
RESEARCH ARTICLE

Pharmacological and genetic inhibition of downstream targets of p38 MAPK
in experimental nephrotic syndrome

Xiaojing Nie,1,2 Melinda A. Chanley,1 Ruma Pengal,1 David B. Thomas,3 Shipra Agrawal,1,4*
and William E. Smoyer1,4*
1Center for Clinical and Translational Research, The Research Institute at Nationwide Children’s Hospital, Columbus, Ohio;
2Department of Pediatrics, Fuzhou Dongfang Hospital, Xiamen University, Fuzhou, China; 3University of Miami Miller
School of Medicine, Miami, Florida; and 4Department of Pediatrics, College of Medicine, The Ohio State University,
Columbus, Ohio

Submitted 19 April 2017; accepted in final form 21 November 2017

Nie X, Chanley MA, Pengal R, Thomas DB, Agrawal S, Smoyer
WE. Pharmacological and genetic inhibition of downstream targets of
p38 MAPK in experimental nephrotic syndrome. Am J Physiol Renal
Physiol 314: F602–F613, 2018. First published November 29, 2017;
doi:10.1152/ajprenal.00207.2017.—The p38 MAPK pathway plays a
crucial role in various glomerulopathies, with activation being asso-
ciated with disease and inhibition being associated with disease
amelioration. We hypothesized that the downstream targets of p38
MAPK, MAPK-activated protein kinase 2 and/or 3 (MK2 and/or
MK3), play an important role in mediating injury in experimental
nephrotic syndrome via their actions on their downstream substrates
heat shock protein B1 (HSPB1) and cyclooxygenase-2 (COX-2). To
test this hypothesis, the effects of both pharmacological and genetic
inhibition of MK2 and MK3 were examined in mouse adriamycin
(ADR) and rat puromycin aminonucleoside (PAN) nephropathy mod-
els. MK2�/�, MK3�/�, and MK2�/�MK3�/� mice were generated
in the Sv129 background and subjected to ADR-induced nephropathy.
MK2 and MK3 protein expression was completely abrogated in the
respective knockout genotypes, and massive proteinuria and renal
histopathological changes developed after ADR treatment. Further-
more, renal cortical HSPB1 was induced in all four genotypes by day
21, but HSPB1 was activated only in the wild-type and MK3�/� mice.
Expression of the stress proteins HSPB8 and glucose-regulated pro-
tein 78 (GRP78) remained unaltered across all genotypes. Finally,
while MK2 and/or MK3-knockout downregulated the proinflamma-
tory enzyme COX-2, ADR significantly induced renal cortical COX-2
only in MK2�/� mice. Additionally, pharmacological MK2 inhibition
with PF-318 during PAN-induced nephropathy did not result in
significant proteinuria reduction in rats. Together, these data suggest
that while the inhibition of MK2 and/or MK3 regulates the renal stress
response, our currently available approaches are not yet able to safely
and effectively reduce proteinuria in experimental nephrotic syn-
drome and that other p38MAPK downstream targets should also be
considered to improve the future treatment of glomerular disease.

glomerular disease; inhibition; MAPK; MK2; MK3; nephrotic syn-
drome; p38; proteinuria

INTRODUCTION

Currently available therapies for nephrotic syndrome (NS),
including glucocorticoids, have many side effects and are
frequently ineffective in focal segmental glomerulosclerosis
(FSGS) which is one of the most important causes of acquired
chronic kidney disease (CKD) (24, 25). The p38 MAPK
signaling pathway is known from both animal and human
studies to play a crucial role in glomerular disease, where
activation has been associated with disease activation and
inhibition has been associated with disease amelioration (16,
30, 51, 56). Indeed, it has been reported that p38 MAPK may
be a desirable potential target for therapeutic intervention in
NS, including FSGS (30). However, since p38 MAPK signal-
ing plays an important role in diverse cellular processes,
attempts to utilize p38 MAPK inhibitors in clinical trials for
many other types of diseases have been unsatisfactory due to
their significant side effects (15, 18). Interestingly, downstream
of p38 MAPK are two additional kinases, MAPK-activated
protein kinases 2 and 3 (MK2 and MK3), which are phyloge-
netically related protein kinases that serve as direct substrates
of p38 MAPK (41, 48). In exploration of the potential utility of
inhibition of such downstream kinases as therapeutic targets,
we have previously reported the specific role of this down-
stream signaling pathway, p38 MAPK¡MK2/MK3¡heat
shock protein B1 (HSPB1), in both in vitro models of podocyte
injury and in an in vivo model of acute glomerulonephritis (20,
38). Additionally, we have also identified cyclooxygenase-2
(COX-2) as an additional p38 MAPK-dependent mediator of
podocyte pathophysiology (3, 38). Based on the above, we
hypothesized that the downstream targets of p38 MAPK, MK2
and/or MK3, play an important role in mediating injury in
experimental NS via its actions on its downstream substrates
HSPB1 and COX-2. To test this hypothesis, we examined the
effects of both pharmacological and genetic inhibition of MK2
and MK3 in puromycin aminonucleoside (PAN)-induced and
in adriamycin (ADR)-induced nephropathy in rats and mice,
respectively. We generated mice and studied the development
of NS in the presence or absence of MK2 and/or MK3 genetic
deletions in an ADR-susceptible strain (sv129) and analyzed
the roles of each kinase in regulating proteinuria, renal mor-
phology, renal cortical activation, and the expression of spe-
cific small heat shock proteins (sHSPs) and the proinflamma-
tory enzyme COX-2. Additionally, we studied the safety and
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efficacy of pharmacologic inhibition of MK2 (PF-318) (4, 14)
in experimental NS in rats.

