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Diabetic nephropathy (DN) remains the leading cause of
end-stage renal disease.Hyperglycemia-inducedpodocyte
dysfunction is a major contributor of renal function impair-
ment in DN. Previous studies showed that activation of
mitogen-activated protein kinase (MAPK) in diabetes pro-
motespodocytedysfunctionandcell death.Dual specificity
phosphatases (DUSPs) are a family of phosphatasesmainly
responsible for MAPK inhibition. In this study, we demon-
strated that diabetes andhighglucoseexposuredecreased
DUSP4 expression in cultured podocytes and glomeruli.
Diabetes-induced DUSP4 reduction enhanced p38 and c-Jun
N-terminal kinase (JNK) activity and podocyte dysfunc-
tion. TheoverexpressionofDUSP4prevented theactivation
of p38, JNK, caspase 3/7 activity, and NADPH oxidase 4
expression induced by high glucose level exposure. De-
letion of DUSP4 exacerbated albuminuria and increased
mesangial expansion and glomerular fibrosis in diabetic
mice. These morphological changes were associated with
profound podocyte foot process effacement, cell death,
and sustained p38 and JNK activation. Moreover, inhibition
of protein kinase C-d prevented DUSP4 expression decline
and p38/JNK activation in the podocytes and renal cortex
of diabetic mice. Analysis of DUSP4 expression in the renal
cortex of patients with diabetes revealed that decreased
DUSP4 mRNA expression correlated with reduced esti-
matedglomerularfiltration rate (<60mL/min/1.73m2). Thus,
this study demonstrates that preservingDUSP4 expression
could protect against podocyte dysfunction and preserve
glomerular function in DN.

Diabetic nephropathy (DN) is a microvascular complica-
tion of diabetes that ultimately evolves to end-stage renal

disease (1). Ample evidence has shown that the glomerular
podocytes are affected early in the onset of DN and heavily
contribute to the loss of filtration slit found in the glo-
meruli (2,3). Clinical studies reported that the reduction of
podocyte number and density is one of the strongest
predictors of DN progression (4). We and others have
demonstrated that hyperglycemia enhanced podocyte cell
death (5,6). However, the exact cellular mechanisms driven
by high glucose (HG) that contribute to podocyte loss are
yet to be fully elucidated.

Activation of mitogen-activated protein kinases (MAPKs)
by hyperglycemia has been linked to multiple cellular dis-
orders (7–10). Enhanced activity of c-Jun N-terminal kinase
(JNK) in the liver, fat, and muscle tissues of ob/ob mice is
associated with insulin resistance (8). Activation of p38 by
HG levels is involved in smooth muscle and retinal pericytes
cell death (9). In the kidney, histological analyses indicated
that p38 is chronically activated in the glomerulus of rodent
models of DN and in patients with type 2 diabetes (11–13),
whereas inhibition of p38 activity in diabetic normotensive
rats reduced albuminuria and prevented the increased ex-
pression of fibronectin (14). Another study showed that
inhibition of apoptosis signal-regulating kinase 1 (ASK1),
a kinase upstream of p38, prevented glomerulosclerosis,
reduced inflammation, and improved renal function in di-
abetic endothelial nitric oxide synthase–knockout mice (15).
In podocytes, Mima et al. (6) reported that HG level exposure
raised the activation of p38a, which caused cell death, an
effect that could be prevented with a specific p38 inhibitor.
Although inhibition ofMAPK has been a successful avenue to
alter the development of renal pathology in rodent models of
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DN, treatment with aMAPK inhibitor in clinical human trials
caused secondary effects (16), suggesting that new strategies
to prevent their activation in diabetes are critically needed.

Dual specificity phosphatase (DUSP) proteins are a large
family of serine/threonine and tyrosine phosphatases,
some of which are referred as MAPK phosphatases because
they directly bind to activated MAPKs and cause their
inhibition (17,18). Genetic deletion of DUSP inmice models
uncovered their role in the regulation of various metabolic
pathways (19–22). In the heart, mice with double-knockout
of DUSP1 and DUSP4 showed hypertrophy of cardiomyo-
cytes, which is associated with sustained p38 activation
(23). Ablation of DUSP1 enhanced nuclear activity of ex-
tracellular signal–regulated kinase (ERK), p38, and JNK,
rendering mice resistant to diet-induced obesity (21).

The exact mechanisms leading to MAPK activation in
DN are not fully understood. Because DUSPs are the major
mechanism of inhibition of MAPK in mammalian cells
(24), we hypothesized that diabetes deregulates DUSP
expression in podocytes, which contributes to their cellular
dysfunction and progression of DN.

