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Abstract

Aims/hypothesis. Inflammation and fibrosis are patho-
logical mechanisms that are partially regulated by cell
signalling through the p38 mitogen-activated protein
kinase (MAPK) pathway. Elements of the diabetic mi-
lieu such as high glucose and advanced glycation end-
products induce activation of this pathway in renal
cells. Therefore, we examined whether p38 MAPK
signalling is associated with the development of hu-
man and experimental diabetic nephropathy.

Methods. Immunostaining identified phosphorylated
(active) p38 MAPK in human biopsies with no abnor-
mality (n=6) and with Type 2 diabetic nephropathy
(n=12). Changes in kidney levels of phosphorylated
p38 were assessed by immunostaining and western
blotting in mice with streptozotocin-induced Type 1
diabetes that had been killed after 0.5, 2, 3, 4 and
8 months, and in Type 2 diabetic db/db mice at 2, 4, 6
and 8 months of age.

Results. Phosphorylated p38 was detected in some in-
trinsic cells in normal human kidney, including
podocytes, cortical tubules and occasional interstitial

cells. Greater numbers of these phosphorylated p38+
cells were observed in diabetic patients, and phos-
phorylated p38 was identified in accumulating inter-
stitial macrophages and myofibroblasts. A similar pat-
tern of p38 activation was observed in both mouse
models of diabetes. In mice, kidney levels of phos-
phorylated p38 increased (2-6 fold) following the
onset of Type 1 and Type 2 diabetes. In both mouse
models, interstitial phosphorylated p38+ cells were as-
sociated with hyperglycaemia, increased HbA c levels
and albuminuria. Further assessment of streptozoto-
cin-induced diabetic nephropathy showed that intersti-
tial phosphorylated p38+ cells correlated with intersti-
tial fibrosis (myofibroblasts, collagen).
Conclusions/interpretation. Increased p38 MAPK sig-
nalling is a feature of human and experimental diabet-
ic nephropathy. Time course studies in mouse models
suggest that phosphorylation of p38 plays a pathologi-
cal role, particularly in the development of interstitial
fibrosis.
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Introduction

Diabetes is the main cause of renal failure worldwide
[1]. Current treatments, including glycaemic and
blood pressure control, can slow the development of
disease but do not stop the progression to end-stage
renal failure [2]. In order to identify new therapeutic
targets for the treatment of diabetic nephropathy, it is
important to gain a greater understanding of the mech-
anisms responsible for the disease.

Inflammation and fibrosis are common disease
mechanisms involved in many forms of progressive
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renal injury, including diabetic nephropathy [3]. Cell
signalling through the p38 mitogen-activated protein
kinase (MAPK) pathway, involving dual phosphoryla-
tion of the Tyr-X-Thr motif of p38 MAPK [4], is
known to play a role in both of these processes [5, 6,
7, 8]. Specific inhibition of p38 MAPK signalling is
effective in the treatment of human endotoxaemia, and
in rat models of inflammatory renal disease, lung fi-
brosis and arthritis [9, 10, 11, 12, 13]. Therefore, it is
important to identify whether phosphorylation (activa-
tion) of p38 MAPK signalling is associated with the
development of diabetic nephropathy.

In vitro studies have shown that components of the
diabetic milieu (high glucose and advanced glycation
end-products) can activate p38 MAPK signalling in
renal cells. Exposure to high glucose levels induces
p38 MAPK phosphorylation in mesangial cells [14]
and glycated albumin stimulates p38 MAPK phos-
phorylation in fibroblasts [15]. The diabetic milieu
may also promote p38 MAPK phosphorylation in dia-
betic kidneys by inducing inflammation and cytokine
production. Indeed, increased levels of TNF-oo and
TGF-B1 have been detected in the serum or glomeruli
of diabetic rodents [16, 17] and serum levels of these
cytokines are increased in diabetic patients [18].
Furthermore, advanced glycation, glycoxidation and
lipoxidation end-products can stimulate IL-1 and
TNF-o production by macrophages [19, 20]. IL-1 and
TNF-o are potent inducers of p38 MAPK in renal
parenchymal cells [6, 21] and TGF-B1 stimulates
p38 MAPK phosphorylation in mesangial cells and
fibroblasts [7, 8]. Thus the diabetic milieu could po-
tentially promote p38 MAPK phosphorylation in renal
cells by direct and indirect pathways.

