transfected with STAT3-Wt and
miR-130a-3p), STAT3-Mut+miR-130a-3p-NC (transfected
with STAT3-Mut and miR-130a-3p-NC), and STAT3
Mut+miR-130a-3p8 (transfected with STAT3-Mut and
miR-130a-3p).

2.11. RNA Immunoprecipitation Assay. The RNA-binding
immunoprecipitation (RIP) assay was performed using the
Imprint RNA Immunoprecipitation Kit (Sigma-Aldrich,
catalog no. RIP-12RXN) according to the manufacturer’s
protocol. The HK-2 cell lysate was incubated with RIP buffer
that contained magnetic beads that were conjugated with
MBNL1 antibody or immunoglobulin G (IgG) from mouse
serum as a negative control. Themagnetic beads were washed,
and RBP-binding RNAwas purified. The RNA concentration
was measured using a NanoDrop spectrophotometer, and the
RNA samples were analyzed using qRT-PCR.

2.12. RNA Pull-Down Assay. The Pierce Magnetic RNA-
Protein Pull-Down Kit (Thermo Fisher Scientific, catalog
no. 20164) was used to detect the interaction between
MBNL1 and miR-130a-3p according to the manufacturer’s
protocols. miR-130a-3p transcripts were transcribed using
the MEGAshortscript T7 Transcription Kit (Thermo Fisher

Scientific, catalog no. AM1354). The Pierce RNA 3′ End
Desthiobiotinylation Kit (Thermo Fisher Scientific, catalog
no. 20163) was used to biotin-label the RNAs. Biotin-
labeled miR-130a-3p or antisense RNA was incubated with
magnetic beads and HK-2 cell lysates. The RNA-binding
protein complexes were then washed and eluted from the
magnetic beads and detected by Western blot.

2.13. Immunohistochemistry. The kidneys were fixed in 4%
paraformaldehyde for immunohistochemical staining. Sec-
tions (4μm) were deparaffinized in xylene and hydrated in
graded alcohol and water. Antigen was retrieved with a
citrate-based solution. The sections were incubated with 3%
H2O2 in methanol to block endogenous peroxidase activity.
Sections were blocked with goat serum or 3% bovine serum
albumin (BSA) for 30min at room temperature and then
incubated with MBNL1 (Santa Cruz Biotechnology, catalog
no. sc-47740) and STAT3 (Cell Signaling Technology, cata-
log no. 30835) overnight at 4°C. After three washes in PBS,
the sections were incubated with anti-rabbit or anti-mouse
secondary antibody for 2 h at room temperature and sub-
jected to 3,3′-diaminobenzidine (DAB) to elicit a brown
color. Finally, the sections were counterstained with hema-
toxylin for 3min. Images were acquired using an optical
microscope. The final image analysis was performed using
ImagePro Plus 6.0 software.

2.14. In Situ Hybridization.Dig-labeled probes were designed
and synthesized (Servicebio, Wuhan, China). The kidneys
were fixed in 4% paraformaldehyde, and 4μm sections were
deparaffinized in xylene and hydrated in a graded series of
alcohol. The sections were treated with 20μg/mL proteinase
K for 30min at 37°C. The sections were pretreated with
hybridization buffer at 37°C for 1 h and then hybridized with
an mmu-miR-130a-3p probe at 37°C overnight. The sections
were washed in 2× SSC for 10min at 37°C, followed by two
5min washes in 1× SSC at 37°C and then a 10min wash in
0.5× SSC at room temperature. The sections were blocked
with BSA for 30min at room temperature. After incubating
with anti-DIG-HRP for 40min at 37°C, the sections were
subjected to DAB to elicit a brown color. Finally, the sections
were counterstained with hematoxylin for 3min. Images
were acquired using an optical microscope.

2.15. Statistical Analysis. The data are expressed as the
mean ± SD. All statistical analyses in this study were per-
formed using SPSS 20.0 software (IBM, New York, NY,
USA). As the variances between groups are similar and the
data distributed normality, Student’s t-test was used to anal-
ysis the difference between two groups. One-way ANOVA
with Bonferroni’s method was used to determine the differ-
ence among multiple groups. Values of p < 0:05 were consid-
ered statistically significant.

3. Results

3.1. Metformin Reduced the High-Glucose-Induced
Senescence of Renal Tubular Epithelial Cells. After high-
glucose treatment for 24, 48, and 72 h, the expressions of
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senescence-associated protein P21 in renal tubular epithelial
(HK-2) cells were detected by Western blot. At 24 and 48h,
there was no statistically significant difference between the
high-glucose (HG) group and the mannitol hypertonic con-
trol (MA) group or the normal glucose (NG) group on P21
expression (Figures 1(a) and 1(b)). At 72 h, the expression
of P21 was significantly higher in the HG group than in the
NG group, but there was no statistical difference between
the MA group and the NG group (Figure 1(c)). The subse-
quent HG group was performed under high-glucose condi-
tion for 72h.

Senescence of HK-2 cells was detected using the
β-galactosidase staining method. The β-galactosidase posi-
tive staining rate was significantly higher in the HG group
than in the NG group, but there was no statistical difference
between the MA group and the NG group (Figure 1(d)). Fur-
thermore, P21 expression and β-galactosidase activity were
significantly lower in the metformin (Met) treatment
(HG+Met) group than in the HG group (Figures 1(e)
and 1(f)).

3.2. Metformin Reduced the High-Glucose-Induced
Senescence of Renal Tubular Epithelial Cells by Upregulating
MBNL1. We firstly investigated the effect of high glucose
on MBNL1 and found that mRNA and protein expression
levels of MBNL1 in the HG group (Figures 2(a) and 2(b))
were significantly lower compared with those in the NG
group. Subsequent investigations in this part were performed
under HG conditions. We then studied the effects of overex-
pressed or silenced MBNL1 on the senescence. Compared
with the MBNL1(+)-NC group, MBNL1 mRNA and protein
expression levels and the miR-130a-3p expression level were
significantly increased, but STAT3 mRNA and protein
expression levels and the protein expression level of P21
were markedly decreased in the MBNL1(+) group. Con-
versely, compared with the MBNL1(-)-NC group, MBNL1
mRNA and protein expression levels and miR-130a-3p
expression level were significantly decreased, but STAT3
mRNA and protein expression levels and the protein
expression level of P21 were markedly increased in the
MBNL1(-) group (Figures 2(c) and 2(d)). To further
explore whether metformin reduced the senescence of
HK-2 cells via MBNL1, metformin was used in combination
withMBNL1-overexpressed orMBNL1-silenced stably trans-
fected HK-2 cells. Results showed that compared with the
control group, MBNL1 mRNA and protein expression levels
and miR-130a-3p expression were significantly increased,
but STAT3 mRNA and protein expression levels and the pro-
tein expression level of P21 were evidently decreased in the
Met group; the same changes were demonstrated in the Met
+MBNL1(+) group, but the opposite changes were evident
in the Met+MBNL1(-) group, compared with the Met group.
This indicated that silencing of MBNL1 could reverse the
inhibition of metformin on the senescence of renal tubular
epithelial cells (Figures 2(e) and 2(f)).