RESEARCH DESIGN AND METHODS

Reagents and Antibodies
Primary antibodies for immunoblotting and immuno-
chemistry were obtained from commercial sources, in-
cluding actin (horseradish peroxidase conjugated; I-19),
DUSP4 (S-18), phosphorylated (p)-JNK (G-7), JNK (D-2),
BAX (N-20), and WT-1 (C-19) from Santa Cruz Biotech-
nology (Santa Cruz, CA); p38 MAPK (9212), p-p38 MAPK
(D3F9), ERK, p-ERK (D13.14.4E), and protein kinase C
(PKC)-d (2058) from Cell Signaling (Beverly, MA); collagen
type IV (Col IV; Novus Biological, Littleton, CO), Alexa
546–conjugated anti-rabbit from Jackson ImmunoRe-
search Laboratories (West Grove, PA), and Alexa Fluor
594–conjugated anti-mouse from Invitrogen (Carlsbad,
CA). All other reagents used, including RPMI-1640,
EDTA, leupeptin, phenylmethyl-sulfonyl fluoride, aproti-
nin, D-glucose, D-mannitol, FITC-inulin, and Na3VO4

were purchased fromMilliporeSigma (Oakville, Ontario,
Canada), FBS was purchased from Wisent Bioproducts
(Saint-Jean-Baptiste, Québec, Canada), and penicillin-
streptomycin was obtained from Invitrogen.

Animals and Experimental Design
C57BL/6J (Ins2+/+), diabetic heterozygous male Ins2+/C96Y

(Akita) and DUSP4 knockout (Dusp42/2) mice were pur-
chased from The Jackson Laboratory and bred in our an-
imal facility for seven generations. Male Ins2+/C96YDusp4+/2

were bred with female Ins2+/+Dusp4+/2mice. The Akita mice
develop hyperglycemia, hypoinsulinemia, polydipsia, and
polyuria caused by a misfolding of the insulin protein,
beginning at;3–4 weeks of age. These mice were sacrificed
after 6 months of diabetes. Prkcd2/2 mice were generated
by inserting a LacZ/neo cassette into the first transcribed
exon of the PKC-d gene as described previously (25).

Prkcd2/2 mice were rendered diabetic for a 6-month period
by an intraperitoneal streptozotocin injection (50 mg/kg in
0.1 mol/L citrate buffer, pH 4.5) (MilliporeSigma) on 5 con-
secutive days after an overnight fast; control mice were
injected with citrate buffer. Throughout the period of
study, animals were provided with free access to water and
standard rodent chow (Harlan Teklad). All experiments
were conducted in accordance with the Canadian Council
of Animal Care and Institutional Guidelines and were
approved by the University of Sherbrooke Animal Care
and Use Committees according to National Institutes of
Health guidelines.

Blood Glucose, Insulin Levels, Urinary Albumin, and
8-Isoprostane Excretion and Glomerular Filtration Rate
Measurements
Blood glucose was measured by a Contour glucometer
(Bayer, Pointe-Claire, Québec, Canada). Insulin levels
were measured using the commercial ultrasensitive mouse
insulin ELISA kit from Crystal Chem (Elk Grove Village,
IL). A 24-h urine collection was obtained from each mouse
the day before the sacrifice in individual mouse metabolic
cages (Nalgene Nunc International, Rochester, NY) with
free access to water and rodent mash. Urinary albumin
levels were measured using an indirect competitive ELISA
according to the manufacturer’s instructions (Albuwell M;
Exocell, Philadelphia, PA). Urinary 8-isoprostane levels
were measured using a competitive ELISA assay according
to the manufacturer’s instructions (8-isoprostane EIA kit;
Cayman Chemical, Ann Arbor, MI). The glomerular filtra-
tion rate (GFR) was evaluated using FITC-inulin clearance
as we previously described (26).

Blood Pressure Measurements
Systolic blood pressure (BP) and mean arterial pressure
were measured on conscious animals using the CODA tail-
cuff system (Kent Scientific, Torrington, CT). Briefly,
animals were acclimated on the machine for 3 consecutive
days, and data were collected on the 4th day. Measure-
ments consisted of 25 cycles, of which the first and last
5 cycles were discarded. The average of at least five
consecutive measurement considered “true” by the ma-
chine were used to evaluate BP of the animal.

Tissue Preparation and Transmission Electron
Microscopy
Right mouse kidneys were harvested for pathological
examination, and sections were fixed in 4% paraformal-
dehyde (MilliporeSigma) and then transferred to 70%
ethanol for immunohistochemistry. The tissue was em-
bedded in paraffin, and 4-mm sections were stained with
periodic acid Schiff and Masson trichome (Millipore-
Sigma). Left mouse kidneys were used for transmission
and scanning electron microscopy to evaluate podocyte
structure and foot process effacement, as previously de-
scribed (26). Fifteen glomerular tufts per animal were
chosen randomly for analysis.
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Immunofluorescence
Left mouse kidneys were directly frozen in optimal cutting
temperature embedding compound (Sakura Fintech USA,
Torrance, CA) in cryomolds on a block of dry ice and
sectioned at 6 mm (Leica Cryostat). Immunofluorescence
of the section using WT1 (1:50) (SC-192, Santa Cruz),
p-p38 (1:50) (28B10, Cell Signaling), nephrin GP-N2 from
PROGEN Biotechnik (1:50), and DUSP4 (1:50) (ab216576,
Abcam) were performed as previously described (26).
Images of one experiment were taken at the same time
under identical settings and handled similarly in Adobe
Photoshop across all images.