Induction of kidney p38 MAPK phosphorylation
by the diabetic milieu may promote the development
of renal fibrosis. Phosphorylation of p38 MAPK by
hyperglycaemia and/or mechanical stretch promotes
mesangial cell production of TGF-1 and fibronectin
[22, 23]. TGF-B1 can, in turn, induce the synthesis of
collagen and fibronectin by mesangial cells and fibro-
blasts via a p38-MAPK-dependent pathway [7, 8].
Consequently, p38 MAPK phosphorylation may play
an important role in the development of renal fibrosis
in diabetic nephropathy.

Previous work has identified phosphorylation of
p38 MAPK in isolated glomeruli from the early stages
of streptozotocin-induced diabetic nephropathy in the
rat [24]. However, a number of issues regarding p38
MAPK signalling in diabetic nephropathy remain un-
known, including (i) whether p38 MAPK phosphoryla-
tion is associated with diabetic renal injury; (ii) the cell
types in which the pathway is activated; (iii) whether
p38 signalling occurs in tubules or the interstitium; and
(iv) how relevant p38 activation in disease models is to
what happens in human diabetic nephropathy

In the current study, we assessed phosphorylation
of p38 MAPK as a marker of p38 MAPK activation in
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renal biopsies of patients with Type 2 diabetic neph-
ropathy and compared these results with renal func-
tion at the time of biopsy. We also examined the
kidney localisation and levels of p38 MAPK phos-
phorylation, and its association with renal injury, dur-
ing the progression of Type 1 and Type 2 diabetic
nephropathy in mice.

Subjects, materials and methods

Human biopsies. All formalin-fixed renal biopsy tissue, both
normal and diabetic, was obtained with patient consent and
permission of the Monash Medical Centre Human Ethics Com-
mittee. Normal human kidney tissue (control subjects) was ac-
quired when biopsies performed for minimal proteinuria
(<0.3 g/day) or haematuria (<25x103/1 urinary glomerular red
cells) were reported to have no renal abnormality. Analysis
was performed on biopsies from patients with Type 2 diabetic
nephropathy (Type 2 diabetic subjects) as the only diagnosis
(see Table 1). Standard histological criteria were used for the
diagnosis of diabetic nephropathy, including the presence of
diffuse basement membrane thickening, glomerulosclerosis
with or without Kimmelstiel-Wilson nodules, efferent and
afferent arteriolar hyalinisation and tubulointerstitial fibrosis.

Animal models. Type 1 diabetes was induced in male C57BL/6
mice (20-25 g) by intraperitoneal injection of 125 mg/kg
streptozotocin (Sigma, St. Louis, Mo., USA) on two consecu-
tive days. The blood glucose levels of streptozotocin-treated
mice were maintained at 16 to 30 mmol/l by giving subcutane-
ous injections of human insulin (0.4 U/day Protophane, Novo
Nordisk, Sydney, Australia) to mice when their blood glucose
levels rose above 30 mmol/l. We also studied Type 2 diabetic
mice (db/db) and non-diabetic heterozygote control mice
(db/+) that were created by breeding pairs of C57BL/6 db/+
mice obtained from Jackson Laboratories (Bar Harbor, Me.,
USA) and identified by PCR tissue type analysis for the leptin
receptor. Mice were maintained on a normal diet under stan-
dard animal house conditions and were assessed every 2 weeks
for blood glucose (glucometer) and every month for albumin-
uria. Groups of streptozotocin-treated mice (n=5) were killed

Table 1. Clinical characteristics and treatments of patients at
the time of biopsy

Control Type 2

subjects diabetic subjects

(n=6) (n=12)
Age (years) 45.2+2.4 50.8+3.0
Duration of diabetes (years) 0 6.4+1.8
HbAc 6.2+0.5 8.6+£0.4
Serum creatinine (umol/l) 717 14126
Creatinine clearance (ml/min) 109+14 679
Proteinuria (g/24 h) 0.29+0.02 3.6+0.8
Hypertension 0 12/12
ACE inhibitor or AT2RA 0 10/124
HMG-CoA R inhibitor 0 8/12

Data are means + SEM. AT2RA, angiotensin type 2 receptor
antagonist; HMG-CoA R, 3-hydroxy-3-methyl-glutaryl coen-
zyme A reductase. 2 Two patients received beta blockers in-
stead as anti-hypertensive therapy
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at 0.5, 2, 3, 4 and 8 months after injection. Groups of diabetic
db/db mice (n=5) were killed at 2, 4, 6 and 8 months of age. A
group of non-hyperglycaemic, obese db/db mice (n=5) was
also examined at 8 months of age. A control group of normal
C57BL/6 mice (n=8) was killed at 8 months of age.