MATERIALS AND METHODS

Breeding, generation, and genotyping of MK2/MK3 knockout mice.
This study was performed in accordance with the animal protocols
approved by the Institutional Animal Care and Use Committee.
MK2/MK3 double heterozygous mice (MK2�/� MK3�/�) in
C57BL/6 background were backcrossed with WT 129/SvJ female
mice (Jackson Laboratory, Bar Harbor, ME) for seven generations to
obtain MK2, MK3, and MK2/MK3 knockout (KO) mice in an
ADR-susceptible strain. Mice were genotyped by PCR analysis of
alkaline-lysed toe clips as previously described (32, 41). WT alleles
were discriminated from KO alleles using an amplicon that spans the
5= LoxP insertion site of either MK2 or MK3 gene. The MK2-WT
allele was detected using the forward (5=-CATGCCATGATGAGGT-
GCCTCTGC) and reverse primers (5=-CCCTCTCTACCTCTTTCT-
GTGAATGCC) resulting in an amplicon of 200 bp. The MK2-KO
allele was detected by using the same forward primer (5=-
CATGCCATGATGAGGTGCCTCTGC) and reverse primer specific
for neomycin resistance cassette (5=-CCCTCTCTACCTCTTTCTGT-
GAATGCC) resulting in an amplicon of 560 bp. The MK3-WT allele
was detected using the forward (5=-GCCAATGTCCCGCATTATC-
TCTGC) and reverse primers (5=-CAGGGAGCACTCACAGAG-
CAGTGGGC) resulting in an amplicon of 879 bp. MK3-KO allele
was detected by using the same forward primer (5=-GCCAATGTC-
CCGCATTATCTCTGC) and reverse primer specific for neomycin
resistance cassette (5=-CTGTTGTGCCCAGTCATAGCCG) resulting
in an amplicon of 1,239 bp. The PCR products were separated on
1.5% agarose gels and visualized by ethidium bromide staining. Mice
were euthanized according to the protocol by carbon dioxide, and for
humane reasons severely ill mice were euthanized.

Genotype confirmation for MK2 and MK3 proteins. The presence
or absence of MK2 and MK3 protein expression was also confirmed
in the mice of all four genotypes (WT, MK2�/�, MK3�/�, and
MK2�/�MK3�/�). Due to the low abundance of MK3 compared with
MK2, decreased ability of anti-MK3 antibody to detect endogenous
MK3, and detection of nonspecific signal by anti-MK3 antibody, total
protein lysates were prepared from mouse spleens and enriched for
endogenous MK2 and MK3 using recombinant GST-p38 MAPK
bound to glutathione-Sepharose 4B, as previously described (41).
Briefly, spleens were harvested from mice and snap frozen in liquid
nitrogen and stored at �80°C until use. Frozen specimens were
homogenized on ice in tissue protein extraction reagent (Thermo
Scientific, Rockford, IL) in the presence of protease and phosphatase
inhibitors (Sigma-Aldrich, St. Louis, MO). Lysates were centrifuged
at 10,000 g for 10 min at 4°C, and the supernatants were quantified for
protein concentration by a Pierce BCA protein assay kit (Pierce
Biotechnology, Rockford, IL) and stored at �80°C. For GST pull-
down, 1 mg of spleen lysate protein was incubated with 1.25 �g
GST-p38 (Sigma-Aldrich) bound to glutathione-Sepharose 4B (GE
Healthcare Life Sciences, Uppsala, Sweden) at 4°C O/N. Following
three washes with immunoprecipitation buffer [mammalian protein
extraction buffer (Thermo Scientific) � protease and phosphatase
inhibitors � 1% Triton X-100], bound proteins were extracted from
the beads in 5� SDS sample buffer and subjected to SDS-PAGE
followed by Western blotting to detect MK2 and MK3 proteins, as
described below.

ADR-induced nephropathy model. The ADR-induced nephropathy
model was generated by injecting ADR (Sigma-Aldrich) at 18 mg/kg
iv via tail vein in the male mice at 11 wk in all four genotypes (WT,
MK2�/�, MK3�/�, and MK2�/�MK3�/�) of 129/SvJ mice. Twelve
mice per genotype (n � 12) were injected with ADR, while control
groups (n � 6) received saline injections. Urine was collected at
regular intervals throughout the study by applying gentle abdominal
pressure and analyzed for proteinuria on days 0, 4, 7, 14, and 21, as

described below. Mice were euthanized on days 7 (n � 2 ADR, n �
2 control; per genotype) and 21 (n � 10 ADR, n � 4 control; per
genotype), and kidneys were harvested and processed as described
below. A few of the ADR-injected mice exhibited serious weight loss,
fatigue, and appetite loss during the course of the study, at which point
they either died or were euthanized for humane reasons, and these
animals were included in the mortality count for the survival analyses.

Albuminuria analyses of mouse-ADR model. As an indicator of
renal injury, albuminuria was analyzed by SDS-PAGE of urine
samples followed by zincon staining. Urine samples collected at days
0, 4, 7, 14, and 21 were resolved on 6–20% gradient SDS-PAGE gels.
The gels were fixed (30% methanol � 7% acetic acid) for 30 min and
stained (0.4% zincon � 0.3% ethyl violet in ethanol) overnight, and
the albumin band densities were quantified using ImageJ (1.36u ed.,
National Institutes of Health, Bethesda, MD) (53). Bovine serum
albumin (Sigma-Aldrich) standards at varying concentrations (0.5, 1,
1.5, and 2.5 �g) were also resolved on the gels to generate calibration
curves, which were then used to calculate the absolute urinary albu-
min values of the unknown samples. Urinary creatinine was measured
using an enzymatic creatinine assay, according to the manufacturer’s
instructions (Diazyme, Poway, CA). Finally, the albuminuria values
were derived by normalizing the urinary albumin measurements to
creatinine.

