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Abstract

Aims/hypothesis Obesity and diabetes are associated with
increased intracellular p38 mitogen-activated protein ki-
nase (MAPK) signalling, which may promote tissue
inflammation and injury. Activation of p38 MAPK can
be induced by either of the immediate upstream kinases,
MAP kinase kinase (MKK)3 or MKK6, and recent
evidence suggests that MKK3 has non-redundant roles in
the pathology attributed to p38 MAPK activation. There-
fore, this study examined whether MKK3 signalling
influences the development of obesity, type 2 diabetes
and diabetic nephropathy.

Methods Wild-type and Mkk3 (also known as Map2k3)
gene-deficient db/db mice were assessed for the develop-
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ment of obesity, type 2 diabetes and renal injury from 8 to
32 weeks of age.

Results Mkk3""" db/db and Mkk3™'"~ db/db mice developed
comparable obesity and were similar in terms of incidence
and severity of type 2 diabetes. At 32 weeks, diabetic
Mkk3"™™" db/db mice had increased kidney levels of
phospho-p38 and MKK3 protein. In comparison, kidney
levels of phospho-p38 in diabetic Mkk3 ™~ db/db mice
remained normal, despite a fourfold compensatory in-
crease in MKKG®6 protein levels. The reduced levels of p38
MAPK signalling in the diabetic kidneys of Mkk3~"~ db/
db mice was associated with protection against the
following: declining renal function, increasing albumin-
uria, renal hypertrophy, podocyte loss, mesangial cell
activation and glomerular fibrosis. Diabetic Mkk3 "~
db/db mice were also significantly protected from tubular
injury and interstitial fibrosis, which was associated with
reduced Ccl2 mRNA expression and interstitial macro-
phage accumulation.

Conclusions/interpretation MKK3-p38 MAPK signalling
is not required for the development of obesity or type 2
diabetes, but plays a distinct pathogenic role in the
progression of diabetic nephropathy in db/db mice.

Keywords db/db mice - Diabetes - Diabetic nephropathy -
Macrophage - MCP-1 - MKK3 - p38 MAPK - Podocyte

Abbreviations

gcs glomerular cross-sections

MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MKK  MAP kinase kinase

PLP paraformaldehyde—lysine—periodate
tcs tubular cross-sections

WT Wilm’s tumour
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Introduction

Inflammation and cellular dysfunction are features of
obesity, diabetes and diabetic nephropathy, which are
associated with intracellular activation of mitogen-activated
protein kinase (MAPK) signalling pathways. Components
of the diabetic milieu, including hyperglycaemia, hyper-
lipidaemia, hyperinsulinaemia, reactive oxygen species,
AGE, angiotensin II and proinflammatory cytokines, can
stimulate increased MAPK signalling in cells and may
thereby promote tissue injury [1].

p38 MAPK signalling is known to promote inflamma-
tory and profibrotic responses and has been associated with
other cellular functions such as glucose uptake, cell
differentiation, apoptosis and proliferation [2—4]. Levels of
activated p38 are elevated in the skeletal muscle, adipose
tissue and kidneys of diabetic patients [5-7], suggesting
that some p38 responses may be important for the
pathogenesis of diabetes and its complications. Functional
blocking studies in animal models have demonstrated that
p38 signalling induces the inflammation in insulitis and
diabetic cardiomyopathy [8, 9]. Furthermore, in vitro
experiments have shown that p38 inhibition can suppress
adipogenesis, prevent insulin resistance in myotubes ex-
posed to TNF-x or oxidative stress and stimulate glucose
transport in adipocytes [10, 11]; however, these findings
remain controversial.

Clinical studies have demonstrated that kidney p38
activity is increased and associated with the development
of diabetic nephropathy [5, 12]. Renal biopsies from
patients with established type 2 diabetes display prominent
p38 signalling despite treatment with angiotensin system
inhibitors [5]. In comparison, animal models of diabetes
have shown that p38 activation rapidly increases in
glomeruli and tubules in response to hyperglycaemia and
occurs in the accumulating kidney interstitial cells associ-
ated with advanced nephropathy. Pharmacological blockade
of p38 is known to suppress the development of inflam-
mation and fibrosis in acute kidney disease [13, 14]. These
mechanisms are also important in the progression of
diabetic renal injury, suggesting that diabetic nephropathy
may also be suppressed by inhibiting p38 signalling.

In vitro studies have identified specific kidney cells and
mechanisms of renal injury that may be affected by p38
signalling during diabetes. Exposure to high glucose
activates p38 in human mesangial cells [15], mouse
podocytes [16] and rat proximal tubular cells [17].
Similarly, glycated albumin can stimulate p38 phosphory-
lation in cultured fibroblasts [18]. Activation of p38 induces
apoptosis of rat mesangial cells exposed to methylglyoxal
[19] and apoptosis of mouse podocytes following stimula-
tion with TGF-f [20] and AGE [21, 22]. In addition, p38
signalling can contribute to proinflammatory and profi-
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brotic responses. Activation of p38 enhances production of
monocyte chemoattractant protein-1 (MCP-1) by vascular
endothelial cells [23], induces local angiotensinogen
production in rat tubular cells [17], stimulates both TGF-
-induced fibronectin accumulation in renal interstitial
fibroblasts [24] and collagen production in mouse mesan-
gial cells [25], increases Tgf-31 (also known as Tgfbl)
expression in renal tubular cells [26] and promotes
synthesis of vascular endothelial growth factor induced by
angiotensin II [27, 28]. Studies have also shown that p38
signalling mediates both tubular hypertrophy induced by
high glucose [26] and transactivation of the epidermal
growth factor receptor required for dedifferentiation of
proximal tubular epithelial cells following oxidant injury
[29].

