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Abstract. Diabetic nephropathy  (DN) is one of the most 
severe complications that can occur in patients with diabetes, 
and without effective and timely therapeutic intervention, 
can gradually progress to renal failure. Previous studies have 
focused on investigating the pathogenesis of DN; however, 
the role of dual‑specificity phosphatase 6 (DUSP6) in DN 
is not completely understood. Therefore, the present study 
aimed to investigate the role of dual‑specificity phosphatase 
6 (DUSP6) in DN. DN model mice were established and the 
expression levels of DUSP6 in the kidney tissues and high 
glucose (HG)‑induced murine podocytes (MPC5 cells) were 
determined using immunohistochemistry, reverse transcrip-
tion‑quantitative PCR and western blotting. In addition, the 
levels of reactive oxygen species  (ROS) and inflammatory 
cytokines in MPC5 cells were analyzed using commercial 
assay kits or ELISA kits, respectively, and flow cytometric 
analysis was performed to analyze the rate of cell apoptosis. 
The present study indicated that DUSP6 expression levels 
were significantly decreased in DN model mice compared 
with control mice, and in HG‑induced MPC5 cells compared 
with normal glucose‑induced MPC5 cells. DUSP6 overex-
pression enhanced MPC5 cell viability and increased protein 
expression levels of cell markers, such as synaptopodin and 
nephrin, compared with the negative control group. DUSP6 
overexpression also reduced the levels of ROS and inflamma-
tory cytokines, including interleukin (IL)‑1β, IL‑6 and tumor 
necrosis factor‑α secreted by MPC5 cells under HG condi-
tions. Moreover, compared with the HG group, cell apoptosis 
was inhibited by DUSP6 overexpression under HG conditions, 
which was further indicated by decreased expression levels of 

cleaved caspase‑3 and Bax. Thus, these findings indicated that 
DUSP6 mediated the protection against HG‑induced inflam-
matory response.

Introduction

Following improvements to living standards, the worldwide 
incidence of diabetes has increased annually, with ~1/3 of all 
patients with diabetes developing diabetic nephropathy (DN), 
a common microvascular complication of the disease  (1). 
Previous evidence has suggested that function and structure 
podocyte injuries arise in the early stages of DN  (2). For 
example, high glucose  (HG) induces podocyte apoptosis, 
reduces the number of podocytes and damages the normal cell 
morphology (3), leading to glomerulosclerosis and ultimately, 
the development of severe proteinuria (4,5). Both oxidative 
stress and the inflammatory response are closely associated 
with podocyte injury. Increased levels of reactive oxygen 
species (ROS) are produced in a HG environment, resulting 
in oxidative stress and damage to podocytes (6). Inflammatory 
cytokines, such as interleukin (IL)‑1β, IL‑6, tumor necrosis 
factor‑α (TNF‑α), are also secreted following HG stimulation, 
further exacerbating podocyte injury (7,8). Podocyte injury is 
associated with the majority of pathological alterations that 
occur in glomerular diseases, serving as a critical factor for 
the progression of chronic kidney disease and an important 
target for clinical treatment (9).

Dual‑specificity phosphatases  (DUSPs) belong to a 
large family, which contains 25 phosphatases  (10) that all 
contain a common phosphatase domain  (11). DUSPs have 
been reported to mediate cell proliferation, migration and 
apoptosis (12‑14). Accumulating evidence has demonstrated 
that DUSP6 serves a role in multiple types of cancer, such 
as glioblastoma, breast cancer and pancreatic cancer, where 
it displays either an oncogenic or tumor‑suppressive func-
tion (15‑18), which ultimately affects and determines the fate 
of a specific cancer (19). Another previous study suggested 
that DUSP6 inhibition enhanced T cell‑modulated immunity 
in end‑stage renal disease (20). In addition, it was also discov-
ered that DUSP6 regulated the colon inflammatory response 
and protected the intestinal epithelium from oncogenic stress 
by promoting ERK1/2 activation  (21). Similarly, DUSP6 
overexpression restores β‑amyloid‑induced oxidative stress, 
endoplasmic reticulum stress and mitochondrial dysfunction 
via ERK1/2 activation in neural stem cells (22). However, the 
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role of DUSP6 in DN and whether DUSP6 exerts a protective 
effect against podocyte injury are not completely understood. 
Therefore, the present study aimed to investigate the function 
of DUSP6 in HG‑induced podocytes and to determine the 
underlying molecular mechanisms.