SDS-PAGE and Western blotting. Renal cortexes were harvested
and snap frozen in liquid nitrogen and stored at �80C until further
use. Protein extracts were made from frozen specimens as described
above and quantified. Fifteen micrograms of each protein lysate were
resolved by 10% SDS-PAGE and transferred to nitrocellulose
membranes. The blots were incubated in 5% nonfat milk in
phosphate-buffered saline � 1% Tween 20 (PBS-T) at room
temperature for 1 h for blocking. The membranes were washed
with PBS-T and incubated with the primary antibody overnight at
4°C. The anti-MK2 rabbit monoclonal, anti-MK3 rabbit monoclo-
nal, anti-p38 rabbit monoclonal, and anti-phosphorylated-HSPB1
rabbit monoclonal antibodies were purchased from Cell Signaling
(Danvers, MA). The other primary antibodies used were anti-
HSPB1 (StressMarq, Victoria, BC), anti-HSPB8 mouse monoclo-
nal (Abcam, Cambridge, MA), anti-GRP78 rabbit monoclonal
(StressMarq), and anti-GAPDH mouse monoclonal (Millipore,
Billerica, MA). Following three washes, the membranes were
incubated with appropriate horseradish peroxidase conjugated anti-
mouse or anti-rabbit IgG secondary antibodies (Jackson Labora-
tory, Bar Harbor, ME) for 1 h at room temperature. The blots were
developed with an ECL detection kit (GE Healthcare Bio-Sciences,
Piscataway, NJ) and detected by exposure to X-ray film. X-ray
films were scanned using a calibrated ArtixScan M1 transillumi-
nation scanner (Microtek Lab, Cerritos, CA) controlled by the
ScanWizard Pro program (version 7.042) using standard settings.
Densitometry analyses of the integrated band densities were per-
formed using ImageJ (version 1.39, standard settings; https://
rsb.info.nih.gov/ij/), and values were plotted using GraphPad
Prism software version 6.00 for Windows.

RNA extraction and real-time quantitative RT-PCR. Total RNA
was extracted from renal cortexes and used for quantitative reverse
transcribed-polymerase chain reactions (qRT-PCR), as described pre-
viously (3). The frozen renal cortical tissue (snap frozen in RNA Later
in liquid nitrogen) was homogenized on dry ice. The total RNA was
isolated using an RNeasy kit (Qiagen, Germantown, MD) as per the
manufacturer’s instructions, and the concentration and purity were
determined using a NanoDrop Spectrophotometer (Thermo, Wilming-
ton, DE). One microgram of RNA was treated with DNase (Ambion,
Austin, TX) at 37°C for 30 min. Following a DNase inactivation step
with 5 mM EDTA at 75°C for 10 min, cDNA was synthesized in a
20-�l reaction mix using iScript reverse transcriptase (Bio-Rad Lab-
oratories). The reaction conditions were 25°C for 5 min, 42°C for 30
min, followed by 85°C for 5 min. COX-2 and �-actin mRNAs were
quantified using the SYBRGreen method on an iQ5 thermal cycler
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(Bio-Rad Laboratories) as previously described (3). The primers used
for COX-2 amplification were forward 5=-GATGTTTGCATTCTTT-
GCCC and reverse 5=-GGCGCAGTTTATGTTGTCTG, and for �-ac-
tin amplification the primers were forward 5=-CTTCGTTGCCGGTC-
CACACCC and reverse 5=-CTGGGCCTCGTCACCCACAT. The re-
actions were performed at 95°C for 3 min, 40 cycles of 95°C for
10 s, and 55°C for 10 s, followed by melt curve analyses. Values were
normalized to the housekeeping gene �-actin and plotted as fold
changes.

Histological analyses of ADR-induced renal injury. Murine ne-
phrectomies were bisected, fixed in 10% formalin, and paraffin
embedded (n � 3 for each group). Three-micrometer whole mount
sections were stained with hematoxylin and eosin and periodic acid-
Schiff stain. The slides were examined and scored by an expert renal
pathologist in a blinded fashion. Each specimen included at least 100
glomeruli. Each specimen was assigned a semiquantitative pathology
score (0 –3) for the glomerular compartment including mesangial
cellularity (M0, no mesangial hypercellularity or 8 mesangial cells/
mesangial area), glomerular sclerosis (A, segmental glomerular
sclerosis; B, global glomerular sclerosis), mesangiolysis (absent or
present), and extracapillary proliferation (F, focal or �50% glo-
merular involvement). Additional features of cellular vacuoliza-
tion, karyorrhectic debris, and exudative lesions were recorded but
not scored. Tubular features (dilatation/microcysts, protein reab-
sorption droplets, cytoplasmic vacuolization, casts, and atrophy)
and interstitial changes (fibrosis 0 and 50% and inflammation)
were graded. Vascular changes (myocyte vacuoles and sclerosis)
were recorded if present.

Puromycin aminonucleoside-induced nephropathy model. The per-
formed studies were approved by the Institutional Animal Care and
Use Committee at Nationwide Children’s Hospital, and all the exper-
iments were performed in accordance with the approved guidelines.
Proteinuria was induced in male Sprague-Dawley rats weighing
~150–200 g by single intravenous puromycin aminonucleoside (PAN;
Sigma-Aldrich) injection (75 mg/kg) on day 0, while the control group
received intravenous saline injections (n � 11). A group of PAN-
injected rats (n � 13) were left untreated and received sham oral
gavage vehicle solution (0.5% methylcellulose and 0.025% Tween
20), while the treatment group (n � 14) also received PF-318 (kind
gift from Pfizer) at 30 mg/kg b.i.d. by oral gavage daily. The treatment
control group (n � 14) received PF-318 alone (30 mg/kg b.i.d.) by
oral gavage daily with no PAN injection. Urine samples were col-
lected at baseline (before injury) and daily during the study for
analysis. The rats were weighed daily and euthanized on day 21 at the
point of expected proteinuria remission, and the kidneys were har-
vested.

Urine analyses of rat-PAN model. Albuminuria was monitored by
analyzing 4-�l urine samples taken at days 0, 2, 4, 7, 9, 11, 14, 18,
and 21 for the presence of albumin by SDS-PAGE and Zincon.
Urine protein-to-creatinine ratios (UPC) were measured at day 11
(expected peak proteinuria) by Antech Diagnostics Good Labora-
tory Practice (Morrisville, NC), which is fully compliant with
Good Laboratory Practice regulations as previously reported (2).

Statistical analyses. Statistical significance was determined by
one-way or two-way ANOVA for multiple group comparisons using
the GraphPad Prism software version 6.00 for Windows. P 	 0.05
was considered significant. Albuminuria graphs were prepared from
n � 10 mice/group, and Western and qRT-PCR experiments were
performed in at least n � 3 mice/group. Proteinuria graphs were
prepared from day 11 UPC values from rats. Data are shown as either
representative blots or as means 
 SE. Survival analysis was plotted,
and curve comparison was performed using log-rank (Mantel-Cox)
and Wilcoxon tests using the GraphPad Prism software version 6.00
for Windows.