3.3. Metformin Reduced the High-Glucose-Induced
Senescence of Renal Tubular Epithelial Cells by Upregulating
miR-130a-3p. As shown by the detection results concerning

the regulation of high glucose by miR-130a-3p in this study,
miR-130a-3p expression was significantly decreased in the
HG group, compared with theNG group (Figure 3(a)). Subse-
quent investigations in this part were performed under HG
conditions. The effects of overexpressed or silenced miR-
130a-3p on the senescence were investigated. Compared with
the miR-130a-3p(+)-NC group, the miR-130a-3p expression
level was significantly increased, but STAT3 mRNA and pro-
tein expression levels and the protein expression level of P21
were markedly decreased in the miR-130a-3p(+) group. Con-
versely, compared with the miR-130a-3p(-)-NC group, the
miR-130a-3p expression level was significantly decreased,
but STAT3 mRNA and protein expression levels and the
protein expression level of P21 were markedly increased in
the miR-130a-3p(-) group (Figures 3(b) and 3(c)). To explore
whether metformin acted via miR-130a-3p, metformin was
used in combination with miR-130a-3p-overexpressed or
miR-130a-3p-silenced stably transfected HK-2 cells. The
miR-130a-3p expression was significantly increased, but
STAT3 mRNA and protein expression levels and the protein
expression level of P21 were significantly decreased in the
Met group compared with the control group; the same
changes were demonstrated in the Met+miR-130a-3p(+)
group, but the opposite changes were evident in the Met+
miR-130a-3p(-) group compared with the Met group. This
suggests that silencing of miR-130a-3p expression could
reverse the inhibition ofmetformin on the senescence of renal
tubular epithelial cells (Figures 3(d) and 3(e)).

3.4. Metformin Increased the Stability of miR-130a-3p by
Upregulating MBNL1 and Thus Reduced the High-Glucose-
Induced Senescence of Renal Tubular Epithelial Cells. A
potential binding site of MBNL1 for miR-130a-3p was
predicted by analysis with RBPDB software. RNA-binding
protein immunoprecipitation (RIP) results showed that
miR-130a-3p was significantly more enriched by anti-
MBNL1 compared with the anti-IgG in NG group; a similar
change was detected in the HG group. Moreover, the enrich-
ment of miR-130a-3p by anti-MBNL1 was significantly lower
in the HG group than in the NG group (Figure 4(a)). Further-
more, RNA pull-down assay results indicated that MBNL1
bound to miR-130a-3p (Figure 4(b)). Subsequent investiga-
tions in this part were performed under HG conditions. EU
nascent RNA detection results showed no statistical differ-
ences in RNA transcriptional activity between the control
group and the MBNL1(+)-NC group or the MBNL1(+)
group (Figure 4(c)). After treatment with actinomycin D,
miR-130a-3p expression was detected, and the RNA half-
life of miR-130a-3p in the MBNL1(+) group was significantly
increased compared with that in the MBNL1(+)-NC group
(Figure 4(d)). The effects on STAT3 expression and the senes-
cence of renal tubular epithelial cells were detected by cotrans-
fection of MBNL1 and miR-130a-3p. Results showed that the
protein expression levels of STAT3 and P21were significantly
decreased in the MBNL1(+)+miR-130a-3p(+) group com-
pared with the MBNL1(+) group or the miR-130a-3p(+)
group and markedly increased in the MBNL1(+)+miR-
130a-3p(-) group compared with the MBNL1(+) group. This
suggests that silenced miR-130a-3p could reverse the
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Figure 1: Continued.
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inhibition on the senescence of renal tubular epithelial
cells by MBNL1(+). The protein expression levels of
STAT3 and P21 were significantly increased in the
MBNL1(-)+miR-130a-3p(-) group compared with the
MBNL1(-) group or the miR-130a-3p(-) group, but
markedly decreased in the MBNL1(-)+miR-130a-3p(+)
group compared with the MBNL1(-) group. This indi-
cated that overexpressed miR-130a-3p could reverse the
MBNL1(-)-induced senescence promoting effect on renal
tubular epithelial cells (Figure 4(e)). These findings suggest
that overexpressed MBNL1 reduced the high-glucose-
induced senescence of renal tubular epithelial cells by specifi-
cally binding with miR-130a-3p and thus increasing its
stability.

To explore whether metformin acted via the
MBNL1/miR-130a-3p pathway, metformin was used to treat
cells that had been transfected with MBNL1 and miR-130a-
3p dual overexpression or dual silencing. As shown by the
detection results concerning the effects on STAT3 expression
and the senescence of renal tubular epithelial cells, the pro-
tein expression levels of STAT3 and P21 were significantly
decreased in theMet group compared with the control group;
the same changes were evident in the Met+MBNL1(+)+miR-
130a-3p(+) group, but the opposite changes were shown in
the Met+MBNL1(-)+miR-130a-3p(-) group compared with
the Met group (Figure 4(f)).

3.5. Metformin Reduced the High-Glucose-Induced Senescence
of Renal Tubular Epithelial Cells by Downregulating STAT3.

By investigating the effect of high glucose on STAT3 expres-
sion, it was found that the mRNA (Figure 5(a)) and protein
(Figure 5(b)) levels of STAT3 in the HG group were signifi-
cantly higher compared with the NG group. Subsequent
investigations in this part were performed under HG condi-
tions. Results concerning the effects of overexpressed or
silenced STAT3 on the senescence of renal tubular epithelial
cells showed that the STAT3 mRNA and protein expression
levels and the protein expression of P21 were significantly
increased in the STAT3(+) group compared with the
STAT3(+)-NC group, but were markedly decreased in the
STAT3(-) group compared with the STAT3(-)-NC group
(Figures 5(c) and 5(d)). The effects on the senescence of renal
tubular epithelial cells were detected after the combined use
of metformin and STAT3-overexpressed or STAT3-silenced
stably transfected cells. Results showed that the protein
expression levels of STAT3 and P21 were significantly
decreased in theMet group compared with the control group;
the same changes were evident in the Met+STAT3(-) group,
but opposite changes were found in the Met+STAT3(+)
group compared with the Met group. This suggests that
overexpressed STAT3 could reverse the metformin-induced
inhibition on the senescence of renal tubular epithelial cells
(Figure 5(e)).