Immunohistochemistry
Immunochemistry of kidney sections was performed using
the ABC kit (Vector Laboratories, Burlington, Ontario,
Canada), according to the manufacturer’s protocol. Color-
ation was obtained by incubating sections in diaminoben-
zidine solution (Vector Laboratories). Counterstaining of
the nucleus was done using Gill’s formula hematoxylin
(Vector Laboratories).

Mesangium Expansion, Glomerular Hypertrophy, and
Quantitation of Podocyte Cell Death
Mesangial matrix expansion and glomerular hypertrophy
were measured as we previously described (5). Apoptotic
nuclei of kidney sections were detected using the TACS
2 Tdt-Fluor in situ apoptosis detection kit (Trevigen,
Gaithersburg, MD) according to the manufacturer’s
instructions and as we previously described (5). Podocytes
were counted as cell death when both podocyte marker and
Tdt-fluorescein–positive cells colocalized. A total of 20–30
glomeruli were evaluated on the transverse section of the
left kidney.

Isolation of the Glomeruli and Tubules
Renal cortices of two kidneys (one per mouse) were
combined, minced, and all the tissue was passed through
a 200-, 150-, 75-, and 40-mm sieve. The glomeruli
remained at the top of the 75-mm sieve, whereas the
tubular cells remained at the top of 40-mm sieve. Each
fraction was collected with PBS and centrifuged for 10 min
at 500g. The glomeruli and tubule samples (two kidneys
per N, total of N = 5 per group) were then used for mRNA
analyses.

Cell Culture and Adenoviral Vector Transfection
A well-characterized mouse podocyte cell line was obtained
from Dr. Saleem’s group (27) and cultured as previously
described. After differentiation of podocytes for 14 days,
medium was changed to RPMI 0.1% FBS containing nor-
mal glucose (NG; 5.6 mmol/L + 19.4 mmol/L mannitol to
adjust osmotic pressure) or HG (25 mmol/L) up to 96 h.
Adenoviral vectors containing green fluorescent protein
(GFP, Ad-GFP), wild-type form of DUSP4, and dominant
negative of PKC-d were used to infect podocytes, as we
reported previously (26).

Real-time PCR Analyses
Real-time PCR was performed to evaluate mRNA expres-
sions of DUSP1, DUSP4, DUSP6, DUSP10, NADPH oxidase
4 (NOX4), heme oxygenase isozyme 1 (HO-1), Col IV,
transforming growth factor-b (TGF-b), and fibronectin,
as previously described (26). PCR primers are listed in
Supplementary Table 1. GAPDH mRNA expression was
used for normalization.

Caspase 3/7 Assay
Caspase 3 and 7 enzymatic activities were determined by
quantification of cleaved substrate using the luminescent
assay Caspase 3/7 Glo (Promega, Madison, WI), as pre-
viously described (5).

Measurement of Cellular Oxidative Stress
Measurement of cellular oxidative stress was performed
using CellROX deep red reagent (Invitrogen) according to
the manufacturer’s instructions. Briefly, CellROX was
added to cell media at a final concentration of 5 mmol/L
for 30 min. Cells were washed three times with PBS, and
fluorescence was measured (640/665 absorption/emis-
sion) using a fluorescent plate reader. Specificity of the
fluorescent signal was confirmed podocytes exposed to
H2O2 (as positive control) and N-acetylcysteine (as nega-
tive control).

Human Tissue Study
After written consent, kidney tissue was obtained from
eight patients with diabetic kidney disease at the time of
nephrectomy for conventional renal carcinoma. Baseline
characteristics of the patients are listed in Supplementary
Table 2. A pathologist masked to the study groups per-
formed all histological analyses. To assess renal function,
the Chronic Kidney Disease Epidemiology Collaboration
formula was used for the estimated GFR (eGFR) (28).
Serum creatinine was obtained within 1 month before
the surgery. The urine sample was sent to the laboratory
where it was centrifuged and tested for urinary albumin
(by immunoturbidimetric method) and creatinine (by en-
zymatic method). The albumin-to-creatinine ratio was
calculated. DUSP1 and DUSP4 mRNA levels were mea-
sured from the renal cortex of patients with diabetes by
quantitative PCR as described above. Phosphorylation
levels of p38 and JNK and DUSP4 protein expression
were measured by immunoblot experiments as described
above. The study was approved by the Centre Intégré
Universitaire de Santé et de Services Sociaux de l’Estrie–
CHU de Sherbrooke Research Ethics Board and was con-
ducted in accordance with the Declaration of Helsinki.

Statistical Analyses
In vitro and in vivo data are shown as mean6 SD for each
group. Statistical analysis was performed by unpaired t test
or by one-way ANOVA, followed by the Tukey test cor-
rection for multiple comparisons. Data in each group were
checked for normal distribution using the D’Agostino and
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Pearson normality test based on a = 0.05. All results were
considered statistically significant at P, 0.05. Correlation
of the data obtained from human patients was verified
with the Spearman r correlation test. The association
between two variables was considered statistically signif-
icant at P , 0.05.