Biochemical analysis. Mouse urine was collected from animals
housed in metabolic cages for 18 h. Whole mouse blood was
collected in the presence of heparin via cardiac puncture of
anaesthetised mice. Triglycerides, cholesterol, HbA c, urine
creatinine and plasma creatinine were analysed by the Depart-
ment of Biochemistry at the Monash Medical Centre. Creati-
nine levels were determined by creatininase assay (Roche
Diagnostics, Mannheim Germany). Mouse urine albumin was
measured by ELISA kit (Bethyl Laboratories, Montgomery,
Tex., USA).

For experiments with biopsies from humans, data for each
patient were retrieved from hospital records, including data on
serum creatinine, creatinine clearance, 24-hour urinary protein
excretion at time of kidney biopsy, anti-hypertensive therapy,
HbA ¢ and duration of diabetes.

Antibodies. The antibodies used in this study were: mouse anti-
phospho-p38 (Sigma, St Louis, Mo., USA) raised against the
dual phosphorylated p38 (p-p38) peptide and recognising all
the phosphorylated p38 isoforms; mouse anti-p38o (Upstate
Biotechnology, New York, N.Y., USA); rat anti-mouse CD68
(FA-11, Serotec, Kidlington, Oxford, UK); mouse anti-human
CD68 (KP1, Dako, Carpinteria, Calif., USA); fluorescein-con-
jugated mouse anti-o--smooth muscle actin (1A4, Sigma);
mouse anti-human podocalyxin (PHMS, [25]); rabbit anti-
mouse collagen IV (Collaborative Biomedical Products, Bed-
ford, Mass., USA). Isotype-matched irrelevant IgGs were used
as negative controls.

Immunohistochemical staining. Human and mouse tissue sec-
tions were immunostained using the same protocols. Immuno-
staining for p-p38 alone and dual-labelling of p-p38 with
myofibroblasts (o-smooth muscle actin) or podocytes (podoca-
lyxin) were performed on formalin-fixed kidney paraffin sec-
tions (4 um). The specificity of p-p38 labelling has been previ-
ously demonstrated by peptide blocking in our laboratory [11].
Dual-labelling of p-p38 with CD68+ macrophages was per-
formed on kidney cryostat sections (5 um) fixed on 2% para-
formaldehyde-lysine-periodate. Tissue sections were incubated
for 20 min with 0.6% hydrogen peroxide to prevent detection
of endogenous peroxidase and for a further 20 min with 20%
normal sheep serum to prevent non-specific antibody binding.
Sections were then incubated overnight at 4 °C with 5 ug/ml of
primary antibody in 1% BSA. After washing in PBS, sections
were incubated for 1 h with peroxidase-conjugated sheep anti-
bodies against rat, mouse or rabbit IgG (1:50, Dako) or against
fluorescein (1:300, Roche), followed by rat, mouse, or rabbit
peroxidase anti-peroxidase soluble complexes (1:50, Dako)
for 1 h. Sections were developed with 3,3-diaminobenzidine
(Sigma) to observe peroxidase (brown) or with Vector SG sub-
strate (Vector Laboratories, Burlingame, Calif., USA) to ob-
serve peroxidase (blue-grey). For antibody detection of p-p38,
tissue sections were microwave-treated at 800 W for 12 min in
400 ml of 10 mmol/l sodium citrate, pH 6.0. To prevent anti-
body cross-reactivity and inactivate previously bound peroxi-
dase-conjugated antibodies [26] in double-immunostaining,
p-p38 was always the second antigen detected after microwave
treatment. Following immunostaining, some sections were
counterstained with periodic acid Schiff’s reagent to identify
kidney structure and tissue damage.
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Quantitation of immunohistochemistry. The number of p-p38+
cells was counted under high power microscope (x400) within
every glomerulus (n=4-31) and the whole cortical tubulointer-
stitium (11-25 fields) of renal biopsies. In mouse kidneys,
glomerular p-p38+ cells were counted in 20 hilar glomerular
tuft cross-sections per animal. Mouse interstitial p-p38+ cells
were counted, by means of a 0.02-mm?2 graticule fitted in the
eyepiece of the microscope, in 25 consecutive interstitial fields
(representing 30-40% of kidney cortex in the cross-section)
and expressed as cells/mm?2. Interstitial expression of o
smooth muscle actin and collagen IV in mice was assessed by
computer image analysis as percentage of area stained within
the renal cortex. All scoring was performed on blinded slides.