As is widely known, metformin could change the biolog-
ical functions by regulating the expression of AMPK in many
types of cells. Thus, we further explored whether AMPK
participated in the regulation of MBNL or miR-130a by
metformin. Firstly, we investigated the effect of metformin
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Figure 1: Metformin reduced HK-2 cell senescence that was induced by HG. (a–c) Western blot was used to determine the expression of P21
in HK-2 cells that were treated with NG, MA, and HG at different times. (d) The percentage of SA-β-gal-positive cells was detected in HK-2
cells that were exposed to NG, MA, and HG for 72 h. (e) P21 protein expression levels and (f) the percentage of SA-β-gal-positive cells were
detected in HK-2 cells that were exposed to NG, NG+Met, HG, and HG+Met for 72 h. The data are expressed as themean ± SD (n = 3/group).
∗∗p < 0:01, vs. the NG group; ##p < 0:01, vs. HG group. Scale bars = 50μm.
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Figure 2: Continued.
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on AMPK, and the expressions of AMPK in HK-2 cells were
detected by Western blot. Results showed that compared
with the HG group, the AMPK and p-AMPK protein expres-
sions were significantly increased in the HG+Met group
(Figure 6(a)). We then studied the effects of activated or
inhibited AMPK on the MBNL1/miR-130a-3p pathway in
HK-2 cells. The expressions of MBNL1 were detected by
Western blot, and the expressions of miR-130a-3p were
detected by qRT-PCR. However, the expression of miR-
130a-3p and MBNL1 showed no statistical differences
between the HG group and the AMPK activator treatment
(HG+A-769662) group or the AMPK inhibitor treatment
(HG+ Dorsomorphin) group (Figures 6(b) and 6(c)). This
result indicated that there may be no obvious interactions
between AMPK and MBNL1 or miR-130a-3p in renal tubu-
lar epithelial cells.

3.6. STAT3 Is a Target Gene of miR-130a-3p. Metformin
Enhanced the Negative Regulation of STAT3 by Upregulating
miR-130a-3p and Thus Reduced the High-Glucose-Induced
Senescence of Renal Tubular Epithelial Cells. A potential
binding site on miR-130a-3p for STAT3 was predicted

by targetScan and miRanda software, which was then con-
firmed by dual-luciferase reporter gene assay. These investi-
gations were performed under HG conditions. Results
showed that luciferase activity was significantly decreased
in the STAT3-Wt+miR-130a-3p group compared with the
STAT3-Wt+miR-130a-3p-NC group, but there were no
statistical differences between the STAT3-Wt+miR-130a-
3p-NC group and STAT3-Mut+miR-130a-3p-NC group
or the STAT3-Mut+miR-130a-3p group (Figure 5(f)).
The effects on the senescence of renal tubular epithelial cells
were detected by cotransfection of miR-130a-3p and
STAT3. The P21 levels were significantly increased in the
miR-130a-3p(+)+STAT3(+) group compared with the
miR-130a-3p(+)+STAT3(+)-NC group. This indicated that
overexpressed STAT3 could reverse the miR-130a-3p(+)-
induced inhibition on the senescence of renal tubular epithe-
lial cells. Compared with the miR-130a-3p(+)+STAT3(+)
group, protein expression of P21 was decreased in the Met+
miR-130a-3p(+)+STAT3(+) group (Figure 5(g)).

3.7. Metformin Reduced the Senescence of Renal Tubular
Epithelial Cells in db/db Mice with Diabetic Nephropathy
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Figure 2: MBNL1 was downregulated in senescent HK-2 cells, and metformin reduced cell senescence in HK-2 cells by upregulating MBNL1.
(a) qRT-PCR was performed to detect expression levels of MBNL1 in HK-2 cells that were cultured in NG and HG for 72 h. (b) MBNL1
protein expression levels in HK-2 cells that were cultured in NG and HG for 72 h. The data are expressed as the mean ± SD (n = 3/group).
∗p < 0:05, vs. the NG group; ∗∗p < 0:01, vs. the NG group. (c) The expressions of MBNL1, miR-130a-3p, and STAT3 were detected
in HK-2 cells with MBNL1 overexpression or inhibition by qRT-PCR. (d) The protein expression levels of MBNL1, STAT3, and P21 were
detected to determine the effect of MBNL1 on senescence in HK-2 cells. The data are expressed as the mean ± SD (n = 5/group). ∗p < 0:05, vs.
the MBNL1(+)-NC group; ∗∗p < 0:01, vs. the MBNL1(+)-NC group; #p < 0:05, vs. the MBNL1(-)-NC group; ##p < 0:01, vs. MBNL1(-)-NC
group. (e) The expressions of MBNL1, miR-130a-3p, and STAT3 were detected in HK-2 cells treated with metformin by qRT-PCR. (f) The
protein expression levels of MBNL1, STAT3, and P21 were detected in HK-2 cells that were treated with metformin. The data are expressed
as the mean ± SD (n = 3/group). ∗p < 0:05, vs. the control group; ∗∗p < 0:01, vs. the control group; #p < 0:05, vs. the Met group; ##p < 0:01,
vs. the Met group.
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via the MBNL1/miR-130a-3p/STAT3 Pathway. In this study,
we observed the renal changes of mice in the db/m group
(control group) and db/db group and db/db mice that were
treated with the metformin (db/db+Met) group for 24 weeks.
Renal changes were detected at 8, 16, and 24 weeks. The fast-
ing blood glucose was significantly higher in the db/db group
than in the db/m group. The db/db+Met group showed lower
blood glucose than the db/db group (Figure 6(d)). At 8 weeks,
there were no statistical differences in Serum creatinine and
urine albumin-to-creatinine ratio (ACR) among three
groups. At 16 weeks and 24 weeks, serum creatinine and
urine ACR were significantly increased in the db/db group
than in the db/m group and significantly decreased in the
db/db+Met group than in the db/db group (Figures 6(e)
and 6(f)). At 8 weeks, there were no obvious pathological
changes in the three groups. At 16 weeks and 24 weeks,
compared with the db/m group, renal hematoxylin eosin
(HE) staining showed glomerular hypertrophy, Periodic Acid
Schiff (PAS) staining indicated increased glomerular mesan-
gial matrix, and Masson trichrome staining revealed aggra-
vated interstitial fibrosis of renal tubules in the db/db
group; the abovementioned pathological changes were allevi-
ated by metformin comparing db/db+Met group with the
db/db group (Figures 6(g)–6(i)).