RESULTS

Generation and validation of MK2/MK3 knockout mice in
ADR-susceptible background. Various genotypic combinations
of MK2/MK3 KO mice in Sv129 background were generated
by backcrossing double heterozygous mice (MK2�/�MK3�/�)
in C57BL/6 background with WT 129/SvJ mice for seven
generations, as described in MATERIALS AND METHODS. The
amplicons corresponding to MK2-WT and MK2-KO alleles
were 200 and 560 bp, and amplicons corresponding to
MK3-WT and MK3-KO alleles were 879 bp and 1,239 bp,
respectively (Fig. 1A). Thus all four genotypes (WT, MK2�/�,
MK3�/�, and MK2�/�MK3�/�) of mice were successfully
generated in enough numbers for the subsequent studies
(� n � 18/genotype).

The presence and absence of MK2 and MK3 proteins in their
respective WT and KO genotypes were also confirmed at the
protein level using anti-MK2 and anti-MK3 antibodies, as
previously described (41). The untreated lysates (Fig. 1B,
input) showed specific MK2 bands but nonspecific MK3
bands, due to low levels of expression of MK3 and some
nonspecificity of the anti-MK3 antibodies. Thus the spleen

Fig. 1. Generation and validation of MK2/MK3 knockout (KO) mice in an
adriamycin (ADR)-susceptible background. MK2/MK3 heterozygous mice in
C57BL/6 background were backcrossed with 129/SvJ for 7 generations to
obtain MK2, MK3 and MK2/MK3 KO mice in ADR-susceptible strain. A:
genotyping by PCR is shown for representative mice for all the 4 genotypes.
The amplicons corresponding to MK2-wild type (WT) and MK2-KO alleles
were 200 and 560 bp. The amplicons corresponding to MK3-WT and
MK3-KO alleles were 879 and 1,239 bp. B: the absence and presence of MK2
and MK3 in their respective KO and WT genotypes were confirmed by
Western blotting. MK2 and MK3 were precipitated by GST-p38 bound to
glutathione-Sepharose 4B before detection with their respective antibodies.
Left 4 lanes (p38 pull down): MK2 and MK3 were precipitated from spleen
lysates by GST-p38 bound to glutathione-Sepharose 4B and detected by
respective antibodies. Right 4 lanes (input): unprecipitated input lysates. The
untreated lysates (input) showed specific MK2 bands but nonspecific MK3
bands that were cleared by GST-p38 precipitation.
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lysates from these mice were first cleared and enriched for p38
MAPK-bound proteins (MK2 and MK3) using GST-p38 bound
to glutathione-Sepharose 4B before detection. MK2 (47 and 55
kDa) could be detected in WT and MK3�/� but not in MK2�/�

and MK2�/�MK3�/� mice (Fig. 1B). Specific MK3 bands (42
kDa) could be detected in WT and MK2�/� but not in
(MK3�/� and MK2�/�MK3�/�) mice (Fig. 1B). Thus the

complete absence of MK2 and MK3 protein expression was
confirmed in their respective KO genotypes.

ADR-injection induced massive proteinuria in WT and MK2/
MK3 knockout mice. Albuminuria as a functional indicator of
ADR-induced NS was analyzed in all four genotypes of mice
and compared with the PBS-treated control groups. The base-
line (day 0) urinary albumin-to-creatinine ratio (UA:CR) was
negligible and did not change with either MK2 or/and MK3
gene deletion (Fig. 2, A and B). Upon ADR injection, albu-
minuria was observed across all four genotypes, which started
at day 4 and progressively worsened to day 21, with ~25-fold
increases (Fig. 2, A and B). Although the severity of albumin-
uria was not dramatically different among the different geno-
types, there were some minor but noticeable differences (Table
1). MK2�/� and MK2�/�MK3�/� mice were the earliest to
show albuminuria upon ADR injection (on day 4) compared
with untreated mice of the same genotypes, suggesting some
potential importance of MK2. In contrast, the WT and
MK3�/� did not display significant albuminuria at day 4
compared with their respective controls, and only began to
develop significant albuminuria starting at day 7. Moreover,
albuminuria levels in MK2�/� mice were found to display the
highest levels of significance at days 7, 14, and 21 compared
with the other genotypes (Table 1).

ADR-induced toxicity was not significantly different among
the MK2 and MK3 genotypes. Survival analyses revealed that
the WT mice showed a trend toward more severe ADR-
induced toxicity compared with controls, with 65% survival by
day 21 (Fig. 3). Notably, while similarly reduced survival was

Fig. 2. ADR injection induced massive proteinuria in WT and MK2/MK3 KO
Mice. Albuminuria was induced in male mice of all 4 genotypes by single
intravenous ADR injections (18 mg/kg) on day 0. A: representative gels of
urinary albumin as visualized on zincon-stained SDS-PAGE gels. Urines were
collected daily, and equal volumes (control � �l, ADR-treated �l) from
selected days were analyzed. BSA standard were run at 0.5, 1, 1.5, and 2.5 �g
for albumin quantitation. B: urinary albumin/creatinine ratios (UA:CR) are
plotted through the course of the experiment. Statistical differences are
indicated as * P 	 0.05, control vs. ADR as determined by two-way ANOVA
Tukey’s multiple comparison test.