Functional blocking studies are required to determine the
role of p38 signalling in diabetes and its complications. One
strategy for achieving this goal is to perform studies of
diabetes in a mouse strain that is genetically deficient in one
of the immediate upstream kinases (MAP kinase kinase
[MKK]3 or MKK®6) that regulate p38 signalling. These
protein kinases provide a parallel and independent mecha-
nism of phosphorylating p38 but their relative contribution
to the increased p38 activity associated with diabetic
nephropathy is unknown. Genetically modified Mkk3 "~
and Mkk6 '~ mice are viable and fertile, and provide an
opportunity to study the role of p38 signalling in models of
disease. Of these two kinases, MKK3 appears to be the
most attractive target for studies of genetic deletion,
because MKK3—p38 signalling has been shown to be non-
redundant in some pathological processes [30, 31]. Fur-
thermore, mouse studies have shown that Mkk3 deficiency
is protective in models of passive arthritis and streptozoto-
cin-induced pancreatic inflammation [32, 33].

In the current study, Mkk3-deficient db/db mice were
created and used to examine the role of MKK3-—p38
signalling in the development of obesity, hyperglycaemia
and nephropathy in the db/db model of type 2 diabetes.

Methods

Animal model Obese (db/db) and lean db/+ heterozygote
control mice were created by breeding pairs of C57BL/6
db/+ mice obtained from Jackson Laboratories (Bar Harbor,
ME, USA) and were genotyped for the mutated leptin
receptor. Mkk3™~ mice [34] were back-crossed for eight
generations on to the C57BL/6 strain and bred at Monash
Medical Centre (Clayton, VIC, Australia). Mkk3™"~ mice
were then crossed with C57BL/6 db/M+ mice to create
Mkk3™"~ db/+ mice, which were validated by genotyping.
The latter were then interbred to create Mkk3 "~ db/db
mice. Only males were used for the study due to the higher
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incidence of diabetes. Mice were maintained on a normal
diet under standard animal housing conditions.

The development of obesity and diabetes was examined
in groups of Mkk3"™"* and Mkk3~~ db/db mice (n=33-40)
between 8 and 32 weeks of age, with monthly assessment
of weight and blood glucose (Medisense glucometer;
Abbott Laboratories, Bedford, MA, USA). Insulin and
glucose tolerance tests (described below) were performed at
8 and 32 weeks. Subgroups of the Mkk3"™* and Mkk3™"
db/db mice (n=10), which showed equivalent levels of
diabetes from 12 to 32 weeks, were used to examine the
development of diabetic nephropathy and kidney p38
signalling. The urine albumin excretion rate was measured
at 8, 16, 24 and 32 weeks. Renal function was determined
at 32 weeks. Groups of age-matched non-diabetic Mkk3"™"*
and Mkk3~"~ db/+ mice (n=8-10) were also studied as
controls. Mice were killed at 32 weeks and selected organs
(liver, kidneys and epidydimal fat) were examined. Tissues
were fixed in 4% (vol./vol.) neutral-buffered formalin or
2% (wt/vol.) paraformaldehyde—lysine—periodate (PLP) or
were snap-frozen.

Approval for these studies was obtained from the
Monash Medical Centre Animal Ethics Committee in
accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes, 7th
edition (2004).

Glucose and insulin tolerance tests To test glucose toler-
ance, mice were given an intraperitoneal injection of
D-glucose (1 g/kg) after a 12 h fast. For insulin tolerance,
mice were injected with human insulin (2 U/kg; Actrapid,
Novo Nordisk, Bagsvaerd, Denmark) after a 6 h fast. The
tolerance profiles were assessed by measuring blood
glucose at 0, 30, 60, 90 and 120 min, using the glucose
oxidase method.

Biochemical analysis Urine was collected from mice
housed in metabolism cages for 18 h. Whole blood was
collected by cardiac puncture in anaesthetised mice,
centrifuged (800 g, 10 min) and stored as serum or
heparinised plasma. ELISA kits were used to measure urine
albumin (Bethyl Laboratories, Montgomery, TX, USA) and
plasma insulin (Linco Research, St Charles, MO, USA).
Serum NEFA were assessed by a colorimetric assay kit
(Wako Pure Chemical Industries, Osaka, Japan). HbA . was
measured by HPLC in the Biochemistry Department at the
Monash Medical Centre. Serum and urine creatinine were
determined by HPLC and used to calculate creatinine
clearance.