Western blotting. Whole mouse kidney (1/4) was homogenised
in 0.5 ml SDS-PAGE sample buffer for 1 min and heated to
100 °C for 5 min. Samples were centrifuged at 14,000 g for
5 min and the supernatant stored at —80 °C. Protein estimations
were performed using a Bradford assay (Pierce, Rockford, Ill.,
USA). Kidney protein was loaded at 80 pg/well and separated
on a 12.5% SDS-PAGE gel. Gels were electroblotted on to a
nitrocellulose membrane, and incubated for 2 h in 20 ml of
blocking buffer containing 5% skimmed milk, 10% normal
sheep serum and 1% BSA in TBS (150 mmol/l NaCl,
0.05 mol/l Tris-HCI, pH 7.6). Blots were then washed in
TBS-T buffer (0.05% Tween 20 in TBS) and incubated
overnight at 4 °C with anti-phospho-p38 antibody (1 pg/ml) in
TBS-T containing 5% BSA. After further washing, blots were
incubated for 2 h at room temperature with peroxidase-conju-
gated goat anti-mouse IgG (1:20,000 in TBS-T containing 2%
BSA). Membranes were washed again and membrane-bound
antibody detected by enhanced chemiluminescence (ECL) with
Supersignal West Pico chemiluminescent substrate (Pierce)
and captured on X-ray film. Following phospho-p38 detection,
blots were analysed for equivalence of protein loading. Blots
were incubated with 20 ml of blocking buffer for 2 h and then
overnight with fluorescein-conjugated anti-o; tubulin (1:5000)
in TBS-T containing 2% BSA. Membranes were washed, incu-
bated for 30 min with alkaline phosphatase-conjugated sheep
anti-fluorescein F(ab) fragments (1:10,000 in wash buffer con-
taining 2% BSA), washed again and membrane-bound anti-
body detected by ECL with CDP-Star substrate (Roche) and
captured on X-ray film. Following o-tubulin detection, blots
were stripped with Re-Blot (Chemicon International, Temecu-
la, Calif., USA) and re-probed with anti-p38c antibody
(1 pg/ml) using the same immunodetection conditions as de-
scribed for phospho-p38. After capturing ECL images on film,
densitometry analysis was performed using the Gel Pro ana-
lyser program (Media Cybernetics, Silver Spring, Md., USA).

Statistical analysis. Statistical differences between two groups
were analysed by the unpaired Student’s ¢ test and differences
between multiple groups of data were assessed by ANOVA
with Bonferroni’s multiple comparison test using GraphPad
Prism 3.0 (GraphPad Software, San Diego, Calif., USA). Cor-
relations were performed using Pearson’s correlation coeffi-
cient. Data were recorded as the mean + SEM and p values of
less than 0.05 were considered significant.

Results

Phosphorylation of p38 mitogen-activated protein
kinase in normal human kidney. Immunostaining of
normal human kidneys (control subjects) identified
nuclear p-p38 in some glomerular visceral and parietal
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Fig. 1. Identification of p-p38+ kidney cells during diabetic
nephropathy. Two-colour immunostaining of human biopsies
identified podocytes (blue-grey) with p-p38 (brown nuclei, ar-
rowheads) in glomeruli from control subjects (a) and glomeruli
from Type 2 diabetic subjects (b). Increased numbers of cells
positive for p-p38 immunostaining were seen in the mesangi-
um of diabetic patients (b). In human diabetic kidneys, p-p38
(brown) was also detected (¢) in interstitial CD68+ macro-
phages (blue-grey, arrowheads) and (d) in interstitial myofi-

broblasts expressing oi-smooth muscle actin (blue-grey, arrow-
heads). Similar immunostaining in mice identified p-p38
(brown) in CD68+ glomerular macrophages (blue-grey, arrow-
heads) (e) at 2 weeks after streptozotocin treatment. At 8
months after streptozotocin treatment, most interstitial p-p38+
cells (blue-grey) were found (f) to be myofibroblasts express-
ing a-smooth muscle actin (brown, arrowheads). Magnifica-
tion X1000
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Fig. 2. Expression of p-p38 by kidney cells in human diabetic
nephropathy. Immunostaining of human renal biopsies identi-
fied greater numbers of glomerular cells (a), tubular cells (b)
and interstitial cells (¢) expressing p-p38 in Type 2 diabetic
kidneys than in normal kidneys. Data are means = SEM.
Control subjects (n=6), Type 2 diabetic subjects (n=12); p val-
ues were determined by Student’s 7 test. * p<0.05; ** p<0.01;
*#*#% p<0.001. Diab, diabetic kidneys; gcs, glomerular cross
sections; Norm, normal kidneys

epithelial-like cells, occasional interstitial cells and in
one or more cells of most cortical tubular cross-sec-
tions. Detection of p-p38 in podocytes in normal glo-
meruli was confirmed by double-immunostaining of
p-p38 with podocalyxin (a podocyte marker) in biopsy
specimens (Fig. 1a).