RESULTS

HG-Induced Activation of p38 and JNK in Podocytes Is
Associated With Reduced DUSP4 Expression
Expression levels of p38 and JNK phosphorylation were
increased by 2.05- and 2.08-fold, respectively, while phos-
phorylation of ERK did not change (Fig. 1A). Because
DUSPs are involved in the regulation of MAPK activity,
we assessed the expression levels of DUSP known to
inhibit p38 and JNK. DUSP4 mRNA (Fig. 1B) and protein
(Fig. 1C) expression were significantly reduced in podo-
cytes exposed to HG levels compared with NG levels, while
the expression of the mRNA of other DUSPs remained
unchanged (Fig. 1B). Interestingly, although p38 MAPK
was activated in mesangial cells cultured in HG media, the
expression of DUSP4 was not affected in these cells (data
not shown).

Overexpression of DUSP4 Prevented HG Level-Induced
p38, JNK, Caspase 3/7, BAX, and NOX4
To investigate the relative role of DUSP4, we used adeno-
viral vectors to overexpress the native form of DUSP4. In

GFP-overexpressed podocytes, HG level exposure raised
the phosphorylation of p38 and JNK as expected. In
contrast, overexpression of DUSP4 prevented p38 and
JNK activity caused by HG level exposure, without affect-
ing the phosphorylation of ERK in both NG and HG
conditions (Fig. 2A). The overexpression of DUSP4 did
not influence the expression of other DUSP transcripts
(Fig. 2B). Podocytes exposed to HG levels exhibited ele-
vated enzymatic activity of caspase 3/7 (Fig. 2C) and BAX
expression (Fig. 2D), a protein involved in cell death
(29,30), compared with NG levels. These effects were
prevented by the overexpression of DUSP4 in HG con-
ditions (Fig. 2C and D). Since oxidative stress generation
has been proposed as one potential mechanism for podo-
cyte cell death caused by chronic exposure of HG levels, we
measured NOX4, HO-1, and superoxide production as
a marker of oxidative stress. Our results indicated that
HG concentrations increased NOX4 (Fig. 2E), HO-1 (Sup-
plementary Fig. 1A) mRNA expression, and superoxide
production (Supplementary Fig. 1B) that were attenuated
in podocytes with overexpression of DUSP4 (Fig. 2E and
Supplementary Fig. 1A and B).

PKC-d Activation by HG Is Responsible for the Loss of
DUSP4 in Podocytes
We and others have reported that HG levels lead to
activation of PKC-d in cultured podocytes (5,6). Since
PKC-d activation has been shown to decrease DUSP1

Figure 1—HG induces activation of p38 and JNK and is associated with reduced DUSP4 expression. Podocytes were exposed to NG
(5.6mmol/L glucose + 19.4mmol/Lmannitol) or HG (25mmol/L glucose) for 72 h.A: Expression of p-p38, p38, p-JNK, JNK, p-ERK, ERK, and
actin was detected by immunoblot, and densitometry quantitation was measured. DUSP1, DUSP6, DUSP10, and DUSP4 mRNA (B) and
protein (C ) expression were measured by quantitative PCR and immunoblot analyses. Results are shown as mean 6 SD of four (A and C)
and six (B) independent experiments.
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expression (31,32), we evaluated the effect of overexpres-
sion of the dominant negative form of PKC-d on DUSP4
expression. Whereas DUSP4 expression was reduced by
30% in podocytes exposed to HG concentrations, over-
expression of the dominant negative form of PKC-d
significantly restored DUSP4 mRNA (Fig. 3A) and protein
(Fig. 3B) expression in HG conditions similar to NG
conditions. The dominant negative form had no effect
on other DUSP expression (Supplementary Fig. 2). Over-
expression of the dominant negative form of PKC-d also
prevented HG-induced phosphorylation of p38 and JNK
(Fig. 3C). Previous data indicated that PKC activation can
raise oxidant stress signals and that increased NOX4
expression is an important contributor of this process
in podocytes (33). Therefore, regulation of NOX4 expres-
sion by PKC-d in podocytes was assessed. As expected,
NOX4 expression levels were significantly increased by

42% in podocytes exposed to HG levels. Interestingly,
overexpression of the dominant negative form of PKC-d
prevented the HG-induced elevated expression of NOX4 in
podocytes (Fig. 3D).