Histopathology analysis Formalin-fixed sections (2 pm)
were stained with periodic acid-Schiff’s reagent to
assess structure and counterstained with haematoxylin

to identify nuclei. Glomerular volume and matrix
fraction were assessed by computer image analysis
(Image-Pro Plus; Media Cybernetics, Silver Spring,
MD, USA) and cellularity was assessed by counting
nuclei in 20 hilar glomerular cross-sections (gcs) per
animal. Tubular atrophy was assessed by counting
injured (dilated, atrophied, necrotic) tubular cross-sections
(tcs) in ten cortical fields (magnification: x250) as a
percentage of total tcs. Interstitial volume was assessed
by point-counting in 20 fields (magnification: x400).
Staining for collagen was performed by immersing
sections (4 um) in 1% (wt/vol.) Picro-sirius red (Sirius
Red; Sigma-Aldrich, St Louis, MO, USA) for 1 h and
differentiating with 0.5% (vol./vol.) glacial acetic acid.
Glomerular (20 hilar gcs) and interstitial staining (20
cortical fields, magnification: X250, excluding blood
vessels) were assessed by computer image analysis, as a
percentage of area stained. All scoring was performed on
blinded slides.

Antibodies The following primary antibodies were used in
this study: rabbit anti-phospho (p)-p38 MAPK (Thr180/
Tyr182), rabbit anti-phospho-MKK3/phospho-MKKG6
(Ser189/207) and rabbit anti-cleaved caspase 3 (ASP175)
(Cell Signaling, Beverly, MA, USA); mouse anti-p38x
(Upstate Biotechnology, Lake Placid, NY, USA); rabbit
anti-MKK3, goat anti-MKK6 and rabbit anti-Wilm’s tu-
mour (WT) antigen 1 (C-19) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); rabbit anti-tubulin (Abcam, Cam-
bridge, UK); mouse anti-o-smooth muscle actin (SMA)
(1A4; Sigma-Aldrich); rat anti-mouse Ki67 (TEC-3; Dako,
Carpinteria, CA, USA); and rat-anti CD68 (FA-11; Serotec,
Oxford, UK).

Immunohistochemistry Immunostaining for phospho-p38,
cleaved caspase-3, WT1 and Ki67 was performed on
4 pum formalin-fixed paraffin-embedded sections. Immuno-
staining for CD68 was performed on 5 pum PLP-fixed
cryostat sections. For antigen retrieval (phospho-p38,
cleaved caspase-3, WT1 and Ki67), dewaxed paraffin
sections were heated in a microwave oven (800 W,
12 min) or pressure cooker (HIGH setting 20 min, full
pressure 5 min) in 10 mmol/l sodium citrate buffer
(pH 6.0). After cooling, sections were treated with 20%
(vol./vol.) sheep serum or 20% (vol./vol.) rabbit serum for
30 min and then incubated overnight at 4°C with primary
antibody in 3% (wt/vol.) BSA. Sections were then placed in
0.6% (vol./vol.) hydrogen peroxide in methanol for 20 min
to inactivate endogenous peroxidase. For detection of
«-SMA antibody, sections were incubated with peroxidase-
conjugated sheep anti-mouse IgG (Dako), followed by
mouse peroxidase-conjugated anti-peroxidase complexes
(Dako). All other primary antibodies were detected using
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a standard ABC-peroxidase system: avidin—biotin block,
biotinylated antibodies (sheep anti-rabbit or rabbit anti-rat
IgG) and ABC-peroxidase (Vector Laboratories, Burlin-
game, CA, USA). Sections were developed with
3,3-diaminobenzidine (Sigma) to produce a brown colour.
CD68 sections were counterstained with haematoxylin to
assist cell counting. Normal rabbit and goat serum or
isotyped-matched irrelevant IgGs were used as negative
controls.

Quantification of immunohistochemistry The number of
phospho-p38-, WT1-, Ki67- and CD68-positive cells was
counted in 20 hilar ges per animal (magnification: x400).
The number of phospho-p38-positive tubules (>50% nuclei
stained) was counted in 20 cortical fields (magnification:
x250) and expressed as a percentage of total tcs. Interstitial
phospho-p38-positive and CD68-positive cells were
counted in 50 cortical fields (magnification: x400) and
expressed as cells/mm?. Cleaved caspase-3-positive tubular
cells were counted in the entire kidney cortex and expressed
as cells/mm?. Cleaved caspase-3-positive glomerular cells
were extremely rare and therefore not assessed. a-SMA
staining was quantified by computer image analysis in 20
hilar ges (magnification: x400) and 20 cortical fields
(magnification: x250), and expressed as the percentage of
area stained.