Materials and methods

Animals. A total of 26 C 57BL/6J mice (male; weight, 
20±2  g; age, 6  weeks) were purchased from the Animal 
Experimental Center of Jilin University. All experiments were 
approved by the Biological and Medical Ethics Committee 
of Jamusi University (approval no. SYXK 2016‑014). Mice 
were maintained in standardized conditions at 22±2˚C with 
55±5% relative humidity and 12‑h light/dark cycles, with free 
access to food and water.

Following a week of acclimatization, mice were randomly 
divided into two groups: i) Control (n=8) and ii) diabetic 
(n=18). The diabetic group (age, 7 weeks) were placed on a 
60% high‑fat diet for 4 weeks. Mice were intraperitoneally 
injected with 120 mg/kg streptozocin (STZ; Sigma‑Aldrich; 
Merck KGaA) in pH 4.2 citrate buffer at 11 weeks old and 
mice received a second dose 5  days later, as previously 
reported (23). The control group were placed on a 10% low 
fat diet for 4 weeks, and received an intraperitoneal injec-
tion of citrate buffer without streptozocin at 11  weeks 
old and a second injection 5 days later. Animal behaviors 
(activity, appetite and mental status) were monitored every 
2 days. At 72 h after the second injection, 0.1 ml blood was 
collected through the tail vein. Subsequently, non‑fasting 
blood glucose levels were assessed using an Accu‑Check 
Compact® glucometer (Roche Diagnostics). Mice with 
non‑fasting blood glucose levels ≥16.7 mmol/l (300 mg/dl) 
were considered as diabetic model mice. The duration of 
the experiment was 6 weeks, including a week of adaptive 
feeding. Mice were placed in individual metabolic cages for 
24‑h urine collection prior to sacrifice. Mice were sacrificed 
by cervical dislocation at the end of the experiment, and 
death was verified by monitoring cessation of the heartbeat 
and responses to external stimuli. Subsequently, the kidneys 
were extracted.

Determination of urinary microalbumin/creatinine 
ratio (UACR). The urine microalbumin ELISA kit (cat. 
no. ml063626) and creatinine ELISA kit (cat. no. ml037582) 
were purchased from Shanghai Enzyme‑linked Biotechnology 
Co., Ltd.; both urine microalbumin and creatinine levels were 
determined according to the manufacturers' protocols. The 
UACR was calculated to evaluate renal function. 

Hematoxylin and eosin staining. Kidney tissue was fixed with 
4% paraformaldehyde for 36 h at 4˚C, embedded in paraffin 
and cut into 4‑µm thick paraffin sections. The sections were 
subsequently deparaffinized twice using xylene for 10 min 
each at room temperature and rehydrated using a descending 
ethanol series. Subsequently, sections were stained with 
hematoxylin (nuclei) for 5 min at room temperature and eosin 
(cytoplasm) for 3 min at room temperature. The sections were 
dehydrated using an ascending alcohol series, sealed with 
neutral balsam (Beijing Solarbio Science & Technology Co., 

Ltd.; cat. no. G8590) and observed using a light microscope 
(Olympus Corporation; magnification, x200).

Masson staining. Kidney tissue samples were fixed with 
4% paraformaldehyde for 36 h at 4˚C, paraffin‑embedded, cut 
into 4‑µm thick sections, deparaffinized twice using xylene 
for 10 min each at room temperature and rehydrated using a 
descending series of ethanol. Subsequently, nuclear staining 
was performed using Regaud hematoxylin dye for 10 min at 
room temperature. Following washing with distilled water, 
the sections were stained with Ponceau S staining solution for 
2 min at room temperature. The sections were soaked with 
0.2% glacial acetic acid aqueous solution for 1 min, 1% phos-
phomolybdate for 5 min and 0.2% glacial acetic acid for 2 min 
(all at room temperature). Following washing with distilled 
water, methyl green staining was conducted for 3 min at room 
temperature. The sections were then treated with 95% ethanol 
for 10 sec to dehydrate, then 100% ethanol was used in trip-
licate to dehydrate the sections for 10 sec each time. After 
sealing with neutral balsam, sections were observed using a 
light microscope (Olympus Corporation; magnification, x200).