DUSP4 Expression Is Reduced in the Renal Glomeruli of
Type 1 Diabetic Mice
It is well recognized that stress-induced MAPKs are acti-
vated in the kidney of diabetic mice (13,34–36). Our data
corroborated previous observations that phosphorylation
of p38 and JNK, but not ERK, was significantly elevated in
the renal cortex (Fig. 4A) and glomerular podocytes (Fig.
4B) of 7-month-old diabetic Ins2+/C96Y mice compared with
their nondiabetic Ins2+/+ littermate controls. Since p38 and
JNK activation can be regulated by DUSPs, mRNA expres-
sion of DUSP1, DUSP4, DUSP6, and DUSP10 was evalu-
ated. Our data demonstrated that the expression levels of

Figure 2—Overexpression of DUSP4 prevents HG-induced activation of p38, JNK, caspase 3/7 activity, and BAX expression. Podocytes
were infectedwith Ad-GFP or adenovirus containingwild-typeDUSP4 (Ad-wtDUSP4) before being exposed to NG or HG for 72 h. Expression
of p-p38, p38, p-JNK, JNK, p-ERK, ERK, and DUSP4 (A) and of BAX and actin (D) was detected by immunoblot, and densitometry
quantitation was measured. DUSP1, DUSP4, DUSP6, DUSP10 (B), and NOX4 (E ) mRNA expression was quantified by quantitative PCR.
C: Caspase 3/7 enzymatic activity was measured according to the manufacturer’s instructions. Results are shown as mean 6 SD of 4 (A), 6
(B, D, and E), and 12 (C) independent experiments.
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DUSP4 were significantly decreased by 50% (P = 0.001) in
the renal cortex of diabetic mice compared with nondia-
betic mice, whereas the expression of the other DUSPs
remained unchanged (Fig. 4C). Because the renal cortex
contains many cell types, we isolated glomeruli and tubules
from all groups of mice. As indicated in Fig. 4D and E,
DUSP4mRNA expression was significantly reduced in both
glomerular podocytes and tubules of diabetic Ins2+/C96Y

mice compared with nondiabetic Ins2+/+ mice.

Deletion of DUSP4 in Diabetic Mice Increased Urinary
Albumin Levels
To define the role of DUSP4 in the kidney, we generated
type 1 diabetic mice (Ins2+/C96Y) that do not possess the
gene coding for DUSP4 (Dusp42/2). Body weight and
systemic glucose and insulin levels were not different
between diabetic Ins2+/C96Y and diabetic Ins2+/C96Y

Dusp42/2 mice at 5 and 7 months of age (Supplemen-
tary Table 3). Urinary albumin levels were increased
by 2.8-fold in diabetic Ins2+/C96Y mice compared with
nondiabetic Ins2+/+ mice (Fig. 5A). Interestingly, diabetic

Ins2+/C96YDusp42/2 showed a significant increase in urinary
albumin levels, with a 3.5-fold increase (P , 0.0001) com-
pared with diabetic Ins2+/C96Y mice, suggesting that deletion
of DUSP4 exacerbated renal damage in diabetic mice (Fig.
5A). As expected, GFR (Fig. 5B) and BP (Fig. 5C and D) were
significantly increased in diabetic Ins2+/C96Y mice compared
with nondiabetic Ins2+/+ mice. The absence of DUSP4 in
diabetic Ins2+/C96Y mice had no additional effect on GFR
and BP compared with diabetic Dusp4+/+ mice (Fig. 5B–D).

Low GFR Levels in Patients With Diabetes Are
Associated With Reduced DUSP4 Expression
To assess the potential role of DUSP4 in the development
of DN, we evaluated in humans with confirmed diabetic
glomerulosclerosis on kidney histology whether low
DUSP4 expression could be associated with reduced renal
function. DUSP4 mRNA levels were extracted from the
renal cortex of eight patients with diabetes. Our data
demonstrated that reduced DUSP4 mRNA expression
in renal tissue of patients with diabetes was strongly
correlated with reduced eGFR (R2 = 0.714; P = 0.047)

Figure 3—PKC-d activity promotes loss of DUSP4 expression and activation of p38, JNK, and NOX4 in the HG condition. Podocytes were
infected with Ad-GFP or adenovirus containing dominant negative PKC-d (Ad-dnPKC-d) before being exposed to NG or HG for 72 h.
Expression of DUSP4 (A), p-p38, p38, p-JNK, JNK, PKC- d, and actin (B) was detected by immunoblot, and densitometry quantitation was
measured. DUSP4 protein (B) and NOX4 mRNA (D) expression were evaluated by quantitative PCR. Results are shown as mean6 SD of six
(A and D) and four (B and C ) independent experiments.
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(Fig. 5E). Interestingly, DUSP4 mRNA expression levels
decreased significantly between patients without diabetes
with normal renal function and patients with diabetes with
eGFR ,60 mL/min/1.73 m2 (P = 0.0249) and slightly
reduced (not significantly) compared with patients with
diabetes with GFR .60 mL/min/1.73 m2 (Fig. 5F). More
importantly, immunoblot experiments corroborated the
association between eGFR levels, DUSP4 protein expres-
sion, and activation of p38 and JNK MAPK (Fig. 5G). In
contrast, no correlation was observed between DUSP1
mRNA expression and eGFR (Supplementary Fig. 3) and
DUSP4 mRNA expression and the albumin-to-creatinine
ratio (Supplementary Fig. 4).