At 8 weeks, there were no statistical differences in the
β-galactosidase-positive staining rate of renal tubular epithe-

lial cells among the three groups. At 16 weeks and 24 weeks,
the β-galactosidase-positive staining rate was significantly
increased in the db/db group than in the db/m group and sig-
nificantly decreased in the db/db+Met group than in the
db/db group (Figure 7(a)). At 8 weeks, there were no statisti-
cal differences in the expression of MBNL1, miR-130a-3p,
and STAT3 in the cells among the three groups. At 16 weeks
and 24 weeks, compared with the db/m group, the expression
of MBNL1 and miR-130a-3p were significantly decreased,
and STAT3 expression was markedly increased in the db/db
group; metformin could alleviate the abovementioned phe-
nomenon as compared to the db/db+Met group with the
db/db group(Figures 7(b)–7(d)).

4. Discussion

This study has demonstrated that metformin can reduce the
high-glucose-induced senescence of renal tubular epithelial
cells and thus suppress high-glucose-induced renal lesions.
In the process of senescence of renal tubular epithelial cells
caused by high glucose, leading to renal tubular lesions,
MBNL1 and miR-130a-3p were weakly expressed, and
STAT3 was highly expressed. As MBNL1 can specifically
bind to miR-130a-3p, thus increasing its stability, low
expression of MBNL1 leads to a decrease in the stability
of miR-130a-3p; furthermore, miR-130a-3p bound to the
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Figure 3: miR-130a-3p was downregulated in senescent HK-2 cells, and metformin reduced cell senescence in HK-2 cells by upregulating
miR-130a-3p. (a) qRT-PCR was used to detect expression levels of miR-130a-3p in HK-2 cells that were cultured in NG and HG for 72 h.
The data are expressed as the mean ± SD (n = 3/group). ∗∗p < 0:01, vs. NG group. (b) The RNA expression levels of miR-130a-3p and
STAT3 were detected in HK-2 cells after miR-130a-3p overexpression or knockdown. (c) The protein expression levels of STAT3 and
P21 were detected in HK-2 cells. The data are expressed as the mean ± SD (n = 5/group). ∗∗p < 0:01, vs. the miR-130a-3p(+)-NC
group; #p < 0:05, vs. the miR-130a-3p(-)-NC group; ##p < 0:01, vs. the miR-130a-3p(-)-NC group. (d) The RNA expression levels of
miR-130a-3p and STAT3 were detected in HK-2 cells after treatment with metformin. (e) The protein expression levels of STAT3 and
P21 were detected in HK-2 cells after treatment with metformin. The data are expressed as the mean ± SD (n = 3/group). ∗p < 0:05, vs. the
control group; ∗∗p < 0:01, vs. the control group; #p < 0:05, vs. the Met group; ##p < 0:01, vs. the Met group.
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3′UTR of STAT3 and negatively regulated its expression,
thus reducing the senescence of renal tubular epithelial
cells. Metformin enhanced the stability of miR-130a-3p
by upregulating MBNL1 expression, as well as upregulating
miR-130a-3p expression, thus strengthening the negative
regulation on STAT3, inhibiting STAT3 expression, and
reducing renal tubular lesions caused by the high-glucose-
induced senescence of renal tubular epithelial cells (Figure 8).

The relevant underlying mechanism of diabetic renal
lesions has been a long-standing concern of investigators.
Cell senescence has been recently shown to play a role
in diabetic renal lesions. High glucose can induce the
enhanced activity of β-galactosidase and increase the protein
expression of P21 in glomerular mesangial cells, thus pro-
moting cell senescence [31, 32]. Our study demonstrated
that high glucose can contribute to the enhanced activity of
β-galactosidase and the increased protein expression of P21
in renal tubular epithelial cells (promoting cell senescence),
while metformin can effectively inhibit these high-glucose-
induced effects, and therefore reduce senescence. Our results
are similar to other reports; for example, high glucose can
promote the senescence of retinal pigment epithelial cells
and mesenchymal stem cells [33, 34]. Metformin inhibits
the high-glucose-induced senescence of vascular endothelial
cells by upregulating SIRT1 expression and thus improving
vascular lesions [35]; metformin also suppresses the high-
glucose-induced senescence of fibroblasts by downregulating
NF-κB expression [36].

The role of RBPs in diabetes has attracted increasing
interest from investigators. Ybx1 was shown to be weakly
expressed in the kidneys of diabetic mice, suggesting a role
for this RBP in diabetes [37]. According to the study by
Guo et al., QKI5 was weakly expressed in the heart of diabetic
mice, and overexpression of QKI5 could prevent cardiac
ischemic injury in diabetes [38]. Our study revealed that
MBNL1 was weakly expressed in the high-glucose condition
and metformin can reduce the high-glucose-induced senes-
cence by upregulating MBNL1 expression.

We found that miR-130a-3p was also weakly expressed in
high-glucose condition. Metformin could reduce senescence
by upregulating miR-130a-3p. Previous studies have shown
that miR-130a-3p could alleviate high-glucose-induced
podocyte dysfunction in mice [39]. Another study suggested
that miR-130a-3p was weakly expressed in the livers of dia-
betic mice, and overexpression of miR-130a-3p could inhibit
hepatic fatty degeneration of diabetic mice [40]. The above-
mentioned reports have revealed that low miR-130a-3p
expression is associated with multiple organ lesions in diabe-
tes. Metformin can play a role in preventing the senescence by
upregulating miR-130a-3p and thus inhibit high-glucose-
induced renal tubular lesions.