p38 mitogen-activated protein kinase signalling in
human Type 2 diabetic nephropathy. The characteris-
tics of Type 2 diabetic subjects from whom renal biop-
sies were examined for the number of p-p38+ cells
are detailed in Table 1. Compared to normal human
kidney, there was a two- to six-fold increase in the
numbers of glomerular, tubular and interstitial cells
positive for p-p38 immunostaining in human Type 2
diabetic kidneys (Fig. 2). The numbers of podocytes
positive for p-p38 immunostaining increased as a re-
sult of diabetes (normal 5.4+0.6 vs diabetic 12.2+2.0
p-p38+PHMS+ cells per glomerular cross section,
p<0.0001). However, podocytes accounted for only a
small proportion of total glomerular p-p38+ cells in
normal (27+4%) and diabetic (22+5%) kidneys. Most
of the p-p38+ cells seen within diabetic glomeruli
were in the mesangium (Fig. 1b). Within the interstiti-
um of diabetic kidneys, p-p38 was detected in some
CD68+ macrophages (30+5%) and myofibroblasts
(24+6%) (Fig. 1c, d), which was not observed in nor-
mal kidneys. Myofibroblasts accounted for the majori-
ty of interstitial p-p38+ cells in diabetic kidneys. The
numbers of glomerular, tubular and interstitial p-p38+
cells did not correlate with proteinuria or renal func-
tion at the time of biopsy. However, this may well re-
flect the small number of biopsies available for exami-
nation and the variability in disease progression at the

time of biopsy. For this reason, we examined mouse
models of the disease in order to evaluate p38 phos-
phorylation in diabetic nephropathy in greater detail.

p38 mitogen-activated protein kinase phosphorylation
in streptozotocin-induced diabetic nephropathy in
mice. Western blotting identified a two- to three-fold
increase in total kidney p-p38 after 2 weeks of strepto-
zotocin-induced diabetes, coinciding with the onset of
hyperglycaemia (Fig. 3a, c; Table 2). Total kidney p-
p38 levels increased to about six-fold above normal at
2 months after streptozotocin and were maintained at
four- to five-fold of normal levels at 4 and 8 months
after streptozotocin (Fig. 3a, c). Total kidney levels
of p38a showed a small (not significant) increase dur-
ing disease (Fig. 3a, e). Comparison of p-p38 with
p38a identified a marked increase in the kidney
p-p38 : p38a ratio at 8 months after streptozotocin
(Fig. 3g).

Immunostaining of normal mouse kidney showed a
similar pattern of p-p38 to that in normal human kid-
ney (Fig. 1a; Fig. 4a). After two weeks of streptozoto-
cin-treatment, there was a two-fold increase in the
number of glomerular and tubular cells positive for
p-p38 immunostaining (Fig. 4b; Fig. 5a, b). Double-
immunostaining for p-p38 and CD68 demonstrated
that increased numbers of p-p38+ cells in glomeruli
were due in part to infiltrating macrophages (Fig. le).
Comparison of all timepoints showed that after 2
weeks of streptozotocin the number of glomerular and
tubular cells positive for p-p38 immunostaining de-
clined with the progression of diabetes and was not
different from normal at 4 and 8 months after disease
induction (Fig. 5a, b). In contrast, the number of inter-
stitial cells positive for p-p38 immunostaining in-
creased with the duration of disease and was six-fold
greater than normal at 8§ months after streptozotocin
(Fig. 5c). Double-immunostaining for p-p38 and
o-smooth muscle actin showed that most of these
p-p38+ interstitial cells were myofibroblasts (Fig. 1f).

p38 mitogen-activated protein kinase phosphorylation
in diabetic nephropathy in db/db mice. In db/db mice,
there was a two-fold increase in total kidney p-p38
levels detected by western blotting at 2 months of age.
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Fig. 3. Increased kidney phosphorylation of p38 MAPK during
diabetic nephropathy. Western blots detected greater levels of p-
p38 in total kidney lysates from (a) streptozotocin (STZ)-treat-
ed diabetic mice and (b) db/db diabetic mice than in lysates
from normal mice (N). Kidney levels of o-tubulin were used as
a loading reference. Kidney levels of p-p38 increased rapidly
during the early stages of diabetic nephropathy in STZ-treated
mice (¢) and db/db mice (d). In comparison, kidney levels of
p38a remained relatively unchanged throughout in STZ-treated
mice (e) and db/db mice (f). Comparison of p-p38 with p38a
levels showed a significant increase in the kidney p-p38 : p38a
ratio in advanced stages of diabetic nephropathy in STZ-treated
mice (g) and db/db mice (h). Data are mean = SEM, n=4;
* p<0.05, ** p<0.01, *** p<0.001 vs normal by ANOVA