Table 1. Albuminuria severity among MK2 and MK3 genotypes upon adriamycin treatment

Genotype

Days WT MK2�/� MK3�/� MK2�/�MK3�/�

0 (0.36 
 0.11) vs. (4.35 
 0.55) (0.60 
 0.17) vs. (3.11 
 0.66) (1.05 
 0.61) vs. (1.78 
 0.33) (0.47 
 0.17) vs. (2.59 
 0.60)
4 (0.29 
 0.07) vs. (12.72 
 2.82) (0.30 
 0.05) vs. (15.21 
 2.56)* (0.50 
 0.18) vs. (7.14 
 2.51) (0.34 
 0.17) vs. (15.99 
 3.33)*
7 (0.27 
 0.03) vs. (16.45 
 1.57)* (0.24 
 0.10) vs. (20.71 
 2.71)*** (0.52 
 0.25) vs. (16.80 
 2.48)** (0.17 
 0.08) vs. (20.04 
 1.62)**

14 (0.43 
 0.12) vs. (16.18 
 5.38)* (0.23 
 0.11) vs. (20.00 
 4.01)*** (0.50 
 0.43) vs. (18.56 
 3.35)** (0.13 
 0.07) vs. (28.20 
 5.44)****
21 (0.55 
 0.10) vs. (21.23 
 2.82)*** (0.55 
 0.34) vs. (23.41 
 4.21]**** (0.86 
 0.65) vs. (22.20 
 5.67)*** (0.22 
 0.13) vs. (20.73 
 4.20)***

Values are means 
 SE of urinary albumin-to-creatinine ratios for control vs. adriamycin (ADR)-treated mice. WT, wild type. *P 	 0.05; **P 	 0.01;
***P 	 0.001; ****P 	 0.0001.

Fig. 3. ADR-induced toxicity was not significantly different among the 4
genotypes. Survival plot was generated for all the genotypes injected with
ADR. At 11 wk of age, male mice from each genotype (WT, MK2�/�,
MK3�/�, and MK2�/�MK3�/�) were injected with 18 mg/kg ADR (ADR
group, n � 12 each genotype) or PBS (control group, n � 6 each genotype) by
tail vein injections. At days 7 and 21, 2 and 10 mice, respectively, were killed
and included in the survival analyses.
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seen in the MK2�/�MK3�/� mice, both of the single KO
groups (MK2�/� and MK3�/�) showed trends toward in-
creased survival, with 90% survival at day 21 (Fig. 3). How-
ever, none of these trends were statistically significant.

ADR-induced injury induced and activated sHSP, primarily
in an MK2-dependent manner. Induction and activation of
proteins involved in stress responses, including the sHSPs
HSPB1 and HSPB8 and another HSP HSPA5/GRP78, were
studied during ADR-induced nephropathy in all four geno-
types. HSPB1 gene expression was highly induced in all four
genotypes (WT, MK2�/�, MK3�/�, and MK2�/�MK3�/�) in
ADR-injected mice (Fig. 4, A and B). Moreover, HSPB1 was
significantly activated (as measured by its phosphorylation) by
ADR injection in WT and MK3�/� mice but not in either the
MK2�/� or the MK2�/�MK3�/� mice. Furthermore, ADR
induced HSPB8 expression modestly (but not significantly) in
WT mice, despite less or no induction in the other genotypes,
while GRP78 remained unaltered with injury in all genotypes
(Fig. 4, A and B).

ADR-induced injury induced COX-2 in an MK2-dependent
manner. The renal cortical expression of COX-2 in all four
genotypes of ADR-injured mice was also studied, as increased
COX-2 expression has been previously linked to podocyte

injury in a p38 MAPK- and MK2-dependent manner (3, 38).
COX-2 gene expression was significantly reduced in un-
treated MK2�/�, MK3�/�, and MK2�/�MK3�/� groups
compared with WT (Fig. 5). Furthermore, although COX-2

Fig. 4. ADR-induced injury induced and acti-
vated small heat shock proteins (HSPs), primar-
ily in an MK2-dependent manner. Total protein
was extracted from renal cortexes isolated from
control and ADR-injured mice on day 21 from
each genotype and phosphorylated and total
forms of HSPB1, HSPB8, glucose-regulated
protein 78 (GRP78), and GAPDH were detected
using their respective antibodies. A: representative
Western blots of total and phosphorylated forms
of selected proteins. B: densitometry analyses of
protein induction/phosphorylation in the renal cor-
texes of at least 3 mice from each genotype.
Statistical differences: *P 	 0.05, control vs.
ADR; #P 	 0.05, WT-ADR treated vs. KO-ADR
treated.

Fig. 5. ADR-induced injury induced cyclooxygenase-2 (COX-2) in an MK2-
dependent manner. Total RNA was extracted from the renal cortices isolated
from control and ADR-injured mice on day 21 from each genotype (n � 3 per
genotype). Relative mRNA levels of COX-2 was measured by quantitative
RT-PCR and normalized to GAPDH. Statistical differences: *P 	 0.05,
control vs. ADR. #P 	 0.05, WT vs. KO.
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was not significantly induced in WT mice upon ADR injury,
it was significantly induced (~3 fold) in the ADR-injected
MK2�/� group, with lesser inductions in the MK3�/� and
MK2�/�MK3�/� groups (Fig. 5).

ADR induced renal injury in all four genotypes in MK2- and
MK3-dependent manner. Analysis of WT-control murine kid-
ney (Fig. 6, A and B, and Table 2) revealed rare mild mesangial
hypercellularity (M1) and rare segmental karyorrhectic debris.
No significant glomerular extracapillary proliferation, no tubu-
lar abnormalities, no interstitial fibrosis, and no vascular
changes were identified.

ADR-treated WT murine kidneys had foci of mesangioly-
sis (Fig. 6C and Table 2) and foci of exudative lesions (Fig.
6D), and focal mild mesangial hypercellularity (Fig. 6E)
with rare focal segmental tuft sclerosis. Diffuse extracapil-
lary hypertrophy with occasional cytoplasmic vacuoles (Fig.
6E) was also present. Small tubular hyaline luminal contents
with occasional dilatation, foci of tubular epithelial protein
reabsorption droplets (Fig. 6F), and foci of diffuse moderate
to severe acute tubular epithelial cell injury were present.
Additionally, myocyte vacuoles were also present.