Glomerular Pathology Is Worsened in Diabetic Mice
With Deletion of DUSP4
We and others have shown that diabetic Ins2+/C96Y

mice exhibited glomerular pathology similar to DN
(5,37). As expected, glomerular hypertrophy and mesangial

expansion are elevated in diabetic Ins2+/C96Y mice
compared with nondiabetic Ins2+/+ mice (Fig. 6A–C).
Diabetic Ins2+/C96YDusp42/2 mice showed no change in
glomerular size compared with diabetic Ins2+/C96Y mice, while
mesangial expansion was significantly increased. Masson
trichrome staining was performed to evaluate glomerular
fibrosis, a characteristic of chronic kidney disease. Nondia-
betic Ins2+/+ and Ins2+/+Dusp42/2 mice were free of fibro-
sis (blue staining) in their glomerulus, whereas diabetic
Ins2+/C96Y mice showed slight peripheral glomerular fibro-
sis. In stark contrast, diabetic Ins2+/C96YDusp42/2 mice
exhibited heavy fibrosis expression in their glomeruli (P,
0.0001) (Fig. 6D and E). Increased appearance of fibrosis was
associated with elevated Col IV staining in the glomeruli of
diabetic Ins2+/C96YDusp42/2 compared with diabetic Ins2+/C96Y

mice (Fig. 6F and G). To corroborate the presence of fibrosis
in the glomeruli, diabetic Ins2+/C96YDusp42/2 mice exhibited
elevated mRNA expression of Col IV, fibronectin, and TGF-b
compared with diabetic Ins2+/C96Y mice (Fig. 6H–J).

Figure 4—Activation of MAPK and DUSP expression in the renal cortex of Ins2+/C96Y mice. Expression of p38, JNK, and ERK phosphor-
ylation in extracted protein lysate (A) and cross-sections of the renal cortex (B) of 7-month-old Ins2+/+ and Ins2+/C96Y mice. Expression of
various DUSPs from the renal cortex (C ) and glomeruli and tubules (D) was evaluated by quantitative PCR experiments, and by
immunofluorescence analysis (E). Arrows represent activated p-38 MAPK (B) and DUSP4 expression positive podocytes (using WT-1 and
nephrin as podocytemarkers) (E). Results are shown asmean6 SD of six (A,B, and E), eight (C ), and five (D, with eachN included one kidney
of two mice) mice per group.

1032 DUSP4 Reduction by Diabetes in Podocytes Diabetes Volume 68, May 2019

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0837/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-0837/-/DC1


Deletion of DUSP4 in Diabetic Mice Exacerbates
Podocyte Foot Process Effacement, Loss of Slit
Diaphragm, and Cell Death

Since podocytes are an essential component of this bar-
rier, we evaluated podocyte integrity using scanning and
transmission electron microscopy. Diabetic Ins2+/C96Y mice

showed areas with foot process effacement and loss of
filtration slit. Interestingly, diabetic Ins2+/C96YDusp42/2

mice exhibited profound and severe podocyte damage,
with multiple areas with heavy foot process effacement
and large region of loss of filtration slit (Fig. 7A–C). We
have reported that podocyte cell death is elevated in

Figure 5—Renal dysfunction, BP, and metabolic parameters of Ins2+/C96Y and Dusp42/2 mice and patients with diabetes. Urinary albumin
levels (A), GFR (B), systolic BP (C), and mean arterial pressure (D) were measured in 7-month-old Ins2+/+ and Ins2+/C96Y mice with deletion of
Dusp4 gene (Dusp42/2). Results are shown asmean6 SD of 12 (A), 9 (B), and 8 (C andD) mice per group. E and F: DUSP4mRNA expression
of the renal cortex of patients with (n = 8) andwithout (n = 7) diabetes who underwent nephrectomywasmeasured by quantitative PCR. eGFR
was evaluated by serum creatinine measurements using the Chronic Kidney Disease Epidemiology Collaboration formula. G: Expression of
p-p38, p38, p-JNK, JNK, DUSP4, and GAPDH in protein lysate extracted from renal cortex of patients with diabetes (n = 8) was detected by
immunoblot.
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Figure 6—Renal pathology and glomerular fibrosis of Ins2+/C96Y andDusp42/2mice. Renal cross-sections of 7-month-oldmice were stained
with periodic acid Schiff (A) to quantify mesangial expansion (B) and glomerular size (C ), andwithMasson trichrome (D) to quantify glomerular
fibrosis (E ). F and G: Immunohistochemistry using antibody against Col IV was quantified. mRNA expression of Col IV (H), fibronectin (I), and
TGF-b (J) was measured by quantitative PCR. Results are shown as mean6 SD of six to eight glomeruli of six (A–G) and eight (H–I) mice per
group. Scale bars = 10 mm.
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diabetic Ins2+/C96Y mice compared with their nondiabetic
counterparts (5). Using the same technique, we confirmed
the increase of podocytes cell death signal per glomerulus
in diabetic Ins2+/C96Ymice compared with nondiabetic Ins2+/+

mice. The number of podocytes positive for cell death was
significantly enhanced in diabetic Ins2+/+Dusp42/2 mice
compared with diabetic Ins2+/C96Y mice (Fig. 7D).

PKC-d–Induced Loss of DUSP4 Expression in Diabetic
Mice Causes Activation of p38 and JNK MAPK,
Increased BAX Expression, and Oxidant Production
To verify whether PKC-d activation in vivo could be linked
to reduced DUSP4 expression in diabetic mice, we mea-
sured mRNA expression of DUSP4 in nondiabetic and
diabetic mice with or without deletion of PKC-d (Prkcd2/2).