This increased to three-fold at 4 months of age when all
mice became hyperglycaemic, and remained at a simi-
lar level at 6 and 8 months of age (Fig. 3b, d). In con-
trast, total kidney levels of p38a were not different to
normal throughout the development of diabetic neph-
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ropathy (Fig. 3b, f). On comparing p-p38 with p38a.,
we found a marked increase in the p-p38 : p38a ratio in
db/db mouse kidneys at 8 months of age (Fig. 3h).
Immunostaining showed that the number of glom-
erular and tubular cells positive for p-p38 immuno-
staining increased progressively until 4 months of age
and thereafter declined in glomeruli at 6 and 8 months
and in tubules at 8 months (Fig. 4c, d; 5d, ). When
the number of tubular p-p38+ cells in diabetic kidneys
reached their peak, p-p38 immunostaining was most
prominent in injured dilated tubules (Fig. 4e). As
in the streptozotocin model, the number of interstitial
cells positive for p-p38 immunostaining in db/db
Type 2 diabetic kidneys increased with disease pro-
gression, becoming four-fold higher than normal at
8 months of age (Fig. 4f; Fig. 5f). In comparison,
obese db/db mice that did not develop diabetes by
8 months of age had similar numbers of interstitial
p-p38+ cells to normal mice (normal = 47+5 cells/mm?2,
normoglycaemic obese db/db mice = 565 cells/mm?2).
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Fig. 4. Expression of phospho-p38 in normal and diabetic
mouse kidneys. Immunostaining shows the presence of p-p38
in (a) normal mouse glomeruli (arrowheads) and tubules, ap-
pearing to be mainly expressed by epithelial-like cells (glomer-
ular podocytes and tubular cells). An increase in glomerular
p-p38+ cells was seen at 2 weeks after streptozotocin adminis-
tration (b) and in diabetic db/db mice at 2 months of age (c).
The number of glomerular p-p38+ cells in db/db mice returned

-.4".\ mm 3y #." .D 2

to normal levels (d) at 8 months of age. In a diabetic db/db
mouse kidney at 6 months of age (e), disease progression was
associated with the dilation of some cortical tubules, which ap-
peared to have an increased proportion of cells expressing
p-p38 (*). The advancement of diabetic nephropathy also
resulted in accumulation of interstitial cells expressing p-p38
(arrowheads) in a diabetic db/db mouse kidney (f) at 8 months
of age. Magnification: x1000, except (e): x400
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Fig. 5. Expression of p-p38 by mouse kidney cells during dia-
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db/db mice, greater numbers of glomerular cells (d), tubular
cells (e) and interstitial cells (f) were immunostained for p-p38
than in normal mice. Data are means + SEM, n=5-8,

p<0.001 vs normal by ANOVA. gcs, glomerular cross sec-
tions
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Table 3. Correlation of kidney p-p38+ cells with diabetic state and renal injury

Streptozotocin-induced diabetes db/db diabetic mice

Glomerular Tubular Interstitial Glomerular Tubular Interstitial

p-p38 p-p38 p-p38 p-p38 p-p38 p-p38
Blood glucose 0.46, p=0.013 0.36, NS 0.90, p<0.0001 0.17, NS 0.72, p<0.0001  0.87, p<0.0001
HbAc 0.25, NS 0.165, NS 0.88, p<0.0001 0.41, p=0.025  0.74, p<0.0001  0.74, p<0.0001
Body weight —-0.66, p<0.0001 -0.55, p=0.0019 -0.54, p=0.0052 0.47, p=0.0094  0.67, p<0.0001  0.56, p=0.0016
Kidney/body weight  0.27, NS 0.088, NS 0.60, p=0.0018  —0.36, NS 0.026, NS 0.34,NS
Cholesterol 0.045, NS 0.042, NS 0.23, NS —-0.010, NS —0.014, NS —0.16, NS
Triglycerides —-0.031, NS 0.12, NS 0.24, NS —0.31, NS 0.058, NS 0.33, NS
Albuminuria —0.041, NS —0.14, NS 0.66, p=0.0003  —-0.15, NS 0.19, NS 0.48, p=0.0083
Plasma creatinine 0.29, NS 0.31, NS 0.67, p=0.0002 -0.21, NS 0.076, NS 0.30, NS

Data represent Pearson’s coefficient (r) and associated p value

terstitial cells positive for p-p38 immunostaining and
the interstitial area of immunostaining for o-smooth
muscle actin (r=0.76, p<0.0001) and collagen type IV
(r=0.77, p<0.0001).