Western blotting Frozen kidney samples were homogenised
in lysis buffer (pH 7.2) containing 8.1 mmol/l Na,HPOy,,
1.5 mmol/l KH,PO,4, 135 mmol/l NaCl, 2.7 mmol/l
KCIL, 1.0 mmol/l EDTA, 5 mmol/l NaF, 6 mol/l urea,
0.5% (vol./vol.) Triton-X-100, 1.0 mmol/l Na3;VO,,
20 mmol/l sodium pyrophosphate, 25 pg/ml leupeptin,
3 pg/ml aprotinin, 100 pmol/l phenylmethylsulfonyl fluoride
and 1% (vol./vol.) phosphatase inhibitor cocktail (Sigma-
Aldrich). Samples were separated on a 4-20% (wt/vol.)
SDS-PAGE gel and electro-transferred on to nitrocellulose
membranes. Membranes were then blocked for 1 h with
Odyssey blocking buffer (LICOR, Lincoln, NE, USA) and
incubated overnight at 4°C with primary antibody in
Odyssey buffer. Blots were then washed with Tris-buffered
saline/0.1% (vol./vol.) Tween-20 and incubated for 1 h with
secondary antibody (goat anti-rabbit or donkey anti-goat
Alexa Fluor 680 [Invitrogen, Carlsbad, CA, USA]; or
donkey anti-mouse IRDye 800 [Rockland, Gilbertsville,
PA, USA]). After washing, protein bands were detected
using the Odyssey Infrared Image Detection system
(LICOR). «-Tubulin was used as a loading control. After
detection of phospho-p38 and tubulin at 680 nm, blots were
reprobed for p38c at 800 nm. Densitometry analysis was
performed using Gel-pro Analyzer 3.0 software (Media
Cybernetics). Results are expressed as the integrated optical
density relative to tubulin.
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Real-time RT-PCR Total RNA was extracted from whole-
kidney samples using the RiboPure reagent (Ambion,
Austin, TX, USA) and reverse-transcribed using a kit
(Superscript First-Strand Synthesis kit; Invitrogen) with
random primers. Real-time PCR was performed using the
Rotor-Gene 3000 system (Corbett Research, Sydney, NSW,
Australia) with thermal cycling conditions of 37°C for
10 min, 95°C for 5 min, followed by 50 cycles of 95°C for
15 s, 60°C for 20 s and 68°C for 20 s. The primer pairs and
carboxyfluorescein-labelled minor groove binder probes
used were: Tnf-« (also known as 7nf) (forward: GGC
TGC CCC GAC TAC GT; reverse: TTT CTC CTG GTA

a
60 60 ,
S
C 7
= 40 2 4
=
5 S =
g 201 E 20
m 5
.2
g
0 0 +
8 16 24 32 0 8 16 24 32
Age (weeks) Age (weeks)
c d 125
3 5
2 g
> X
E E
o G
0 -
0 30 60 90 120
Time (min)
e
2 &
X X
2 2
8 (=]
2 2
&) O 25
0= T T T T 0= . T - :
0 30 60 90 120 0 30 60 90 120

Time (min) Time (min)

Fig. 1 Effect of MKK3 deficiency on obesity and type 2 diabetes.
Serial measurements from 8 to 32 weeks of age show the development
of a an equivalent obesity profile between Mkk3™* db/db (upright
triangles) and Mkk3 "~ db/db mice (inverted triangles), which were
50% bigger than control db/+ mice (circles) at 32 weeks, and b a
similar incidence of diabetes between Mkk3"™"* db/db (solid line) and
MiId3™~ db/db mice (dotted line) of 50% by 32 weeks. Glucose
tolerance and insulin sensitivity tests performed at week 8 (¢, d) and
week 32 (e, f) show a similar progression of glucose intolerance
and insulin resistance in Mkk3*"" db/db mice (upright triangles) and
MIk3™" db/db (inverted triangles) compared with control db/4+ mice
(circles). Data are means=SEM; n=33-40. °p<0.001 for db/db vs
db/+ mice; °p<0.05 for Mkk3™"~ db/db vs Mikk3™" db/db mice
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Table 1 Physiological characteristics at 32 weeks

Characteristic Mouse genotype

db/+ db/db

Mik3™* Mik3™"~ Mik3™* Mik3™"~
Body weight (g) 34.9+3.0 33.8+£2.2 52.5+9.8¢ 59.9+5.4%4
Liver/BW (%) 3.8+£0.3 3.7£0.6 7.4+1.2° 6.2+1.3%¢
Epididymal fat/BW (%) 1.5+0.4 1.5+0.4 2.8+2.1% 2.7+0.6"
Serum NEFA (mmol/l) 0.64+0.31 0.63£0.11 1.17+0.21° 1.24+0.43°
Fasting insulin (pmol/l) 64+7 53+6 1920+140° 1890+40°

Data are mean+SEM, n=8-10 (db/+ mice), n=33-40 (db/db mice)
p<0.05, ®p<0.01, ©p<0.001 vs Mkk3"* db/+ mice

9p<0.01 vs Mkk3™* db/db mice

BW, body weight

TGA GAT AGC AAA TC; probe: TCA CCC ACA CCG
TCA G); Ccl? (forward: GAC CCG TAA ATC TGA AGC
TAA; reverse: CAC ACT GGT CAC TCC TAC AGA A;
probe: ACA ACC ACC TCA AGC AC); and Tgf-1
(forward: GGA CAC ACA GTA CAG CAA; reverse: GAC
CCA CGT AGT AGA CGA T, probe: ACA ACC AAC
ACA ACC C). The relative amount of mRNA was
calculated using comparative Ct (AACt) method. All
specific amplicons were normalised against 18S rRNA,
which was amplified in the same reaction as an internal
control using commercial assay reagents (Applied Biosys-
tems, Scoresby, VIC, Australia).