Fig. 6. ADR induced renal injury in all four genotypes in MK2 and MK3-dependent manner. Representative images of WT control (A and B) [periodic acid-Schiff
(PAS) at �40]; ADR-treated WT mesangiolysis (PAS at �40; C); ADR-treated WT mesangiolysis, exudative lesions, and podocyte hypertrophy (PAS at �40;
D); ADR-treated WT mesangial hypercellularity and cytoplasmic vacuoles (PAS at �40; E); ADR-treated WT tubular epithelial cell protein reabsorption droplets
[hematoxylin and eosin (H&E), �40; F]; ADR-treated MK2�/� tubular microcysts and hyaline casts (H&E at �4; G); ADR-treated MK2�/� segmental sclerosis
and cytoplasmic vacuolization (PAS at �40; H); ADR-treated MK3�/� moderate mesangial hypercellularity and podocyte hypertrophy (PAS at �40; I);
ADR-treated MK3�/� tubular epithelial cell protein reabsorption droplets and hyaline casts (H&E at �40; J); ADR-treated MK2�/�MK3�/� segmental sclerosis
(PAS at �40; K); and ADR-treated MK2�/�MK3�/� global glomerular sclerosis (PAS at �40; L).
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Both ADR-treated MK2�/� and MK3�/� groups both had
diffuse mesangiolysis and diffuse exudative lesions (Fig. 6,
G–J, and Table 2). Mild mesangial hypercellularity (M1) was
present in both with foci of moderate mesangial hypercellular-
ity (Fig. 6I) in the MK3�/� ADR group. Segmental glomerular
sclerosis was present in all samples, with prominent diffuse
extracapillary hypertrophy with often large cytoplasmic vacu-
olization (Fig. 6H). Diffuse tubular dilatation with microcystic
change (Fig. 6G), frequent hyaline casts (Fig. 6, G and J), and
tubular epithelial protein reabsorption droplets (Fig. 6J) was
pronounced.

ADR-treated MK2�/�MK3�/� group exhibited diffuse
moderate mesangial hypercellularity (M2), frequent segmental
tuft sclerosis (Fig. 6K), as well as foci of global glomerular
sclerosis (Fig. 6L and Table 2). Extracapillary hypertrophy
with large cytoplasmic vacuolization was pronounced. Diffuse
tubular dilatation with microcystic change, frequent hyaline
casts, and tubular epithelial protein reabsorption droplets was
also pronounced. No vascular abnormalities were identified.

MK2 inhibition with PF-318 did not significantly reduce
PAN-induced proteinuria in rats. Sprague-Dawley rats devel-
oped massive proteinuria after a single intravenous PAN in-
jection of 75 mg/kg (n � 13), which peaked on day 11 (UPC:
39.7 
 5.5 mg/mg; Fig. 7, A and B). The control rats received
IV saline with drug vehicle by oral gavage (n � 11) and
maintained baseline levels of urinary protein (UPC: 1.6 
 0.2
mg/mg). To analyze the ability of the MK2 inhibitor PF-318 to
reduce PAN-induced proteinuria, 14 rats/group were also
treated with twice daily oral gavage administration of PF-318
(30 mg/kg), which showed a trend toward proteinuria reduction
but did not result in a significant reduction (29%, P � NS vs.
PAN; UPC: 28.1 
 3.8 mg/mg) (Fig. 7, A and B). Adminis-
tration of PF-318 alone (n � 14) did not alter the baseline
urinary protein (UPC: 1.7 
 0.2 mg/mg) but was found to be
toxic when given alone to rats, with 50% mortality seen by day
14 (Fig. 7C). In summary, direct inhibition of MK2 with
PF-318 was not able to induce a significant reduction in
PAN-induced proteinuria and was found to be toxic when
given alone to healthy rats.

DISCUSSION

This study was designed to test the hypothesis that the
downstream targets of p38 MAPK, MK2, and/or MK3, play an
important role in mediating injury in experimental NS via their
actions on their downstream substrates HSPB1 and COX-2. To
test this hypothesis, we examined the effects of both pharma-
cological and genetic inhibition of MK2 and MK3 in PAN-
induced and in ADR-induced nephropathy in rats and mice,
respectively. Using various genotypes of mice with MK2
and/or MK3 deleted, we found that genetic deletion of MK2
and/or MK3 did not alter baseline renal function and that ADR
induced generally similar massive proteinuria in mice with or
without MK2 and/or MK3 deleted. Furthermore, we found that
ADR-induced injury resulted in significant cortical induction
of the HSPB1 in all genotypes, with additional activation (i.e.,
phosphorylation) of HSPB1 only in the genotypes WT for its
major upstream kinase, MK2 (i.e., WT and MK3�/� mice).
Moreover, COX-2 was significantly reduced in untreated
MK2�/�, MK3�/�, and MK2�/�MK3�/� groups compared
with WT and while ADR injury did not significantly induce

renal cortical COX-2 in WT mice, COX-2 was clearly induced
by ADR in mice with MK2 deleted, as well to a lesser extent
in mice with MK3 or both MK2 and MK3 deleted. Addition-
ally, in an acute model of PAN-induced NS in rats, a specific
small molecule inhibitor of MK2, PF-318, was unable to
provide beneficial proteinuria-reducing effects and instead im-

Fig. 7. Specific pharmacologic MK2 inhibition with PF-318 did not signifi-
cantly reduce puromycin aminonucleoside (PAN)-induced proteinuria in rats.
Proteinuria was induced in male Sprague-Dawley rats by single intravenous
PAN injections (75 mg/kg) on day 0 (n � 13). The PAN � PF-318 treatment
group (n � 14) also received twice daily oral gavage administration of the
specific MK2 inhibitor PF-318 (30 mg/kg). Control rats received intravenous
saline with drug vehicle by oral gavage (n � 11). PF-318 control rats received
twice daily oral gavage administration of PF-318 (30 mg/kg) without disease
induction for 10 days. A: urine protein/creatinine ratios (UPC) are plotted on
day 11 of the experiment (date are means 
 SE; *P 	 0.05; determined by
one-way ANOVA Tukey’s multiple comparison test). B: representative gels
depicting albuminuria after PAN injection and treatment with PF-318. Urines
were collected daily and equal volumes (4 �l) from selected days were
analyzed by SDS–polyacrylamide gel electrophoresis and Zincon staining. C:
a survival plot was generated for all the treatment groups of Sprague-Dawley
rats. All the rats were killed on day 21. PF-318 treatment alone induced
significant toxicity (as measured by log-rank (Mantel-Cox) test and Wilcoxon
test.
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parted toxic effects when administered alone to the rats. To-
gether, these data suggest that while the inhibition of MK2
and/or MK3 regulates the renal stress response, our currently
available approaches are not yet able to safely and effectively
reduce proteinuria in experimental NS and that other p38
MAPK downstream targets should also be considered to im-
prove the future treatment of glomerular disease (see Fig. 8).