Discussion

This study demonstrates that increased p38 MAPK
signalling is a feature of human and experimental dia-
betic nephropathy. The kidney localisation pattern of
phosphorylated p38 was very similar in human diabet-
ic patients and mouse models, indicating that exami-
nation of this signalling pathway in mice is likely to
be relevant to the human disease. For this reason, we
performed a more detailed analysis in mice to deter-
mine if kidney p38 phosphorylation was associated
with progression of diabetic renal injury.

In both mouse models, the induction of kidney p38
signalling coincided with the onset of hyperglycaemia
and correlated with blood glucose and HbA c levels,
indicating that high blood glucose and/or protein gly-
cation may be responsible for directly or indirectly
switching on this pathway. In diabetic db/db mice, in-
creased numbers of kidney cells positive for p-p38
immunostaining were also associated with body
weight, suggesting an additional link to obesity. How-
ever, the number of kidney p-p38+ cells in diabetic
db/db mice did not correlate with blood cholesterol or
triglycerides, and obese db/db mice with normal
blood glucose and HbA c levels had similar numbers
of kidney p-p38+ cells to normal animals, which
suggests that obesity is unlikely to play an important
role in promoting p38 phosphorylation in the kidney
in Type 2 diabetic nephropathy. Other pathological
features of diabetic nephropathy, such as increased
oxidative and osmotic stress, hypertension, cytokine
release and renin/angiotensin responses, are also
thought to potentially contribute to the induction of
kidney p38 signalling [27]. These factors were not
evaluated here.

Phosphorylation of p38 was observed in normal hu-
man and mouse glomeruli, and increased numbers of
glomerular p-p38+ cells were detected in human dia-
betic renal biopsies and the early stages of mouse
Type 1 and 2 diabetic nephropathy. About 20 to 30%
of p-p38+ cells in normal and diabetic human glomer-
uli were found to be podocytes. These results suggest
that p38 signalling may play a role in the maintenance
of normal glomerular physiology, presumably by reg-
ulating aspects of podocyte function. Over-expression
of nephrin in a nephrin-deficient kidney embryonic
cell line results in p38 phosphorylation, providing evi-
dence that p38 has a role in podocyte responses [28].
Increased phosphorylation of p38 in podocytes during
diabetic nephropathy may occur as a direct response
to hyperglycaemia or may be an indirect effect of dia-
betes-induced glomerular endothelial dysfunction or
glomerular hypertrophy. Changes to podocyte behav-
iour mediated by p38 signalling may subsequently
contribute to loss of foot processes and proteinuria.
However, in our mouse models, we were unable to
distinguish p38 phosphorylation in podocytes from
other glomerular cells. Instead, we determined the to-
tal number of p-p38+ cells within glomeruli. This did
not correlate with albuminuria, suggesting that the
number of glomerular p-p38+ cells is not related to
the mechanisms of proteinuria.

Hyperglycaemia, intraglomerular hypertension and
glomerular endothelial dysfunction are also factors
which contribute to mesangial hypertrophy and mesan-
gial matrix production in diabetic nephropathy. In dia-
betic kidneys, we observed increased numbers of cells
positive for p-p38 immunostaining within the expand-
ing mesangium. Interestingly, phosphorylation of p38
MAPK signalling occurs in cultured mesangial cells in
response to high glucose, an effect which is enhanced
by mechanical stretch, angiotensin II, endothelin-1 and
platelet-derived growth factor [29]. Angiotensin II and
endothelin-1 induce contraction in cultured mesangial
cells via p38 MAPK phosphorylation [30, 31]. Howev-
er, mesangial cell hypertrophy induced by endothelin-1
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is independent of p38 MAPK signalling [32]. High glu-
cose and angiotensin II also promote TGF-f31 gene acti-
vation in mesangial cells by p38 MAPK signalling [33].
This in turn contributes to fibrosis [7, 8]. Thus, an in-
crease in the number of mesangial cells with p-p38 in
diabetic kidneys may be an important factor for mesan-
gial remodelling and glomerulosclerosis.