Studies have shown that RBPs can interact with miRNAs
to play several biological functions. RBPs function by binding
to miRNAs to alter their stability; for example, ILF3 binds to
miR-144 to increase its stability [41]. Moreover, FXR1 regu-
lates the biological behavior of glioma cells by increasing
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Figure 4: MBNL1 bound with miR-130a-3p, and metformin reduced cell senescence in HK-2 cells by upregulating MBNL1/miR-130a-3p
signaling. (a) miR-130a-3p was identified in the MBNL1 complex. miR-130a-3p enrichment was measured using qRT-PCR. The data are
expressed as the mean ± SD (n = 3/group). ∗p < 0:05, vs. the anti-IgG group; ∗∗p < 0:01, vs. the anti-IgG group; ##p < 0:01, vs. the NG
group. (b) The levels of MBNL1 and GAPDH proteins that immunoprecipitated with miR-130a-3p were evaluated by Western blot. The
expression levels of MBNL1 and GAPDH proteins are shown. (c) The Cell-Light EU Apollo567 RNA Stain Kit was used to label and
capture newly synthesized RNA. (d) Relative levels of miR-130a-3p at different actinomycin D treatment times in the control group,
MBNL1(+)-NC group, and MBNL1(+) group. (e) The expression levels of STAT3 and P21 were detected to determine the effect of
MBNL1 and miR-130a-3p on senescence in HK-2 cells. The data are expressed as the mean ± SD (n = 3/group). ∗p < 0:05, vs. the control
group; ∗∗p < 0:01, vs. the control group; #p < 0:05, vs. the MBNL1(+) group; ##p < 0:01, vs. the MBNL1(+) group; &p < 0:05, vs. the
MBNL1(-) group; &&p < 0:01, vs. the MBNL1(-) group; ∧p < 0:05, vs. the miR-130a-3p(+) group; ∧∧p < 0:01, vs. the miR-130a-3p(+) group;
%p < 0:05, vs. the miR-130a-3p(-) group. (f) STAT3 and P21 protein expression levels were detected in HK-2 cells after treatment
with metformin. The data are expressed as the mean ± SD (n = 3/group). ∗∗p < 0:01, vs. the control group; #p < 0:05, vs. the Met group;
##p < 0:01, vs. the Met group.
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thestability ofMIR17HG [42]. In this study, RBPDB software,
RIP and pull-down assays showed that MBNL1 could bind to
miR-130a-3p and overexpressed MBNL1 did not change the
nascent RNA levels but prolonged the half-life of miR-130a-
3p, indicating that overexpressed MBNL1 could increase the
stability of miR-130a-3p. This study also showed that silenc-
ing miR-130a could overcome the effects of MBNL1, while

upregulating miR-130a could further promote the effects of
MBNL1. These findings fully support the notion that MBNL1
specifically binds tomiR-130a-3p to increase its stability. Fur-
thermore, this study indicate thatmetformin increases the sta-
bility of miR-130a-3p by upregulating MBNL1, which in turn
upregulates miR-130a-3p expression, thus playing an inhibi-
tory role under high glucose condition.
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Figure 5: Metformin reduced cell senescence in HK-2 cells through miR-130a-3p/STAT3 signaling. (a) qRT-PCR was used to detect
expression levels of STAT3 in HK-2 cells that were cultured in NG and HG for 72 h. (b) STAT3 protein expression levels in HK-2 cells
that were cultured in NG and HG for 72 h. The data are expressed as the mean ± SD (n = 5/group). ∗p < 0:05, vs. the NG group; ∗∗p < 0:01,
vs. the NG group. (c) The mRNA expression of STAT3 was detected in HK-2 cells. (d) The protein expressions of STAT3 and P21 were
detected to determine the effect of STAT3 on senescence in HK-2 cells. The data are expressed as the mean ± SD (n = 3/group). ∗p < 0:05,
vs. the STAT3(+)-NC group; ∗∗p < 0:01, vs. the STAT3(+)-NC group; ##p < 0:01, vs. the STAT3(-)-NC group. (e) The expressions of
STAT3 and P21 were detected in HK-2 cells after treatment with metformin. The data are expressed as the mean ± SD (n = 3/group).
∗∗p < 0:01, vs. the control group; #p < 0:05, vs. the Met group; ##p < 0:01, vs. Met the group. (f) Predicted miR-130a-3p binding site in
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group; &p < 0:05, vs. the miR-130a-3p(+)+STAT3(+) group.
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miRNAs can bind to the mRNA 3′UTR of target genes
and negatively regulate their expression. For example, miR-
298 binds to the STAT3 mRNA 3′UTR to regulate the
growth of liver cancer cells [43]. Some studies have suggested

that high glucose can increase STAT3 expression in human
renal tubular epithelial cells and human peritoneal mesothelial
cells [44, 45], and metformin has been shown to inhibit the
development of pancreatic cancer and esophageal squamous
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Figure 6: Metformin improved the renal function and pathological changes in db/db mice. (a) Western blot was used to determine the
expressions of P-AMPK and AMPK in HK-2 cells that were treated with HG and HG+Met for 72 h. The data are expressed as the mean ±
SD (n = 3/group). ∗p < 0:05, vs. the HG group; ∗∗p < 0:01, vs. the HG group. (b, c) The expressions of MBNL1 and miR-130a-3p were
detected in HK-2 cells that were cultured in HG, HG+A-769662, and HG+Dorsomorphin for 72 h. (d) Fasting blood glucose was recorded
every week beginning at 8 weeks of age. The data are expressed as the mean ± SD (n = 5/group). ∗∗p < 0:01, vs. the db/m group at 8
weeks; ##p < 0:01, vs. the db/db group at 8 weeks; &&p < 0:01, vs. the db/m group at 16 weeks; %%p < 0:01, vs. the db/db group at 16 weeks;
∧∧p < 0:01, vs. the db/m group at 24 weeks; ++p < 0:01, vs. the db/db group at 24 weeks. (e) Serum creatinine and (f) urine ACR were
detected at different weeks. The data are expressed as the mean ± SD (n = 5/group). ∗∗p < 0:01, vs. the db/m group at 16 weeks; #p < 0:05,
vs. the db/db group at 16 weeks; &&p < 0:01, vs. the db/m group at 24 weeks; %%p < 0:01, vs. the db/db group at 24 weeks. (g) HE staining,
(h) PAS staining, and (i) Masson trichrome staining were performed in renal cortex sections from the db/m group, db/db group, and
db/db+Met group at different weeks. Scale bars = 50 μm.
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cell carcinoma by downregulating STAT3 expression [46]. In
our study, on the basis of predicting a potential binding site
of miR-130a-3p and STAT3 3′UTR with targetScan and
miRanda software, the targeted binding between miR-130a-
3p and STAT3 mRNA 3′UTR was validated by the dual-
luciferase reporter gene assay. Moreover, STAT3 was highly
expressed in the high-glucose condition. At the same time,
miR-130a-3p could decrease STAT3 expression and inhibit
senescence. Furthermore, STAT3 could reverse the effects of
miR-130a-3p. At last, metformin increased miR-130a-3p
expression but decreased STAT3 expression in renal tubular
epithelial cells. Our results indicated that metformin could
reduce senescence by upregulating miR-130a-3p and down-
regulating STAT3.