FSGS is one of the most common acquired glomerular
diseases leading to end-stage kidney disease (24, 25, 29), and
its incidence is rising around the world in virtually all ethnic
and age groups (6). Moreover, currently available therapies for
NS, including glucocorticoids, have many side effects are
generally ineffective in FSGS, which often relapses (20~25%)
after kidney transplantation (24, 25, 29). Therefore, there is an
urgent and unmet medical need to develop safe and effective
therapies for NS, including FSGS. To this effect, recent reports
have indicated the importance of p38 MAPK as a potential
therapeutic target for NS and FSGS (30), and a proof-of-concept
clinical trial has been undertaken using the p38 MAPK inhibitor
Losmapimod in patients with FSGS (https://clinicaltrials.gov/ct2/
show/NCT02000440). p38 MAPK is a major protein kinase and is
involved in a diverse range of biological functions, including
differentiation, proliferation, inflammation, apoptosis, cytoskeletal
regulation, and fibrosis (19, 34). It is induced and activated in
multiple cell types in response to extracellular stimuli, stress,
proinflammatory cytokines, and many other triggers and thus
plays an essential role in the mediation of cellular responses to
these events (18). Dramatic increases in p38 MAPK activation
in glomeruli, podocytes, glomerular endothelial cells, infiltrat-

ing macrophages, neutrophils, tubular epithelial cells, and
myofibroblasts have been reported in several experimental
models of NS and glomerulonephritis (30, 51, 56). In podo-
cytes, high glucose exposure has been shown to stimulate p38
MAPK phosphorylation and collagen expression (28). p38
MAPK activation has also been shown to correlate with glo-
merular disease, as well as with the degree of proteinuria and
glomerular injury (30, 52). Moreover, inhibition of p38 MAPK
in experimental models has been reported to reduce proteinuria
in NS and glomerulonephritis, ameliorate renal ischemia, and
reduce reperfusion injury (16, 30, 56). However, attempts to
utilize p38 MAPK inhibitors in clinical trials for many diseases
have been unsatisfactory, due to their significant side effects
(15, 18). Therefore, we previously analyzed the potential utility
of targets downstream of p38 MAPK in both podocytes (38)
and in experimental acute glomerulonephritis (20). In the
present report, we have extended these studies to analyses of
such targets using both genetic and pharmacologic approaches
in rodent models of chronic and acute NS, respectively.

p38 MAPK has diverse downstream targets, including the
first identified MAPK-activated protein kinases MK2 and MK3
as direct substrates of p38 MAPK (10, 41, 48). MK2 and MK3
are often referred to as phylogenetically related protein ki-
nases, as they share 75% share homology in their structure, and
they also share similar downstream effectors (42). Although
MK2 is the predominant kinase, they contribute to similar
cellular functions such as endocytosis, migration, cytoskeletal
reorganization, chromatin remodeling, cytokine production,
transcriptional regulation, and cell cycle control (19, 21, 41,

Fig. 8. Schematic summarizing and depicting the roles of MK2 and MK3 in regulating stress response and proteinuria during nephrotic syndrome nephrotic
syndrome induction in experimental rodent models resulted in massive proteinuria. Genetic deletion of MK2 and MK3 did not impart any clear proteinuria
reducing effects in ADR-induced nephrotic syndrome (NS) in mice. Similarly, specific pharmacological MK2 inhibition also did not result in significant
proteinuria reducing effects in PAN-induced NS. We previously reported similar nonbeneficial effects of MK2 and MK3 deletion in acute proliferative
glomerulonephritis model in mice (20). Interestingly, we found that ADR injury resulted in massive renal cortical induction of the sHSPs HSPB1 and HSPB8,
while HSPB1 was also significantly phosphorylated and activated only in the genotypes WT for MK2 (WT and MK3�/�) and only very mildly activated in the
genotypes deleted for MK2 and WT for MK3 (MK3�/� and MK2�/�MK3�/�). These results suggest that while MK2 and MK3 inhibition may not induce clear
reductions in proteinuria during NS, MK2, and not MK3, plays an important role in mediating the renal stress response in a chronic model of NS. Together, these
and our previous preclinical studies suggest that our currently available approaches are not yet able to safely and effectively reduce proteinuria in experimental
NS and that other p38 MAPK downstream targets (i.e., other cytosolic substrates, chromatin remodelers, and transcription factors) (10, 18) should also be
considered to improve the future treatment of glomerular disease.
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46, 58). MK2 and MK3 are activated by different stress signals
such as an altered oxidative state, heat shock, hyperosmolarity,
and LPS treatment (41, 43). Moreover, both of these kinases
are essential for production of several inflammatory cytokines,
with roles in the posttranscriptional regulation of proinflam-
matory gene expression (13, 44). However, under different
pathological conditions, MK2 and MK3 have been reported to
exhibit distinct functions (32, 41). These studies showed that
while MK3 KO mice did not have any notable changes in
inflammatory response upon LPS stimulation, MK2 KO mice
produced less TNF� and IL-6, which was further reduced in
MK2/3 double KO mice. These findings indicated that the
inflammatory response downstream of MK2 is also influenced
by MK3. MK2 has also been shown to be a key player in
systemic autoimmune inflammatory disease, since MK2 KO
mice exhibited greater resistance to collagen-induced rheuma-
toid arthritis than WT (23). Compared with MK2, MK3 shows
delayed cytosolic translocation, and its export is independent
of the activation state (57). Moreover, distinct from MK2,
MK3 has an inhibitory ability in the development of IFN-�
mediated innate and adaptive immune responses (31). Further-
more, we have found that MK2 is crucial in in vitro models of
podocyte injury, while MK2 and MK3 together play crucial
roles in the regulation of the renal stress response in an
experimental model of acute proliferative glomerulonephritis
(20, 38). Surprisingly, in the present studies we did not observe
significant crucial differences in proteinuria and renal function
(data not shown) among MK2 and/or MK3 KO vs. WT mice in
a chronic model of ADR-induced NS, despite observing distinct
functional activities of MK2 and MK3 in regulating the renal
stress response to injury. While extensive pathological changes
such as mesangiolysis, focal segmental sclerosis, and extracapil-
lary hypertrophy were observed in WT mice treated with ADR as
compared with control, ADR induced generally similar renal
lesions in mice with or without MK2 and/or MK3 deletion.
Additionally, MK2 or MK3 deletion resulted in increased seg-
mental glomerular sclerosis and the double deletion of both MK2
and MK3 showed frequent segmental tuft sclerosis as well as foci
of global sclerosis. These data are in accordance with the inability
of either the inhibition of MK2 and/or MK3 in reducing protein-
uria in the presently studied chronic model of ADR-induced NS.
Similarly, MK2 inhibition did not significantly reduce proteinuria
in an acute model of PAN-induced NS.