Inflammatory macrophages entering diabetic glo-
meruli may also promote glomerular injury and mesan-
gial cell p38 phosphorylation. AGE have been shown
to induce nuclear factor-kB activation, inducible nitric
oxide synthase expression and nitrite production by
macrophages through a pathway dependent on p38
[34]. Secretion of nitric oxide and IL-1} by activated
macrophages can subsequently stimulate p38 phos-
phorylation by mesangial cells [35, 36]. In this study,
we identified glomerular and interstitial macrophages
expressing p-p38 in diabetic kidneys, suggesting that
diabetes-induced p38 phosphorylation in macrophages
may be involved in macrophage-mediated renal injury.

As phosphorylation of p38 was identified in some
epithelial cells within normal kidney cortical tubules,
it is possible that p38 signalling plays a role in the
maintenance of normal tubular function. This may be
related to the constant exposure of renal tubules to
hyperosmolar fluid. The numbers of tubular cells
positive for p-p38 immunostaining increased acutely
at the onset of diabetes and then declined with ad-
vancing disease, showing a similar profile to glomeru-
lar p-p38+ cells. These comparable glomerular and
tubular responses may represent an acute reaction to
high amounts of glucose, which is followed by a reset-
ting of glomerular and tubular responsiveness to sugar
levels. However, this apparent acute increase and fall
in glomerular and tubular p-p38 identified by immu-
nostaining was not evident in our analysis of total kid-
ney p-p38 levels by western blotting. Immunostaining
with an amplified system can detect the presence of
p-p38 within cells, but cannot determine the level of
p-p38. Therefore, comparison of our immunostaining
and western blot results suggests that, in advanced
disease, the fewer remaining p-p38+ glomerular and
tubular cells have high levels of p-p38 or the in-
creased numbers of interstitial cells with p-p38 offset
the decline in glomerular and tubular p-p38.

Hyperglycaemia may induce p38 phosphorylation
in tubular cells directly or by promoting osmotic stress
or injury. High glucose stimulation of cultured proxi-
mal tubular epithelial cells results in p38-dependent
angiotensinogen production and p38-independent hy-
pertrophy [37, 38]. In addition, high glucose levels
can increase the hypertonicity of the tubular fluid, re-
sulting in greater osmotic stress to tubules, which is
known to induce p38 phosphorylation in cultured tu-
bular cells [39]. In the current study, dilated tubules in
diabetic kidneys appeared to have an increased pro-
portion of p-p38+ cells, suggesting that increased
phosphorylation of tubular p38 also occurs in re-
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sponse to tubular injury. Phosphorylation of p38 in tu-
bular cells can, in turn, promote production of TNF-o
and epithelial transdifferentiation into myofibroblasts
[40, 41], which can subsequently increase interstitial
inflammation and fibrosis.

In contrast to glomerular and tubular cells, the
number of interstitial cells positive for p-p38 immuno-
staining increased progressively with the development
of mouse Type 1 and 2 diabetic nephropathy, and cor-
related closely with albuminuria, suggesting an asso-
ciation with renal injury. Myofibroblasts are thought
to be the major source of interstitial matrix in diabetic
kidneys and their presence correlates significantly
with a progressive decline in renal function, and is the
best known predictor of progressive diabetic nephrop-
athy [42]. Therefore, we determined whether the num-
ber of interstitial p-p38+ cells was associated with
myofibroblast accumulation and interstitial fibrosis.
Immunostaining for o-smooth muscle actin indicated
that most p-p38+ interstitial cells in human and mouse
diabetic kidneys were myofibroblasts. In streptozo-
tocin-treated mice, the interstitial accumulation of
myofibroblasts and collagen type IV showed a highly
significant correlation with interstitial p-p38+ cells.
Previous in vitro studies have demonstrated that fibro-
blast proliferation induced by fibroblast growth factor-
2 and reactive oxygen species is dependent on p38
signalling [43, 44]. In addition, p38 phosphorylation is
required for TGF-B-induced collagen production by
fibroblasts [45]. These results suggest that p38 sig-
nalling may be important for the development of inter-
stitial fibrosis in diabetic kidneys.

In summary, this study provides evidence that im-
plicates kidney p38 MAPK phosphorylation in the
progression of Type 1 and Type 2 diabetic nephropa-
thy. To prove this, however, it will be necessary to
conduct further experiments that selectively block
phosphorylation of p38 MAPK during the progression
of diabetic nephropathy. Long-term administration of
a specific p38 MAPK inhibitor to Type 1 diabetic rats
has already been shown to prevent neuropathy [46],
indicating that similar treatments for diabetic nephrop-
athy are now feasible.
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