Immunohistochemistry. Kidney tissue was fixed in 4% para-
formaldehyde for 36 h at 4˚C, paraffin‑embedded, cut into 
4‑µm thick sections and deparaffinized twice using xylene for 
10 min at room temperature. The sections were then rehydrated 
with a descending series of ethanol. Antigen retrieval was 
performed by heating the sections in boiling 0.01 M sodium 
citrate buffer solution (pH 6.0) for 10 min. After washing 
with PBS, slides were blocked with 10% goat serum (Gibco; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature. 
Subsequently, slides were incubated overnight at 4˚C with an 
anti‑DUSP6 (Abcam; cat. no. ab76310; 1:50) primary antibody. 
Following washing with PBS, slides were incubated with a 
goat anti‑rabbit IgG horseradish peroxidase (HRP)‑conjugated 
secondary antibody (BIOSS; cat. no. bs‑0295G‑HRP; 1:3,000) 
for 1 h at 37˚C. Stained sections were observed under a light 
microscope (Olympus Corporation; magnification, x200).

Cell culture and transfection. Conditionally immortalized 
MPC5 cells (Beijing Beina Chuanglian Biotechnology 
Research Institute; cat. no. BNCC337685) were cultured in 
RPMI‑1640 medium (Hyclone; Cytiva) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 50 IU/ml 
IFN‑γ (PeproTech, Inc.) at 33˚C in collagen I‑coated dishes 
(BD Biosciences). To induce differentiation, MPC5 cells were 
cultured for 14 days at 37˚C without IFN‑γ and used for subse-
quent experiments. To induce cell injury, 2x105 MPC5 cells/well 
were seeded into a six‑well plate and incubated with different 
concentrations of D‑glucose (5, 10, 15, 20, 25 or 30 mM; 
Sigma‑Aldrich; Merck KGaA) for 24 h at 37˚C. For the control 
group, 30  mM D‑mannitol (MA; Sigma‑Aldrich; Merck 
KGaA) was added into the culture medium at 37˚C for 24 h to 
adjust the osmotic pressure to be consistent with the 30 mM 
D‑glucose group (24). DUSP6 overexpression (OE) plasmids 
(OE‑DUSP6) and empty vector (negative control; NC) plasmids 
(OE‑NC) were purchased from Shanghai Qincheng Biological 
Technology Co., Ltd. MPC5 cells were seeded into a 6‑well 
plate. At 60‑70% confluence, MPC5 cells were transfected 
with 4 µg OE‑DUSP6 or OE‑NC using Lipofectamine® 2000 
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(Invitrogen; Thermo Fisher Scientific, Inc.). After incubation 
for 6 h at 37˚C, the medium was replaced with fresh complete 
medium and incubated for 48 h at 37˚C.

RT‑qPCR. Total RNA was extracted from MPC5 cells or 
kidney tissues using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.). Total RNA was reverse transcribed into cDNA 
using a PrimeScript™ RT Reagent kit (Takara Bio, Inc.). The 
following RT temperature protocol was used: 37˚C for 5 min 
and 85˚C for 5 sec, then maintained at 4˚C. Subsequently, 
qPCR was performed using a SYBR Green PCR Master mix 
(Thermo Fisher Scientific, Inc.) on an ABI 7500 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The following thermocycling conditions were used for 
the qPCR: Initial denaturation at 95˚C for 5 min; followed by 
40 cycles of 95˚C for 10 sec and 60˚C for 30 sec; followed 
by 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec. The 
following primers were used for the qPCR: DUSP6 forward, 
5'‑CGACTGGAATGAGAACACTGGTGG‑3' and reverse, 
5'‑TCTAGATTGGTCTCGCAGTGCAGG‑3'; and GAPDH 
forward, 5'‑GGCCCCTCTGGAAAGCTGTG‑3' and reverse, 
5'‑CCGCCTGCTTCACCACCTTCT‑3'. The relative expres-
sion levels of each gene were quantified using the 2‑ΔΔCq 
method (25) and normalized to the endogenous reference gene 
GAPDH. 