DUSP4 mRNA levels were significantly decreased by 45% in
the renal cortex of diabetic mice. Deletion of PKC-d pre-
vented both diabetes-induced reduction of DUSP4 expres-
sion (Fig. 8A) and increased phosphorylation levels of p38
and JNK (Fig. 8B and C). Both p38 and JNK MAPK
phosphorylation were also significantly increased in diabetic
Ins2+/C96Y mice compared with nondiabetic Ins2+/+ mice
(Fig. 8D). In contrast to diabetic Prkcd2/2 mice, phosphor-
ylation levels of p38 and JNKMAPK were further enhanced
in diabetic Ins2+/C96YDusp42/2mice compared with diabetic
Ins2+/C96Ymice, whereas ERK phosphorylation levels did not
change by the absence of DUSP4 (Fig. 8D). Elevated
levels of p38 and JNK phosphorylation in diabetic
Ins2+/C96YDusp42/2mice were associated with a remarkable
sevenfold increase of the expression of the proapoptotic

Figure 7—Foot process effacement and podocyte cell death in Ins2+/C96YDusp42/2 mice. Transmission electron microscopy (A) and
scanning electron microscopy (B) of podocyte foot process structure, and quantification (C). D: Immunofluorescence of podocyte nucleus
(WT1; green) and apoptotic-positive cells (TUNEL; red) in the glomerulus of Ins2+/+, Ins2+/C96Y, Ins2+/+Dusp42/2, and Ins2+/C96YDusp42/2

mice. Scale bars = 10 mm. Arrows represent colocalization of podocyte and apoptotic markers. Boxes (A and B) represent podocyte
effacement process. Results are shown as mean 6 SD of eight glomeruli of six mice per group (A, B, and D) and four mice per group with
a minimum of 50 measurements per mouse (C ).
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protein BAX (Fig. 8E). Since our cultured podocyte data
showed that DUSP4 overexpression prevented NOX4 ex-
pression, we measured urinary 8-isoprostane, a marker of
oxidative stress production. Levels of urinary 8-isoprostane
were elevated in diabetic Ins2+/C96Y mice compared with
nondiabetic littermate control mice and further enhanced in
diabetic Ins2+/C96YDusp42/2 compared with diabetic Ins2+/C96Y

mice (Fig. 8F). Expression of NOX4, one of the main sources of
oxidant production in the kidney (38) and linked to
podocyte dysfunction in diabetes (39,40), was increased

by 30% in diabetic Ins2+/C96Y mice compared with non-
diabetic Ins2+/+ mice and exacerbated by 31% in diabetic
Ins2+/C96YDusp42/2 compared with diabetic Ins2+/C96Y

mice (Fig. 8G).

DISCUSSION

Podocyte loss is one of the strongest markers of DN
progression and is believed to be a driving factor in the
development of the disease (4). Activation of MAPK by HG

Figure 8—Loss of DUSP4 exacerbates p38 and JNK activation, systemic oxidant stress, and BAX andNOX4 expression in the renal cortex of
Ins2+/C96Y. Expression of DUSP4 mRNA (A) and p-p38, p38, p-JNK, JNK, and actin (B) from the renal cortex of nondiabetic (NDM) and
diabetic (DM) Prkcd+/+ and Prkcd2/2 mice was detected by immunoblot, and densitometry quantitation (C) was measured. Expression of
p38, JNK, and ERK phosphorylation (D), BAX (E), urinary 8-isoprostane levels (F ), and NOX4 mRNA (G) from the renal cortex of 7-month-old
Ins2+/+, Ins2+/C96Y, Ins2+/+Dusp42/2, and Ins2+/C96YDusp42/2 mice was measured by immunoblot (D and E), ELISA (F ), and quantitative
PCR (G). Results are shown as mean 6 SD of 6 (A and G), 8 (C–E), and 10 (F ) mice per group.
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levels has been reported in multiple cell types and is linked
to cellular disorder and development of microvascular
pathologies (9). In podocytes, HF-induced activation of
p38a MAPK enhanced DNA fragmentation, which can be
prevented by the p38 inhibitor SB203580 (6). Although
ample evidence shows that hyperglycemia activates MAPK
in podocytes, the exact mechanisms leading to their acti-
vation have not been fully elucidated. In this study, we
show for the first time that expression of DUSP4, a protein
known to inhibit MAPK, was reduced by hyperglycemia in
cultured podocytes and glomeruli. In addition, using
Dusp4-deficient mice, we showed that loss of DUSP4 under
hyperglycemic conditions is associated with sustained
activation of both p38 and JNK, enhanced albuminuria,
glomerular fibrosis, podocyte dysfunction, and foot pro-
cess effacement. More interestingly, reduced DUSP4 ex-
pression, and not DUSP1, in the renal cortex of patients
with diabetes correlated with lower eGFR levels.