Statistical analysis Statistical differences were analysed by
either the unpaired Student’s ¢ test or one way ANOVA with
Tukey’s multiple comparison post-test. Correlations were
performed using Pearson’s correlation coefficient. Data

Y
o

&
S

©w
S

>

Blood glucose (mmol/l)
=3
(=]

o

8 16 24 32 db/+ Mkk3"' Mikk3™"
Age (weeks) db/db

Fig. 2 Equivalent levels of hyperglycaemia in selected db/db mice.
Diabetic db/db mice that were selected for analysis of kidney p38
activation and nephropathy had a similar fasting blood glucose profile,
which showed a progressive increase of glycaemia from 8 to 32 weeks
(a) and the equivalence between the two groups in hyperglycaemia
was confirmed by HbA;. measurement at 32 weeks (b). Triangles,
MKk3*"" db/db; inverted triangles, Mkk3™"~ db/db; circles, control
db/+. Data are means+SEM; n=10. *p<0.001 for db/db vs db/+ mice.
The dashed horizontal line represents the threshold level of blood
glucose above which mice are considered diabetic

were recorded as mean+SEM with p<0.05 considered
significant. All analyses were performed using GraphPad
Prism 5.0 (GraphPad, San Diego, CA, USA).

Results

Mkk3 deletion does not affect obesity or type 2 diabetes in
db/db mice Between the age of 8 and 32 weeks, Mkk3"™"*
db/db and Mkk3~~ db/db mice developed comparable
obesity and were 50% heavier than control db/4+ mice at
32 weeks (Fig. 1a). The incidence of diabetes (non-fasting
blood glucose >16 mmol/l) was similar in Mkk3""" db/db
and Mkk3™" db/db mice, reaching approximately 50% at
32 weeks (Fig. 1b). In addition, both db/db genotypes
showed an equivalent impairment of glucose and insulin
tolerance compared with db/+ mice at 8 and 32 weeks
(Fig. lc—f). Mkk3™"~ db/db mice showed less hepatomegaly
than Mkk3™" db/db mice at 32 weeks, but there was no
significant difference in epididymal fat weight, plasma
insulin or serum NEFA (Table 1).

MFkk3 deficiency reduces p38 MAPK activation in diabetic
kidneys Diabetic Mkk3™* and Mkk3™"~ db/db mice
selected for analysis of nephropathy had equivalent
obesity (53.3+£2.8 vs 58.5+1.9 g), fasting blood glucose
profile and HbA . levels (Fig. 2). At 32 weeks, diabetic
Mkk3"™* db/db mice had increased kidney levels of
phospho-p38, whereas the levels in diabetic Mkk3 ™"~
db/db mice were not different from db/+ controls
(Fig. 3a,b). Similarly, the kidney levels of phospho-
MKK3/6 were elevated in diabetic Mkk3""* db/db mice at
32 weeks, whereas diabetic Mkk3™"~ db/db mice showed
a trend towards reduced levels of phospho-MKK3/6,
which did not reach statistical significance (Fig. 3a,c).
Diabetic Mkk3™"* db/db mice had a threefold increase in
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Fig. 3 Western blotting analysis of kidney p38 pathway activation.
a Representative western blots showing protein bands of MKK3,
MKKG6 and p38, along with their associated phosphorylated protein
bands. «-Tubulin was used as the loading control. b Quantification of
phospho-p38 by densitometry showed a 35% reduction in kidney p38
phosphorylation in Mkk3 ™~ db/db compared with Mkk3""* db/db
mice. ¢ Combined phospho-MKK3/6 protein increased in diabetes,
but remained similar in both Mkk3 genotypes of db/db mice,
indicating high levels of MKK6 phosphorylation. d MKK3 protein
bands were absent in Mkk3 "~ mice, but MKK3 was significantly
increased in db/db compared with db/+ Mkk3™* mice. e A
compensatory increase in MKK6 was observed in Mkk3™" mice, but
diabetes as such was not associated with a significantly elevated
MKKG6 level. Data are means+SEM; n=10. Comparisons were made
by one way ANOVA (a—c, e) and 7 test (d). *p<0.05, °p<0.01 vs
MKkk3*"* db/+ mice; °p<0.05, 9p<0.01 vs Mkk3""* db/db mice

kidney levels of MKK3 protein, but no change in MKK6
protein levels compared with db/+ mice. Deficiency of
Mkk3 resulted in a compensatory increase in MKK6
protein levels in db/+ and db/db mice compared with
wild-type controls (Fig. 3d,e). This compensatory
increase in kidney MKK6 protein levels did not increase
kidney levels of phospho-p38 in the diabetic Mkk3 ™"~ db/
db mice.
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Immunostaining of normal db/+ mouse kidneys identi-
fied phospho-p38 in glomerular podocytes and collecting
ducts (Fig. 4). In diabetic Mkk3*"" db/db mice, the number
of phospho-p38-positive cells was significantly increased in
the glomeruli, tubules and the interstittum compared with
non-diabetic db/+ controls (Fig. 4). The major sources of
additional kidney phospho-p38 staining were dilated
tubules, interstitial myofibroblasts and mesangial cells. At
32 weeks, diabetic Mkk3™~ db/db mice had 50% less
phospho-p38-positive cells in glomeruli and tubules than
diabetic Mkk3*"" db/db mice (Fig. 4), which is consistent
with the western blot analysis of phospho-p38 in the total
kidney.