Western blotting. Total protein was extracted from MPC5 cells 
using RIPA lysis buffer (Beyotime Institute of Biotechnology) 
containing phenylmethanesulfonyl fluoride and protease 
inhibitor. Following quantification using a bicinchoninic 
acid assay kit (Beyotime Institute of Biotechnology), 30 µg 
protein/lane was separated via 10% SDS‑PAGE and trans-
ferred to PVDF membranes (EMD Millipore). Following 
blocking with 5% non‑fat milk for 2 h at room temperature, 
the membranes were incubated overnight at 4˚C with primary 
antibodies against: DUSP6 (Abcam; cat. no. ab76310; 1:1,000), 
nephrin (Abcam; cat. no. ab216341; 1:1,000), Bcl‑2 (Abcam; 
cat. no. ab182858; 1:1,000), Bax (Abcam; cat. no. ab182733; 
1:1,000), cleaved caspase‑3 (Abcam; cat. no. ab2302; 1:1,000), 
caspase‑3 (Abcam; cat. no. ab44976; 1:1,000), synaptopodin 
(Santa Cruz Biotechnology, Inc.; cat. no. sc‑515842; 1: 500), 
phosphorylated (p)‑ERK1/2 (Cell Signaling Technology, Inc.; 
cat. no. 9101; 1:1,000), ERK1/2 (Cell Signaling Technology, 
Inc.; cat. no.  4695; 1:1,000) and GAPDH (Cell Signaling 
Technology, Inc.; cat. no.  2118; 1:1,000). Following the 
primary incubation, the membranes were incubated with a goat 
anti‑rabbit IgG HRP‑conjugated (1:10,000) or goat anti‑mouse 
IgG HRP‑conjugated (BIOSS; cat. no.  bs‑0296G‑HRP; 
1:10,000) secondary antibody for 1 h at room temperature. 
Protein bands were visualized using an ECL Substrate kit 
(BioVision, Inc.) and analyzed using Image Lab software 
(v2.1; Bio‑Rad Laboratories, Inc.). GAPDH was used as the 
loading control.

Determination of IL‑1β, IL‑6 and TNF‑α levels. The cell 
medium of MPC5 cells was centrifuged at 2,000  x  g for 
5  min at room temperature, and the levels of IL‑1β (cat. 
no. SBJ‑M0027), IL‑6 (cat. no. SBJ‑M0044) and TNF‑α (cat. 
no. SBJ‑M0030) were measured using ELISA kits (Nanjing 
Senbega Biological Technology Co., Ltd.). 

MP5 cells were lysed using RIPA lysis buffer and centri-
fuged at 10,000 x g for 10 min at 4˚C. The cell supernatant 
was subsequently collected to detect malondialdehyde (MDA) 
levels using a commercial colorimetric kit (cat. no. S0131S; 
Beyotime Institute of Biotechnology). 

Cell Counting Kit‑8 (CCK‑8). MPC5 cells were seeded 
(5x103 cells/well) in a 96‑well plate and cultured with 30 mM 
D‑glucose for 24 h at 37˚C. Subsequently, 10 µl CCK‑8 solu-
tion (Beyotime Institute of Biotechnology) was added to each 
well and incubated for 4 h at 37˚C, according to the manufac-
turer's protocol. The absorbance of each well was measured at 
a wavelength of 450 nm using a microplate spectrophotometer.

ROS staining. Fluorescent Probe‑dihydroethidium (DHE; 
Vigorous Biotechnology (Beijing) Co., Ltd.) was used to deter-
mine cellular ROS levels. Briefly, 2x104 MPC5 cells/well were 
seeded into a 24‑well plate and treated with DHE (10 µM) for 
20 min at 37˚C, then observed using a fluorescence microscope 
(Olympus Corporation; magnification, x100). The fluorescence 
intensity was analyzed using ImageJ software (v1.8.0; National 
Institutes of Health).