ADR-induced nephropathy in mice and rats is an established
and robust model that mimics human FSGS and is characterized
by massive proteinuria and glomerular structural changes (40, 60).
Moreover, some strains of mice are more susceptible to ADR than
others, with 129/Sv mice being highly susceptible to ADR, re-
sulting in early onset of proteinuria and progression to significant
glomerulosclerosis, and C57BL/6 mice being relatively resistant
to disease induction (40, 59, 60). In the present study we back-
crossed MK2/3 KO in 129/Sv background for seven generations
to render them ADR-susceptible. Unfortunately, we did not ob-
serve any noticeable significant reductions in proteinuria in
MK2/3 KO mice compared with WT mice. However, since the
ADR-induced NS model is a robust FSGS model resulting in
massive proteinuria and sometimes even toxicity in mice, it may
not be sensitive enough to observe any subtle potentially benefi-
cial effects due to MK2/3 deletions. Therefore, we extended our
experiments to a more sensitive and transient model of NS in
rats by using a small molecule inhibitor of MK2, PF-318 (4, 5,

14, 37). Although PF-318 treatment resulted in a trend toward
proteinuria reduction, the difference was not significant and the
inhibitor itself exhibited toxicity, with 50% of rats dying within
14 days of treatment when administered alone. PF-318 inhib-
itor is an improved version of inhibitor 30 from Pfizer, which
exhibited inhibitory activity toward MK2 and another related
kinase MK5, with a 10-fold selectivity for MK3 (14). PF-318
has the property of 25 nM inhibitory activity toward MK2 and
cellular potency of 255 nM (14). Additionally, while PF-318
was expected to exhibit reduced hepatotoxicity compared with
inhibitor 30, it resulted in significant toxicity with enhanced
exposure and plasma concentrations (14, 36). We made similar
observations in our study when this inhibitor was administered
alone to the rats without any PAN-induced damage, while
reduced toxicity was observed during NS, which could have
resulted from increased clearance from the plasma.

Among the major substrates of MK2 and MK3 are sHSPs.
sHSPs display diverse biological functions, ranging from mod-
ulators of apoptosis to chaperones (9, 17, 55). Importantly, one
of the sHSPs, HSPB1, has been reported to be antiapoptotic,
and a regulator of cytoskeletal arrangement in podocytes (47,
49, 50). Moreover, most of the effects of HSPB1, such as
regulation of actin filament dynamics and cell chemotaxis and
exocytosis, are mediated via its phosphorylation by its up-
stream kinase, MK2 (11, 19, 27, 39). Furthermore, another
sHSP, HSPB8, has previously been shown to form hetero-
oligomeric complexes with HSPB1 and is also involved in the
regulation of cell signaling and death (1, 54). GRP78 is another
highly conserved HSP, which has been shown to play an
immunoregulatory role during infection (12). In summary,
sHSPs are well known to play critical roles in the cellular
response to stress, and clarifying their regulation by MK2 and
MK3 in NS could significantly enhance our understanding of
the pathophysiology of glomerular disease and also identify
novel potential future targets for therapy. Our findings clearly
suggest that renal cortical HSPB1 was induced by ADR injury
and that MK2 in particular plays a critical role in the phos-
phorylation and activation of HSPB1 in the renal cortex.

COX-2 plays an important role in kidney and podocyte
physiology, and its overexpression in podocytes increases renal
or podocyte susceptibility to injury (3, 7, 8, 22, 26). We
recently reported p38 MAPK- and MK2-dependent induction of
COX-2 expression in podocytes following exposure to serum
albumin (3, 38). Moreover, mechanical stretch has been reported
to induce the production of both COX-2 and prostaglandin EP4
receptor in a p38 MAPK-dependent manner in podocytes (35).
Furthermore, COX-2 expression is also part of a stress response,
its expression being regulated by heat shock transcription factors
(45). Additionally, the p38 MAPK signaling cascade has been
reported to regulate the stability of proinflammatory mRNAs such
as COX-2 via its 3=-untranslated region by phosphorylated and
activated MK2 and HSPB1 (33). In the present study, we have
extended these findings by studying the regulation of COX-2 by
MK2 and/or MK3 in ADR-induced NS. As expected, COX-2 was
significantly reduced in untreated MK2�/�, MK3�/�, and
MK2�/�MK3�/� groups compared with WT, which likely re-
sulted from decreased COX-2 mRNA stability in the absence of
these kinases. Furthermore, while ADR injury did not result in
significant induction of COX-2 in WT mice, COX-2 was signif-
icantly induced in the renal cortex of mice lacking MK2, suggest-
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ing that perhaps ADR, in the absence of MK2, directly or
indirectly induced an increase in renal cortical COX-2 expression.

In summary, the current study suggests that while the inhibition
of MK2 and/or MK3 regulates the renal stress response, it does
not significantly reduce proteinuria in experimental models of NS
and could impart toxic effects. Together, these data and our
previous studies (20) suggest that our currently available ap-
proaches are not yet able to safely and effectively reduce protein-
uria in experimental NS and that other p38 MAPK downstream
targets (i.e., other cytosolic substrates, chromatin remodelers, and
transcription factors) (10, 18) should also be considered to im-
prove the future treatment of glomerular disease.
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