Mkk3 deficiency reduces albuminuria and preserves renal

function in db/db mice The urine albumin excretion of db/+

mice remained stable at 5 mg/mmol creatinine between
8 and 32 weeks. In comparison, the urine albumin:
creatinine ratio increased progressively in diabetic Mik3™"*
db/db mice and was 11-fold higher than in db/+ counterparts
at 32 weeks. This increase in the urine albumin:creatinine
ratio was reduced by 70% in Mkk3 " db/db mice at
32 weeks (Fig. 5a). Furthermore, at 32 weeks, a decline in
creatinine clearance was seen in diabetic Mkk3™* db/db
mice compared with db/+ mice; however, renal function
was protected in the diabetic Mkk3™~ db/db mice
(Fig. 5b).

MFkk3 deficiency reduces renal injury in diabetic db/db
mice Wild-type Mkk3""* db/db mice developed significant
glomerular lesions at 32 weeks, which included glomer-
ular hypertrophy, hypercellularity, increased mesangial
matrix and collagen deposition. In comparison, Mkk3 "~
db/db mice had similar glomerular hypertrophy and
hypercellularity, but showed significant reductions in
renal hypertrophy, glomerular matrix and collagen levels
(Table 2). Immunostaining for WT1 demonstrated signif-
icant podocyte depletion in diabetic Mkk3""" db/db mice
compared with db/+ mice, which was partially attenuated
in diabetic Mkk3™"~ db/db mice (Fig. 6). Podocyte
numbers correlated inversely with the urine albumin:
creatinine ratio associated with diabetes (r=-0.65,
p=0.0002). Mesangial immunostaining of a-SMA, a
marker of mesangial cell activation, was increased in
Mkk3*™"* db/db compared with db/+ mice; however, this
response was reduced in Mkk3™" db/db mice (Fig. 6).
Significant tubulointerstitial lesions were also found in
Mide3""* db/db mice at 32 weeks. These included tubular
atrophy, tubular cell apoptosis, increased interstitial vol-
ume, accumulation of x-SMA-positive myofibroblasts and
enhanced collagen deposition (Table 2, Fig. 7). Tubular cell
proliferation, an index of the response to tubular damage,
was also increased in these diabetic kidneys (Table 2). In
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Fig. 4 Phospho-p38 immuno-

histochemistry. Immunostaining _..a ’-

for phospho-p38 in the db/+ o |

kidney demonstrated normal ; -
phospho-p38 staining in the oc- R .
casional podocyte and collecting P 3

ducts (a, d). In the Mkk3""" :
db/db kidney, there was a '_ £ -
twofold increase in glomerular N e
and tubular staining for phos- <
pho-p38, particularly within the
mesangium and dilated tubules :
(b, e, g, h). In the Mkk3™"~ s
db/db kidney, the increased glo- :

merular and tubular phospho- 2 ;
p38-positive cells were reduced
by 50% (¢, f, g, h). Magnifica-
tion: a—¢ x400; d—f x160. Data
are means+SEM; n=10.
29<0.05, *p<0.01, °p<0.001 vs
db/+ mice; 9p<0.05, p<0.01 vs
Mkk3™"" db/db mice

e

comparison, all measured markers of tubular injury and
tubulointerstitial collagen deposition were significantly
reduced in diabetic Mkk3™"~ db/db mice (Table 2). There
was also a trend towards reduced interstitial myofibroblast
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Fig. 5 Urinary albumin excretion and renal function. a Serial
measurements of the albumin:creatinine ratio (ACR) from 8 to
32 weeks demonstrated a static ACR of around 5 mg/mmol in control
db/+ mice (circles). The ACR progressively increased in Mkk3*"" db/
db mice (upright triangles) and was 11-fold greater than normal by
32 weeks. In contrast, the rise in ACR was significantly attenuated in
MiId3™" db/db mice (inverted triangles). b Creatinine clearance (CrCl)
was reduced in Mkk3™" db/db mice compared with db/+ mice, but
this loss of renal function was abolished in Mkk3™~ db/db mice. Data
are means=SEM; n=10. p<0.05, bp<0.001 for db/db vs db/+ mice;
p<0.05, *p<0.001 for Mkk3 ™"~ db/db vs Mik3** db/db mice
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accumulation in db/db mice lacking Mkk3; however, this
was not statistically significant.

Gene transcript levels of proinflammatory and profi-
brotic molecules were also measured. Cc/2 was examined
because it is known to be increased in diabetic kidneys and
promotes interstitial inflammation [35]. At 32 weeks,
kidney Cc/2 mRNA was increased more than threefold in
diabetic Mkk3*"" db/db mice compared with db/+ mice, but
this upregulation of Ccl/2 was reduced by 50% in diabetic
Mkk3™~ db/db mice (Fig. 8). The accumulation of
interstitial CD68-positive macrophages, detected by immu-
nostaining (Table 2), correlated with the increased level
of kidney Ccl2 mRNA in diabetic Mkk3""* db/db mice
and its reduction in diabetic Mkk3 ™"~ db/db mice (r=0.51,
p=0.02). In contrast, kidney mRNA levels of 7gf~3/ and
Tnf~ao mRNA levels were increased three- to fourfold in
diabetic Mkk3*"" db/db mice compared with db/+ mice, but
were not reduced in diabetic Mkk3 ™~ db/db mice (Fig. 8).