Flow cytometry assay. MPC5 cells were washed with PBS 
and harvested using 0.25%  trypsin (Beyotime Institute of 
Biotechnology). Subsequently, cells were centrifuged (1000 x g; 
5 min; room temperature), collected and re‑suspended in PBS. 
Cells (5x104‑1x105) were centrifuged (200 x g; 5 min; room 
temperature) and re‑suspended in 300 µl Annexin‑V binding 
buffer (Biomars). Subsequently, cells were stained with 5 µl 
Annexin‑V‑FITC (Biomars) for 15 min at room temperature 
and 5 µl propidium iodide (Biomars) for 10 min on ice in the 
dark. Apoptotic cells were detected by flow cytometry (BD 
FACSCalibur; BD Biosciences) and analyzed using Accuri 
C6 software (v1.0.264.21; BD Biosciences). FITC‑positive (Q2 
and Q3) cells were considered as apoptotic cells (early and late 
apoptosis). 

Statistical analysis. Data are presented as the mean ± SD of 
at least three replicates. Comparisons between two groups 
were analyzed using an unpaired Student's t‑test. Comparisons 
among multiple groups were analyzed using one‑way ANOVA 
followed by Tukey's post hoc test. Statistical analyses were 
performed using SPSS software (v19.0; IBM Corp.). P<0.05 
was considered to indicate a statistically significant difference.

Results

DUSP6 expression levels are reduced in diabetes‑induced DN 
model mice. At 72 h after the final STZ injection, non‑fasting 
blood glucose levels were assessed. A total of 16 mice in the 
diabetic group displayed a blood glucose level ≥16.7 mmol/l 
and were therefore considered diabetic model mice. The 
blood glucose levels of the remaining two mice in the diabetic 
group did not exceed 16.7 mmol/l; therefore, these mice were 
excluded from the present study. In the diabetic group, a mean 
blood glucose level of 20 mmol/l was reported (Fig. 1A), and 
the mice displayed a significantly increased UACR compared 
with the control group (Fig. 1B). The morphological examina-
tion of the kidneys of the control group indicated a normal 
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histology, whereas six mice in the diabetic group (n=16) 
displayed an extended glomerular area and mesangial matrix 
expansion (Fig. 1C). Masson staining also indicated collagen 
fiber accumulation in the diabetic group, suggesting the occur-
rence of renal fibrosis (Fig. 1D). The pathological alterations 
to the kidneys of the six mice in the diabetic group indicated 
the successful establishment of the DN mouse model, as previ-
ously reported (26). Subsequently, the expression levels of 
DUSP6 in diabetic model mice with significant pathological 
alterations in the kidneys were analyzed. The results indicated 
that increased DUSP6 expression levels were observed in the 
control mice compared with the DN model mice, which was 
consistent with the RT‑qPCR and western blotting results 
(Fig. 1F and G). Overall, the results suggested that DUSP6 
expression levels may be decreased in DN model mice. 

DUSP6 expression levels are decreased in HG‑induced 
murine podocytes. It was previously demonstrated that DUSP6 
expression levels were downregulated in the kidneys of DN 
model mice, which suggested that podocyte functions may 
be closely linked to DN (2). D‑glucose is used to simulate a 
HG environment in vivo (24,27); therefore, the present study 
used a gradient of D‑glucose concentrations (5‑30 mM) to 
treat MCP5 murine podocytes. The results indicated that 
30 mM D‑glucose was the dose that most effectively inhibited 
DUSP6 mRNA and protein expression levels compared with 
the 5 mM D‑glucose group (Fig. 2A and B). Subsequently, 
MPC5 cells were induced with 30 mM D‑glucose (HG) for 
different incubation periods. The results indicated that the 

optimum incubation period for D‑glucose‑mediated stimula-
tion of MPC5 podocytes was 24 h, as DUSP6 expression levels 
were reduced to the lowest levels at 24 h compared with the 
0 h group (Fig. 2C). Moreover, compared with the normal 
glucose (NG) group (5 mM D‑glucose), MA did not signifi-
cantly alter the expression levels of DUSP6. By contrast, HG 
significantly decreased DUSP6 mRNA and protein expres-
sion levels compared with the NG group (Fig. 2D and E). 
Altogether, the results suggested that DUSP6 expression levels 
may be reduced in HG‑induced MPC5 cells.