Several studies have shown that db/db mice are a classic
animal model for studying diabetic nephropathy [47, 48].
Here, we dynamically observed the changes in the db/m,

db/db, and db/db+Met groups at 8, 16, and 24 weeks. At 8
weeks, blood glucose was significantly increased, but there
were no obvious pathological changes; the β-galactosidase
positive staining rate and the expression of MBNL1, miR-
130a-3p, and STAT3 were unchanged in the db/db and
db/db+Met groups, compared with the db/m group. An
increase in blood glucose in db/db mice at 8 weeks was also
reported by Liu et al. [49]. At 16 and 24 weeks, compared
with the db/m group, levels of blood glucose, serum creati-
nine, urine ACR, and the β-galactosidase positive staining
rate were gradually increased, and renal pathological changes
were progressively aggravated in the db/db group, showing a
consistent trend between the senescence of renal tubular epi-
thelial cells and the pathological changes. Meanwhile, there
was a decrease in the expression of MBNL1 and miR-130a-
3p, but a gradual increase in STAT3 expression in renal tubu-
lar epithelial cells of the db/db group. Meanwhile,
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Figure 7: Metformin reduced the senescence of renal tubular epithelial cells in db/db mice through MBNL1/miR-130a-3p/STAT3 signaling.
(a) SA-β-gal staining, (b) MBNL1 immunostaining, (c) in situ hybridization for miR-130a-3p, and (d) STAT3 immunostaining were
performed in renal cortex sections from the db/m group, db/db group, and db/db +Met group at different weeks. The data are expressed
as the mean ± SD (n = 5/group). ∗∗p < 0:01, vs. the db/m group at 16 weeks; #p < 0:05, vs. the db/db group at 16 weeks; ##p < 0:01, vs. the
db/db group at 16 weeks; &&p < 0:01, vs. the db/m group at 24 weeks; %p < 0:05, vs. the db/db group at 24 weeks; %%p < 0:01, vs. the db/db
group at 24 weeks. Scale bars = 50 μm.
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whenmetformin was administered, those changes were alle-
viated as compared with the db/db group. Our results suggest
that the metformin/MBNL1/miR-130a-3p/STAT3 pathway
is involved in regulating the senescence and pathological
changes in renal tubular epithelial cells in diabetes. Similar
to our study results, one study reported that metformin can
alleviate renal fibrosis in diabetic nephropathy mice by
changing miR-192 expression [50]. Our study results indicate
that MBNL1, miR-130a-3p, and STAT3 may become new
targets for treating diabetic renal tubular lesions.

In conclusion, through investigations on renal tubular
epithelial cells and db/db mice, this study has demonstrated
an important regulatory role of the metformin/MBNL1/-
miR-130a-3p/STAT3 pathway in the process of high-
glucose-induced senescence of renal tubular epithelial cells.
Our results add a new theoretical and experimental basis
for the pathogenesis of diabetic nephropathy and provide
new ideas for therapy of this disease.

Abbreviations

ESRD: End-stage renal disease
RBPs: RNA-binding proteins
STAT3: Signal transmission and transcription activa-

tion factor 3
NG: Normal glucose
HG: High glucose
MA: Mannitol
DMEM/F-12: Dulbecco’s Modified Eagle Medium/Nutrient

Mixture F-12
sh: Short hairpin
NC: Negative control
PVDF: Polyvinylidene difluoride
SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis
EU: Ethynyl uridine

Met: Metformin
RIP: RNA-binding protein immunoprecipitation
ACR: Albumin-to-creatinine ratio.

Data Availability

The data used to support the findings of this study are
available from the corresponding authors upon request.

Additional Points

Summary Statement. Metformin reduces senescence via
MBNL1/miR-130a-3p/STAT3 pathway in DN.

Conflicts of Interest

All authors have read and approved the final manuscript.
And there is no conflict of interest. All authors declare of
no financial interest. Our manuscript has not been published
previously.

Authors’ Contributions

Professor Lining Wang and professor Yixue Xue designed
this research; Xue Jiang, and Xuelei Ruan performed
research; Shuang Yang and Mai Shi analyzed data; Xue Jiang
wrote the manuscript.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (No. 81370870).

Supplementary Materials

“Western blot”. Uncropped, unedited blot from all figures.
(Supplementary Materials)

References

[1] J. E. Shaw, R. A. Sicree, and P. Z. Zimmet, “Global estimates of
the prevalence of diabetes for 2010 and 2030,” Diabetes
Research and Clinical Practice, vol. 87, no. 1, pp. 4–14, 2010.

[2] S. Ravindran, V. Kuruvilla, K. Wilbur, and S. Munusamy,
“Nephroprotective effects of metformin in diabetic nephropa-
thy,” Journal of Cellular Physiology, vol. 232, no. 4, pp. 731–
742, 2017.

[3] B. Najafian and M. Mauer, “Progression of diabetic nephropa-
thy in type 1 diabetic patients,” Diabetes Research and Clinical
Practice, vol. 83, no. 1, pp. 1–8, 2009.

[4] M. Dalla Vestra, A. Saller, E. Bortoloso, M. Mauer, and
P. Fioretto, “Structural involvement in type 1 and type 2 diabetic
nephropathy,” Diabetes & Metabolism, vol. 26, Supplement 4,
pp. 8–14, 2000.

[5] D. Verzola, M. T. Gandolfo, G. Gaetani et al., “Accelerated
senescence in the kidneys of patients with type 2 diabetic
nephropathy,” American Journal of Physiology-Renal Physiol-
ogy, vol. 295, no. 5, pp. F1563–F1573, 2008.

[6] I. Sturmlechner, M. Durik, C. J. Sieben, D. J. Baker, and J. M.
van Deursen, “Cellular senescence in renal ageing and

High glucose Metformin

Senescence

Figure 8: The schematic summary of the regulatory mechanisms.
Metformin reduces the senescence of renal tubular epithelial cells
in diabetic nephropathy via the MBNL1/miR-130a-3p/STAT3
pathway.

20 Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2020/8708236.f1.pdf


disease,” Nature Reviews Nephrology, vol. 13, no. 2, pp. 77–89,
2017.

[7] T. Yokoi, K. Fukuo, O. Yasuda et al., “Apoptosis signal-
regulating kinase 1 mediates cellular senescence induced by
high glucose in endothelial cells,” Diabetes, vol. 55, no. 6,
pp. 1660–1665, 2006.

[8] J. Liu, J. R. Yang, X. M. Chen, G. Y. Cai, L. R. Lin, and Y. N. He,
“Impact of ER stress-regulated ATF4/p16 signaling on the pre-
mature senescence of renal tubular epithelial cells in diabetic
nephropathy,” American Journal of Physiology-Cell Physiology,
vol. 308, no. 8, pp. C621–C630, 2015.

[9] C. J. Bailey, “Biguanides and NIDDM,” Diabetes Care, vol. 15,
no. 6, pp. 755–772, 1992.

[10] V. J. Barbero-Becerra, J. J. Santiago-Hernandez, F. A. Villegas-
Lopez, N. Mendez-Sanchez, M. Uribe, and N. C. Chavez-
Tapia, “Mechanisms involved in the protective effects of
metformin against nonalcoholic fatty liver disease,” Current
Medicinal Chemistry, vol. 19, no. 18, pp. 2918–2923, 2012.