Discussion

This study has established a role for MKK3 and its effect
on p38 MAPK signalling in the development of diabetic
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Table 2 Renal pathology of
selected diabetic db/db mice

Data are mean+=SEM, n=10
2p<0.05, ® p<0.001 vs control
db/+ mice

©p<0.05, 4p<0.01, °p<0.001
vs Mik3"™"" db/db mice

Fig. 6 Effect of Mkk3 deficien-
cy on podocyte depletion and
mesangial cell activation. WT1
immunostaining for podocytes
in control db/+ (a), Mkk3™"*
db/db (b) and Mkk3™"~ db/db
mice (¢) demonstrated a marked
reduction in podocyte numbers
in Mkk3""" diabetic mice, which
was better preserved in Mkk3 "
diabetic mice (g). Immunostain-
ing for x-SMA as a marker of
mesangial cell activation in db/+
mice (d), Mkk3""* db/db mice
(e) and Mkk3™"~ db/db mice (f)
demonstrated a small amount of
age-related x-SMA in db/+
mice, which was dramatically
increased in Mkk3""" db/db
mice and attenuated in Mkk3 ™"~
db/db mice. Magnification:

a—c x1,000; d—f x400. Data are
means+SEM; n=10. *p<0.01,
®p<0.001 vs db/+ mice;
°p<0.05, %p<0.001 vs Mkk3*"*
db/db mice
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Characteristic Mouse genotype
db/+ db/db
MKk3* " Mkk3*"* Mkk3™"~
Renal hypertrophy
Kidney/body weight (%) 1.04+0.03 1.26+0.12 0.94+0.05¢
Glomerular damage
Volume (um® x10%) 18.1+0.7 36.3+3.8° 34.4+1.4°
Cellularity (cells/gcs) 345+1.0 48.7+2.3° 46.2+1.2°
Matrix fraction (% area) 20.3+1.0 29.8+2.6° 27.0+3.2%¢
Collagen (% area) 17.7+1.0 25.9+0.8" 21.1+0.6*¢
Proliferation (cells/gcs) 0.32+0.05 0.95+0.21% 0.49+0.14
Macrophages (cells/gcs) 1.1+£0.4 5.3+0.9% 4.4+0.9
Tubular damage
Atrophy (% tubules) 0.33+0.04 4.93£0.63° 2.23+0.29*¢
Apoptosis (cells/mm?) 0.25+0.03 0.46+0.07* 0.27+0.03°
Proliferation (cells/mm?) 15.2+1.5 25.0+4.4° 9.2+2.6¢
Interstitial damage
«-SMA (% area) 0.77+0.13 3.71+0.75% 2.07+0.58
Collagen (% area) 2.86+0.24 4.51+0.35° 3.24+0.40°
Interstitial volume (% points) 3.37+0.21 6.70+0.44° 5.94+0.50°
Proliferation (cells/mm?) 12.4£1.2 19.1+4.1 13.0+£3.5
Macrophages (cells/mm?) 72+7 143+10° 111+8°
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Fig. 7 Tubulo-interstitial injury
is reduced by Mkk3 deficiency.
Periodic acid—Schiff’s reagent
sections of db/+ (a), Mik3™*
db/db (b) and Mkk3 ™"~ db/db (c)
mice demonstrated that tubular
atrophy was greatly increased in
diabetes, but significantly im-
proved in Mkk3 ™"~ db/db mice.
Sirius Red staining of collagen
in db/+ (d), Mik3™"" db/db (e)
and Mkk3~"~ db/db mice (f)
demonstrated that diabetic mice
developed significant thickening
of the tubular basement mem-
brane and increased interstitial
collagen, but both of these were
reduced in Mkk3~~ db/db mice.
Magnification: x250

nephropathy in db/db mice. Although Mkk3 deficiency did
not alter the incidence or progression of obesity and type 2
diabetes, it did significantly reduce diabetic renal injury and
prevented a loss of renal function in our model, indicating
that MKK3-p38 signalling is important to the pathology of
diabetic nephropathy.

Previous studies had led us to anticipate that Mkk3
deficiency would modify the major metabolic events
leading to type 2 diabetes. In vitro experiments have shown
that p38 activation reduces expression of the glucose
transporter GLUT4 [7, 36] and suppresses adipogenesis
by inhibiting Ppar-y (also known as Pparg) and c/ebp-f3
(also known as Cebpb) transcriptional activities [37],
suggesting that a deficiency of MKK3—p38 signalling
might promote insulin-stimulated glucose uptake and
adipose expansion. However, our study showed that Mkk3
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Fig. 8 Mkk3 deficiency attenuates kidney expression of Cc/2 but not
Tgf-B1 or Tnf-a. Assessment of kidney expression of Ccl2 by
quantitative RT-PCR (a) demonstrated a threefold increase in Ccl2
mRNA in Mkk3™" db/db compared with control db/+ mice, which
was reduced by 50% in Mkk3™" db/db mice. Kidney expression of
Tgf-B1 (b) and Tnf~a mRNA (c) was increased four- and threefold,
respectively, in db/db mice, compared with control db/+ mice, and
was not significantly affected by Mkk3 deficiency. Data are means+
SEM; n=10. p<0.05, °p <0.01 vs db/ mice; p<0.05 vs Mkk3™"*
db/db mice
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deficiency did not affect body weight, insulin and glucose
tolerance, plasma insulin or epididymal fat accumulation.
There was a small difference in liver size, which may be
related to reduced hepatic lipogenesis [38], but serum
NEFA were unaffected and no observable effect on hyper-
glycaemia was seen, as demonstrated by the equivalent
incidence of type 2 diabetes and similar fasting blood
glucose and glycated haemoglobin values in both geno-
types. Thus, our findings prove that MKK3—p38 signalling
is not by itself critical to the development of obesity or type
2 diabetes and that compensatory mechanisms may exist to
overcome any decline in p38 activity in Mkk3 /" tissues
regulating obesity and hyperglycaemia.