DUSP6 overexpression protects against HG‑induced podocyte 
injury. To further elucidate the role of DUSP6 in podocyte 
injury, OE‑DUSP6 and OE‑NC were constructed and trans-
fected into MPC5 cells. RT‑qPCR and western blotting were 
performed to assess transfection efficiency. DUSP6 mRNA 
and protein expression levels were significantly increased 
in the OE‑DUSP6 group compared with the OE‑NC group 
(Fig. 3A and B). Subsequently, MPC5 cell viability and the 
expression of specific markers (synaptopodin and nephrin) 
were also investigated. MPC5 cell viability was significantly 
decreased by HG compared with the NG group; however, 
OE‑DUSP6 reversed HG‑mediated effects on cell viability 
(Fig. 3C). Similarly, synaptopodin and nephrin protein expres-
sion levels were significantly reduced in HG‑treated MPC5 
cells compared with NG‑treated cells, whereas DUSP6 over-
expression reversed HG‑mediated downregulation of protein 
expression (Fig. 3D). In summary, the results indicated that 
DUSP6 alleviated HG‑induced cell injury.

Figure 1. DUSP6 expression levels are reduced in diabetes‑induced DN model mice. (A) Blood glucose levels. (B) Urinary microalbumin/creatinine ratio. 
(C) Representative images of hematoxylin and eosin staining of paraffin‑embedded kidney tissues (magnification, x200). Green arrows indicate pathological 
changes. (D) Representative images of Masson staining of paraffin‑embedded kidney tissues (magnification, x200). Green arrows indicate areas of fibrosis. 
(E) DUSP6 protein expression in kidney tissues was detected by immunohistochemistry (magnification, x200). Green arrows indicate DUSP6‑positive areas. 
DUSP6 (F) mRNA and (G) protein expression levels in kidney tissues. **P<0.01 and ***P<0.001 vs. NC. DN, diabetic nephropathy; DUSP6, dual‑specificity 
phosphatase 6; NC, negative control; GLU, glucose.
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DUSP6 overexpression attenuates HG‑induced oxidative 
stress and inflammatory responses. Oxidative stress and the 
inflammatory response are implicated in podocyte injury, 

which is indicated by increased levels of ROS and inflamma-
tory cytokines (6). Compared with the NG group, the HG group 
displayed significantly increased ROS production levels, which 

Figure 2. DUSP6 expression levels are decreased in HG‑induced murine podocytes. DUSP6 (A) mRNA and (B) protein expression levels in MPC5 cells stimu-
lated with different concentrations of D‑glucose. ***P<0.001 vs. 5 mM D‑glucose. (C) DUSP6 protein expression levels in MPC5 cells stimulated with 30 mM 
D‑glucose for different incubation periods. ***P<0.001 vs. 0 h. DUSP6 (D) mRNA and (E) protein expression levels in MPC5 cells treated with 5 mM D‑glucose, 
30 mM D‑glucose or MA for 24 h. ***P<0.001 vs. NG. DUSP6, dual‑specificity phosphatase 6; HG, high glucose; NG, normal glucose; MA, D‑mannitol.

Figure 3. DUSP6 overexpression protects against HG‑induced podocyte injury. Transfection efficiency was evaluated by (A) reverse transcription‑quantitative 
PCR and (B) western blotting. ###P<0.001 vs. OE‑NC. (C) MPC5 cell viability was assessed by performing the Cell Counting Kit‑8 assay. ***P<0.001 vs. NG; 
###P<0.001 vs. OE‑NC + HG. (D) The expression levels of synaptopodin and nephrin in MPC5 cells. ***P<0.001 vs. NG; ###P<0.001 vs. OE‑NC + HG. DUSP6, 
dual‑specificity phosphatase 6; HG, high glucose; OE, overexpression; NC, negative control; NG, normal glucose.
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were reversed by DUSP6 overexpression (Fig. 4A). MDA, a 
cellular oxidative stress product, was also significantly reduced 
in DUSP6‑overexpression MPC5 cells under HG conditions 
compared with the OE‑NC + HG group (Fig. 4B). In addition, 
the levels of TNF‑α, IL‑1β and IL‑6 were determined using 
ELISA kits. DUSP6 overexpression reversed HG‑induced 
upregulation of inflammatory cytokine levels (Fig. 4B). The 
results indicated that DUSP6 overexpression may relieve oxida-
tive stress and the inflammatory response in MPC5 cells.