[11] B. Viollet, B. Guigas, N. Sanz Garcia, J. Leclerc, M. Foretz, and
F. Andreelli, “Cellular and molecular mechanisms of
metformin: an overview,” Clinical Science, vol. 122, no. 6,
pp. 253–270, 2012.

[12] H. Nasri, A. Baradaran, M. R. Ardalan, S. Mardani,
A. Momeni, and M. Rafieian-Kopaei, “Bright renoprotective
properties of metformin: beyond blood glucose regulatory
effects,” Iranian Journal of Kidney Diseases, vol. 7, no. 6,
pp. 423–428, 2013.

[13] T. Glisovic, J. L. Bachorik, J. Yong, and G. Dreyfuss, “RNA-
binding proteins and post-transcriptional gene regulation,”
FEBS Letters, vol. 582, no. 14, pp. 1977–1986, 2008.

[14] C. S. Lo, Y. Shi, I. Chenier et al., “Heterogeneous nuclear ribo-
nucleoprotein F stimulates sirtuin-1 gene expression and
attenuates nephropathy progression in diabetic mice,” Diabe-
tes, vol. 66, no. 7, pp. 1964–1978, 2017.

[15] H. Wang, L. Han, G. Zhao et al., “hnRNP A1 antagonizes
cellular senescence and senescence-associated secretory
phenotype via regulation of SIRT1 mRNA stability,” Aging
Cell, vol. 15, no. 6, pp. 1063–1073, 2016.

[16] D. P. Gates, L. A. Coonrod, and J. A. Berglund, “Autoregulated
splicing of muscleblind-like 1 (MBNL1) pre-mRNA,” The
Journal of Biological Chemistry, vol. 286, no. 39, pp. 34224–
34233, 2011.

[17] P. Konieczny, E. Stepniak-Konieczna, and K. Sobczak, “MBNL
expression in autoregulatory feedback loops,” RNA Biology,
vol. 15, no. 1, pp. 1–8, 2018.

[18] L. Fish, N. Pencheva, H. Goodarzi, H. Tran, M. Yoshida, and
S. F. Tavazoie, “Muscleblind-like 1 suppresses breast cancer
metastatic colonization and stabilizes metastasis suppressor
transcripts,” Genes & Development, vol. 30, no. 4, pp. 386–
398, 2016.

[19] K. Y. Lee, M. Li, M. Manchanda et al., “Compound loss
of muscleblind-like function in myotonic dystrophy,”
EMBO Molecular Medicine, vol. 5, no. 12, pp. 1887–1900,
2013.

[20] L. He and G. J. Hannon, “MicroRNAs: small RNAs with a big
role in gene regulation,” Nature Reviews Genetics, vol. 5, no. 7,
pp. 522–531, 2004.

[21] L. J. Chen, R. Xu, H. M. Yu, Q. Chang, and J. C. Zhong, “The
ACE2/apelin signaling, microRNAs, and hypertension,” Inter-
national Journal of Hypertension, vol. 2015, Article ID 896861,
6 pages, 2015.

[22] J. Ho, K. H. Ng, S. Rosen, A. Dostal, R. I. Gregory, and J. A.
Kreidberg, “Podocyte-specific loss of functional microRNAs
leads to rapid glomerular and tubular injury,” Journal of
the American Society of Nephrology, vol. 19, no. 11,
pp. 2069–2075, 2008.

[23] Y. Liu, H. Li, J. Liu et al., “Variations in microRNA-25 expres-
sion influence the severity of diabetic kidney disease,” Journal
of the American Society of Nephrology, vol. 28, no. 12,
pp. 3627–3638, 2017.

[24] J. Wu, J. Liu, Y. Ding et al., “MiR-455-3p suppresses renal
fibrosis through repression of ROCK2 expression in diabetic
nephropathy,” Biochemical and Biophysical Research Commu-
nications, vol. 503, no. 2, pp. 977–983, 2018.

[25] J. H. Kim, B. R. Lee, E. S. Choi et al., “Reverse expression of
aging-associated molecules through transfection of miRNAs
to aged mice,” Molecular Therapy - Nucleic Acids, vol. 6,
pp. 106–115, 2017.

[26] D. E. Levy and J. E. Darnell Jr., “Stats: transcriptional control
and biological impact,” Nature Reviews Molecular Cell Biology,
vol. 3, no. 9, pp. 651–662, 2002.

[27] M. B. Marrero, A. K. Banes-Berceli, D. M. Stern, and D. C.
Eaton, “Role of the JAK/STAT signaling pathway in diabetic
nephropathy,” American Journal of Physiology-Renal Physiol-
ogy, vol. 290, no. 4, pp. F762–F768, 2006.

[28] E. Said, S. A. Zaitone, M. Eldosoky, and N. M. Elsherbiny,
“Nifuroxazide, a STAT3 inhibitor, mitigates inflammatory
burden and protects against diabetes-induced nephropathy
in rats,” Chemico-Biological Interactions, vol. 281, pp. 111–
120, 2018.

[29] D. W. Waters, K. E. C. Blokland, P. S. Pathinayake et al.,
“STAT3 regulates the onset of oxidant-induced senescence in
lung fibroblasts,” American Journal of Respiratory Cell and
Molecular Biology, vol. 61, no. 1, pp. 61–73, 2019.

[30] J. Chen, T. Xu, D. Zhu et al., “Egg antigen p40 of Schistosoma
japonicum promotes senescence in activated hepatic stellate
cells by activation of the STAT3/p53/p21 pathway,” Cell Death
& Disease, vol. 7, no. 7, article e2315, 2016.

[31] M. del Nogal, N. Troyano, L. Calleros et al., “Hyperosmolarity
induced by high glucose promotes senescence in human
glomerular mesangial cells,” The International Journal of
Biochemistry & Cell Biology, vol. 54, pp. 98–110, 2014.

[32] Y. Ito, M. Hoare, and M. Narita, “Spatial and temporal control
of senescence,” Trends in Cell Biology, vol. 27, no. 11, pp. 820–
832, 2017.

[33] Q. Chen, L. Tang, G. Xin et al., “Oxidative stress mediated by
lipid metabolism contributes to high glucose-induced senes-
cence in retinal pigment epithelium,” Free Radical Biology &
Medicine, vol. 130, pp. 48–58, 2019.

[34] J. Xu, Z. Huang, L. Lin et al., “miRNA-130b is required for the
ERK/FOXM1 pathway activation-mediated protective effects
of isosorbide dinitrate against mesenchymal stem cell senes-
cence induced by high glucose,” International Journal of
Molecular Medicine, vol. 35, no. 1, pp. 59–71, 2015.