Chronic activation of the p38 MAPK pathway was
originally discovered to promote cell death caused by
cellular stresses. It is often associated with diverse disease
pathology, including inflammation, ischemia/reperfusion
injury, infectious disease, and neuronal disease (41). In the
glomeruli of diabetic animals, p38 MAPK activity was
enhanced compared with their nondiabetic counterparts
(7,42). Inhibition of p38 activity was associated with de-
creased expression of extracellular matrix proteins, Col IV,
fibronectin, and TGF-b (15). Our results corroborate these
observations. The absence of DUSP4 enhanced the acti-
vation of both p38 and JNK in Ins2+/C96YDusp42/2 mice
and was associated with increased glomerular fibrosis and
fibrotic gene expression.

Activation of p38 and JNK is associated with increased
podocyte cell death through upregulation of BAX (29,40).
Our current results support the notion that sustained
activation of p38 and JNK MAPK in diabetic DUSP4-
deficient mice markedly enhanced BAX expression. More-
over, overexpression of DUSP4 in podocytes prevented the
HG-induced activation of p38 and JNK, which normalized
both caspase 3/7 enzymatic activity and BAX expression to
NG levels. These results further support the idea that
activation of p38 and JNK MAPK in DN promotes loss
of podocytes through increased cell death signals.

The mechanisms by which diabetes regulates DUSP
expression and activity in the kidney have never been
explored. Previous studies showed that activation of PKC-d
decreased DUSP1 expression (31,32). Interestingly, acti-
vation of PKC-d by hyperglycemia has been linked
to sustained activation of p38 in retinal pericytes and
podocytes (6,9). Our data uncovered another pathway of
PKC-d–induced p38 MAPK activation through DUSP de-
regulation. Inhibition of PKC-d expression in diabetic mice
and podocytes exposed to HG concentrations prevented
DUSP4 reduction and phosphorylation of p38 and JNK
MAPK without affecting other DUSP expression. These
results combined with other studies suggest that diabetes
and hyperglycemia cause podocyte dysfunction mainly

through the activation of PKC-d and p38 MAPK, in
part, mediated by reduced DUSP4 expression.

For many years, an excess in cellular glucose substrate
availability was postulated to generate reactive oxygen
species (ROS), which in turn drives vascular complications
in DN (43). However, this hypothesis has been challenged
by the negative results of antioxidant-based clinical trials
(44). ROS production in DN has been linked to podocyte
dysfunction, and mice with podocyte-specific genetic de-
letion of NOX4, the main source of ROS in the kidney, are
protected from developing glomerular damage (39,45).
Moreover, downregulation of DUSP4 expression in
Dusp42/2 with siRNA in cardiomyocytes resulted in in-
creased NOX4 expression (46), whereas overexpression of
DUSP4 in endothelial cells reduced hypoxia/reoxygenation-
induced oxidative stress (47). Our results indicate that loss
of DUSP4 expression caused by HG levels could contribute
to oxidant production, because deletion of DUSP4 en-
hanced NOX4 expression in diabetic mice while overex-
pression of DUSP4 in podocytes prevented NOX4 and
HO-1 expression.

Studies trying to evaluate DUSP4 specificity toward
MAPK showed that it can be influenced both by cell
type and mechanism, leading to MAPK activation. In
most cancer cell lineages, DUSP4 activity is linked to
reduced ERK phosphorylation in the nucleus (48). In
macrophages, overexpression of DUSP4 prevented tumor
necrosis factor-a–induced activation of both p38 and JNK
MAPK (49), whereas knockdown of DUSP4 in MH-S cells
led to increased ERK phosphorylation after lipopolysac-
charide was administered (50). In cardiomyocytes, genetic
deletion of both DUSP1 and DUSP4 resulted in sustained
activation of p38 MAPK, while the phosphorylation levels
of JNK and ERK remained unchanged (23). Our data
showed that in the glomeruli and in podocytes under
HG conditions, DUSP4 activity seems specific to both
p38 MAPK and JNK, while phosphorylation levels of
ERK were unaffected by modulation of DUSP4 expression.
The expression levels of other DUSPs might partly explain
the different profile of MAPK phosphorylation status
observed in different cell types. In addition, our data
demonstrated that DUSP4 mRNA expression was de-
creased in the tubular cell fraction. We therefore cannot
exclude the potential impact of DUSP4 reduction in
tubules to DN progression. However, Akita mice do not
produce severe tubular fibrosis. Thus, additional experi-
ments using a more appropriate mouse model of tubular
fibrosis will be required in future studies to evaluate the
impact of reduced DUSP4 expression in the tubules.

In conclusion, our study showed that hyperglycemia
reduces DUSP4 expression in cultured podocytes and renal
tissue of diabetic mice and patients with diabetes. Loss of
DUSP4 expression in a context of diabetes contributed to
sustained activation of p38 and JNK MAPK, oxidant
production, and cell death that resulted in glomerular
injury and dysfunction and effacement of podocytes. These
results strongly suggest that preventing loss of DUSP4
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expression in DN could present an interesting avenue to
stop podocyte loss and halt the progression of DN.
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