DUSP6 overexpression alleviates HG‑induced podo‑
cyte apoptosis. Subsequently, the effect of DUSP6 on 
podocyte apoptosis was investigated. In a previous study, the 
HG environment promoted podocyte apoptosis, leading to 
glomerulosclerosis and severe proteinuria (4,5). The effective 
prevention of podocyte apoptosis is crucial for the treatment 
of DN. HG‑induced MPC5 cells displayed an increased rate 
of apoptosis compared with the NG group; however, DUSP6 
overexpression significantly reduced HG‑induced apoptosis 

Figure 4. DUSP6 overexpression attenuates HG‑induced oxidative stress and inflammatory responses. (A) ROS levels were determined by ROS staining using 
a DHE‑probe and the relative fluorescence intensity was semi‑quantified (magnification, x100). (B) The levels of MDA, IL‑1β, IL‑6 and TNF‑α were measured 
using ELISA kits. **P<0.01 and ***P<0.001 vs. NG; ##P<0.01 and ###P<0.001 vs. OE‑NC + HG. DUSP6, dual‑specificity phosphatase 6; HG, high glucose; ROS, 
reactive oxygen species; MDA, malondialdehyde; IL, interleukin; TNF, tumor necrosis factor; NG, normal glucose; OE, overexpression; NC, negative control; 
DHE, dihydroethidium.
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(Fig. 5A). Consistently, HG significantly upregulated Bax 
protein expression levels compared with the NG group, but 
DUSP6 overexpression reversed HG‑mediated alterations to 
Bax expression. By contrast, Bcl‑2 expression levels displayed 
the opposite trend. Cleaved caspase‑3 expression levels were 
significantly upregulated in the HG group compared with 
the NG group, which was reversed by DUSP6 overexpression 
(Fig. 5B). Collectively, the results suggested that DUSP6 may 
prevent HG‑induced podocyte apoptosis.

ERK1/2 activation is associated with the role of DUSP6 
in murine podocytes. Finally, the potential mechanism 
underlying the protective effects of DUSP6 in MPC5 cells 
was investigated. DUSPs tightly mediate the spatiotemporal 
activity and inactivation of mitogen‑activated protein kinases 
(MAPKs) (28). As members of the MAPK family, ERK1/2 are 
highly homologous and function in the same protein kinase 
cascade (29), which is involved in a variety of pathological 
conditions, including inflammation, oxidative stress and cell 

Figure 5. DUSP6 overexpression alleviates HG‑induced podocyte apoptosis. (A) Apoptotic cells were detected via flow cytometry. (B) The protein expression 
levels of Bcl‑2, Bax, cleaved caspase‑3 and caspase‑3. ***P<0.001 vs. NG; ###P<0.001 vs. OE‑NC + HG. DUSP6, dual‑specificity phosphatase 6; HG, high 
glucose; NG, normal glucose; OE, overexpression; NC, negative control.
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senescence (30‑32). Therefore, the modulatory effect of DUSP6 
on ERK1/2 was investigated. Compared with NG condi-
tions, HG conditions increased ERK1/2 phosphorylation, but 
displayed no effect on the expression levels of total‑ERK1/2. 
Conversely, DUSP6 overexpression suppressed HG‑induced 
ERK1/2 phosphorylation (Fig. 6), suggesting that DUSP6 may 
prevent HG‑induced activation of ERK1/2, which may further 
affect the role of DUSP6 in MPC5 cells.