[35] G. Arunachalam, S. M. Samuel, I. Marei, H. Ding, and C. R.
Triggle, “Metformin modulates hyperglycaemia-induced
endothelial senescence and apoptosis through SIRT1,” British
Journal of Pharmacology, vol. 171, no. 2, pp. 523–535, 2014.

[36] T. Soydas, E. Yaprak Sarac, S. Cinar et al., “The protective
effects of metformin in an in vitro model of aging 3T3 fibro-
blast under the high glucose conditions,” Journal of Physiology
and Biochemistry, vol. 74, no. 2, pp. 273–281, 2018.

21Oxidative Medicine and Cellular Longevity



[37] M. Kato, L. Wang, S. Putta et al., “Post-transcriptional up-
regulation of Tsc-22 by Ybx1, a target of miR-216a, mediates
TGF-β-induced collagen expression in kidney cells,” The Jour-
nal of Biological Chemistry, vol. 285, no. 44, pp. 34004–34015,
2010.

[38] W. Guo, T. Jiang, C. Lian, H. Wang, Q. Zheng, and H. Ma,
“QKI deficiency promotes FoxO1 mediated nitrosative stress
and endoplasmic reticulum stress contributing to increased
vulnerability to ischemic injury in diabetic heart,” Journal of
Molecular and Cellular Cardiology, vol. 75, pp. 131–140, 2014.

[39] Y. Jiang, W. Wang, Z. Y. Liu, Y. Xie, Y. Qian, and X. N. Cai,
“Overexpression of miR-130a-3p/301a-3p attenuates high
glucose-induced MPC5 podocyte dysfunction through sup-
pression of TNF-α signaling,” Experimental and Therapeutic
Medicine, vol. 15, no. 1, pp. 1021–1028, 2018.

[40] F. Xiao, J. Yu, B. Liu et al., “A novel function of microRNA
130a-3p in hepatic insulin sensitivity and liver steatosis,” Dia-
betes, vol. 63, no. 8, pp. 2631–2642, 2014.

[41] J. K. Nussbacher and G.W. Yeo, “Systematic discovery of RNA
binding proteins that regulate microRNA levels,” Molecular
Cell, vol. 69, no. 6, pp. 1005–1016.e7, 2018.

[42] S. Cao, J. Zheng, X. Liu et al., “FXR1 promotes the malignant
biological behavior of glioma cells via stabilizing MIR17HG,”
Journal of Experimental & Clinical Cancer Research, vol. 38,
no. 1, p. 37, 2019.

[43] Y. Mo, L. He, Z. Lai et al., “LINC01287/miR-298/STAT3 feed-
back loop regulates growth and the epithelial-to-mesenchymal
transition phenotype in hepatocellular carcinoma cells,” Jour-
nal of Experimental & Clinical Cancer Research, vol. 37,
no. 1, p. 149, 2018.

[44] S. C. Kuo, Y. Li, K. C. Cheng, C. S. Niu, J. T. Cheng, and H. S.
Niu, “Increase in renal erythropoietin receptors in diabetic rats
is mainly mediated by hyperglycemia associated with the
STAT3/GATA-1 signaling pathway,” Biomedicine & Pharma-
cotherapy, vol. 96, pp. 1094–1102, 2017.

[45] P. Zhang, H. Dai, and L. Peng, “Involvement of STAT3 signal-
ing in high glucose-induced epithelial mesenchymal transition
in human peritoneal mesothelial cell line HMrSV5,” Kidney &
Blood Pressure Research, vol. 44, no. 2, pp. 179–187, 2019.

[46] X. L. Tan, K. K. Bhattacharyya, S. K. Dutta et al., “Metformin
suppresses pancreatic tumor growth with inhibition of
NFκB/STAT3 inflammatory signaling,” Pancreas, vol. 44,
no. 4, pp. 636–647, 2015.

[47] M. He, J. Wang, Z. Yin et al., “MiR-320a induces diabetic
nephropathy via inhibiting MafB,” Aging, vol. 11, no. 10,
pp. 3055–3079, 2019.

[48] S. D. Hwang, J. H. Song, Y. Kim et al., “Inhibition of lymphatic
proliferation by the selective VEGFR-3 inhibitor SAR131675
ameliorates diabetic nephropathy in db/db mice,” Cell Death
& Disease, vol. 10, no. 3, p. 219, 2019.

[49] Y. Liu, J. Wang, X. Zhang et al., “Scutellarin exerts hypoglyce-
mic and renal protective effects in db/db mice via the
Nrf2/HO-1 signaling pathway,”Oxidative Medicine and Cellu-
lar Longevity, vol. 2019, Article ID 1354345, 12 pages, 2019.

[50] S. Yu, H. Zhao, W. Yang et al., “The alcohol extract of
Coreopsis tinctoria Nutt ameliorates diabetes and diabetic
nephropathy in db/db mice through miR-192/miR-200b and
PTEN/AKT and ZEB2/ECM pathways,” BioMed Research
International, vol. 2019, Article ID 5280514, 12 pages, 2019.

22 Oxidative Medicine and Cellular Longevity


	Metformin Reduces the Senescence of Renal Tubular Epithelial Cells in Diabetic Nephropathy via the MBNL1/miR-130a-3p/STAT3 Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Cell Culture
	2.2. Cell Transfection
	2.3. Mouse Model of Diabetic Nephropathy
	2.4. Groups
	2.5. qRT-PCR
	2.6. Western Blot
	2.7. SA-β-gal Staining
	2.8. Nascent RNA Capture
	2.9. RNA Half-Life Assay
	2.10. Reporter Vector Constructs and Luciferase Reporter Assay
	2.11. RNA Immunoprecipitation Assay
	2.12. RNA Pull-Down Assay
	2.13. Immunohistochemistry
	2.14. In Situ Hybridization
	2.15. Statistical Analysis

	3. Results
	3.1. Metformin Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells
	3.2. Metformin Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells by Upregulating MBNL1
	3.3. Metformin Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells by Upregulating miR-130a-3p
	3.4. Metformin Increased the Stability of miR-130a-3p by Upregulating MBNL1 and Thus Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells
	3.5. Metformin Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells by Downregulating STAT3
	3.6. STAT3 Is a Target Gene of miR-130a-3p. Metformin Enhanced the Negative Regulation of STAT3 by Upregulating miR-130a-3p and Thus Reduced the High-Glucose-Induced Senescence of Renal Tubular Epithelial Cells
	3.7. Metformin Reduced the Senescence of Renal Tubular Epithelial Cells in db/db Mice with Diabetic Nephropathy via the MBNL1/miR-130a-3p/STAT3 Pathway

	4. Discussion
	Abbreviations
	Data Availability
	Additional Points
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