Our examination of Mkk3""* db/db mice established that
kidney MKK3 levels are increased in type 2 diabetes in
association with elevated p38 MAPK signalling. M#kk3
deficiency prevented this increase in kidney p38 MAPK
signalling despite a compensatory increase in MKK6. This
phenomenon has also been observed in Mkk3 " kidneys
with obstructive uropathy [39] and is consistent with an in
vitro study showing that inhibition of p38c« stimulates
MKK6 production [40].

Histopathology analysis demonstrated that MKK3—p38
signalling contributes to early glomerular injury in diabetic
db/db kidneys. Podocyte depletion is a characteristic feature
of diabetic nephropathy, both in experimental models [16]
and in human type 2 diabetes [41-43], and is associated
with the development of albuminuria. In this study, we saw
preservation of podocyte numbers in the diabetic kidneys of
Mid3™" compared with Mkk3™" db/db mice, a finding
which correlated with protection from albuminuria. This
finding supports in vitro observations that activation of p38
by AGE and oxidative stress triggers podocyte apoptosis
[16, 21, 28]. However, significant protection from podocyte
apoptosis was not observed in our model because podocyte
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apoptosis is an early response to hyperglycaemia [16] and
our db/db mice were examined after 20 weeks of hyper-
glycaemia. Deficiency of Mkk3 also reduced glomerular
levels of «-SMA and collagen in diabetic db/db kidneys,
which is consistent with in vitro observations showing that
TGF-B1-induced collagen production by murine mesangial
cells is dependent on MKK3-p38 signalling [30]. This
finding is clinically relevant, since mesangial cell produc-
tion of x-SMA correlates with glomerulosclerosis in human
type 2 diabetes [44].

In diabetic Mkk3~~ db/db mice, protection against
tubulointerstitial damage also coincided with a reduction
in albuminuria. Elements of the diabetic milieu (hyper-
glycaemia and AGE) as well as albuminuria are capable
of causing tubular injury, which may occur via the
activation of p38 signalling. However, here we were
unable to distinguish whether one or both of these
mechanisms were affected by a deficiency of Mkk3 in
our model.

Increased levels of the Cc/2 gene and its protein
MCP-1 are consistently found in diabetic kidneys and are
required for the progression of renal inflammation and
injury [35, 45]. In this study, Mkk3~"~ db/db mice had
reduced kidney expression of Ccl2 mRNA, which
correlated with a similar reduction in interstitial macro-
phages, suggesting that the inflammatory process had
been suppressed. In addition, reduced Ccl2 expression
may also directly impact on glomerulosclerosis since
MCP-1 induces fibronectin production in human mesan-
gial cells, which are known to possess the MCP-1
receptor, and Cc/2 deficiency results in reduced glomer-
ular fibronectin deposition in diabetic kidneys [46]. This
potential mechanism is supported by our finding that
diabetic Mkk3™"~ kidneys are partially protected from
glomerular fibrosis, as well as by a recent study showing
that suppression of p38 activity reduces fibronectin
production in diabetic glomeruli [47]. Therefore, this
study has identified that MKK3—p38 signalling is a factor
promoting MCP-1-mediated injury in diabetic kidneys,
which is consistent with other models of kidney disease
showing that inhibition of p38 signalling suppresses
abnormal renal MCP-1 production [13].

In diabetic db/db kidneys, Mkk3 deficiency did not
reduce mRNA expression of Tgf-31 and Tnf-cr, suggesting
that p38 signalling is either not necessary or that the
compensatory increase in MKK6-p38 signalling is suffi-
cient to promote renal production of these cytokines.
Evidence for this comes from in vitro studies. Although
p38 inhibitors can inhibit IL-1 and TNF-« production by
macrophages [48], production of IL-1, IL-6 and TNF-« is
not affected in Mkk3 ™~ macrophages stimulated with
lipopolysaccharide [49]. Thus, the dependence of renal
cytokine production on MKK3-p38 signalling may vary

@ Springer

according to the stimulus, cell type and the level of p38
activation required. One noteworthy finding in this study is
that Mkk3 deficiency reduced renal fibrosis in diabetic
db/db mice without lowering kidney expression of 7gf-31/
mRNA. Blockade of p38«x has also been reported to reduce
acute renal fibrosis without affecting Tgf~3/ mRNA or
protein in a rat model of unilateral ureteric obstruction [50].
These findings together suggest that MKK3—p38 signalling
plays a role in the development of renal fibrosis by acting
downstream of TGF-f31.

In conclusion, MKK3—p38 signalling is not required for
the development of obesity or type 2 diabetes, but does play
a significant role in the progression of diabetic nephropathy
in db/db mice.
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