Discussion

Accumulating research has demonstrated that DUSPs serve 
as tumor suppressors or oncogenes by regulating cell prolif-
eration, migration and apoptosis  (12‑14), which ultimately 
influences and determines the fate of specific types of 
cancer (19). A previous study demonstrated that DUSP1 was 
tightly associated with a glucose metabolism disorder and 
glomerular apoptosis via interrupting JNK‑mitochondrial 
fission factor‑mitochondrial  fission, reducing hypergly-
cemia‑regulated mitochondrial damage and improving renal 
function (33). Huang et al (34), reported that DUSP26 expres-
sion levels in the kidneys of patients with DN were elevated 
compared with non‑diabetic patients. In addition, the progres-
sion of DUSP26‑regulated DN was largely dependent on the 
generation of ROS. DUSP9 downregulation in clear cell renal 
cell carcinoma was also associated with a poor prognosis in a 
large number of clinical samples (35).

Previous studies demonstrated that DUSP6 was implicated 
in various types of cancer, including endometrial adenocar-
cinoma, breast cancer and ovarian cancer (36‑39). However, 
to the best of our knowledge, few studies have investigated 
the role of DUSP6 in kidney disease, particularly in DN. 
Therefore, the present study aimed to reveal the regulatory 
effects of DUSP6 in DN and to determine the pathogenesis of 
DN to identify effective novel targets for clinical therapy.

Diabetic model mice were established, and it was indicated 
that DUSP6 expression levels were downregulated in the 
kidneys of the diabetic model mice, which was accompanied 
by evident pathological alterations, compared with control 
mice. Subsequently, in vitro studies using MPC5 cells were 

conducted to validate the role of DUSP6 following stimulation 
with D‑glucose. MPC5 cells treated with 30 mM D‑glucose 
for 24 h displayed significantly reduced DUSP6 expression 
levels compared with control cells. In addition, DUSP6 over-
expression inhibited HG‑mediated inhibition of cell viability 
and expression levels of MPC5 cell markers. 

A previous study reported that DUSP5 might serve 
as an endogenous regulator of adipose tissue inflamma-
tion (40). Ye et al  (41), demonstrated that DUSP9 is a key 
suppressor of high‑fat diet‑induced hepatic steatosis and 
inflammatory responses. Furthermore, DUSP4‑/‑ hearts 
and DUSP4‑knockdown cells are more susceptible to 
oxidant‑induced death and tissue injury, indicating a critical 
defensive role of DUSP4 against oxidative stress (42). In the 
present study, the results suggested that DUSP6 overexpres-
sion attenuated HG‑induced oxidative stress and inflammatory 
responses. In addition, DUSP6 overexpression also inhibited 
HG‑induced podocyte apoptosis. 

DUSP6, a negative regulator of ERK1/2,  regulates the 
ERK1/2 signaling cascade (43). The phosphorylation of ERK 
and p38MAPK is required for human DN (44), contributing 
to the pathogenesis of DN via stimulation of ROS and inflam-
matory factors (45). HG rapidly enhances Ras activation, and 
progressively increases ERK and nuclear c‑Jun activation (46), 
which may be involved in the regulation of inflammation and 
fibrosis in human renal disease (47). The present study indicated 
that DUSP6 overexpression decreased ERK1/2 phosphoryla-
tion under HG conditions compared with the HG + OE‑NC 
group, which indicated that DUSP6 may exert protective 
effects against oxidative stress, the inflammatory response and 
apoptosis in MPC5 cells via altering the activity of ERK1/2. 
However, the expression levels of c‑Jun and p38MAPK were 
not investigated in the present study; therefore, further inves-
tigation into the role of ERK1/2 in MPC5 cell injury using 
inhibitors to determine the specific mechanisms underlying 
DN is required.

In conclusion, the present study demonstrated that DUSP6 
expression levels were decreased in the kidneys of DN model 
mice compared with control mice, which was also indicated 
by decreased DUSP6 expression levels in HG‑induced MPC5 

Figure 6. ERK1/2 activation is associated with the role of DUSP6 in murine podocytes. ERK1/2 and p‑ERK1/2 expression levels were detected by western 
blotting. ***P<0.001 vs. NG; ###P<0.001 vs. OE‑NC + HG. DUSP6, dual‑specificity phosphatase 6; p, phosphorylated; NG, normal glucose; OE, overexpression; 
NC, negative control; HG, high glucose.
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cells compared with control MPC5 cells. Collectively, the 
results of the present study suggested that DUSP6 protected 
MPC5 cells from the inflammatory response and oxidative 
stress potentially via activation of ERK1/2.
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