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Inflammation and fibrogenesis are the two determi-
nants of the progression of renal fibrosis, the com-
mon pathway leading to end-stage renal disease. The
P38 mitogen-activated protein kinase (MAPK) and
transforming growth factor (TGF)-31/Smad signaling
pathways play critical roles in inflammation and fi-
brogenesis, respectively. The present study examined
the beneficial renoprotective effect of combination
therapy using the p38 MAPK pathway inhibitor
(SB203580) and a TGF-f receptor I (ALK5) inhibitor
(ALK5D) in a mouse model of adriamycin (ADR) ne-
phrosis. The p38 MAPK and TGF-f31/Smad2 signaling
pathways were activated in ADR-induced nephropa-
thy in a sequential time course manner. Two weeks
after ADR injection, the combined administration of
S$B203580 (1 mg/kg/24 hours) and ALKS5I (1 mg/kg/24
hours) markedly reduced p38 MAPK and Smad2 activ-
ities. Moreover, the co-administration of SB203580 and
ALKS5I to ADR-injected mice resulted in a down-regula-
tion of total and active TGF-B1 production, reduced
myofibroblast accumulation, and decreased expression
of collagen type IV and fibronectin. In these mice,
retardation in the development of glomerulosclerosis
and interstitial fibrosis was observed. In conclusion,
although p38 MAPK and TGF-f31/Smad signaling
pathways are distinct they coordinate the progression
of renal fibrosis in ADR nephrosis. The co-administra-
tion of a p38 MAPK inhibitor and an AIKS5 inhibitor
may have potential applications in the treatment of
renal fibrosis. (4m J Patbol 2006, 169:1527-1540; DOI:
10.2353/ajpath.2006.060169)

Renal fibrosis is a major determinant of loss of renal
function leading to end-stage renal disease regardless of
the nature of the initial insult. The progression of renal
fibrosis is a complex process involving various intricate
intracellular signaling pathways. An improved under-
standing of the role that signaling pathways play in renal
fibrogenesis will allow for more rational interventions
based on their manipulations. The p38 mitogen-activated
protein kinase (MAPK) pathway and transforming growth
factor (TGF)-B1/Smad signaling pathway are important
intracellular signaling pathways involved in the produc-
tion of proinflammatory and profibrotic mediators and the
synthesis and deposition of extracellular matrix (ECM)
products. However, the mechanisms of how p38 MAPK
and TGF-B1/Smad signaling coordinate the development
of renal fibrosis in vivo remain unclear.

p38 MAPK, extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK)/stress-activated
protein kinase-1, and ERK5/big MAP kinase 1 (BMK1)
represent central kinases that typically transmit signals
generated by cytokines, growth factors, and environmen-
tal stress.’ p38 MAPK is involved in inflammation, cell
cycle, growth, differentiation, and induction of cell
death.? Cytokines and environmental stresses, such as
UV irradiation and oxidative stress can activate the MAPK
cascade, a series of three protein kinases: a MAPK and
two upstream components, MAPK kinase (MAPKK) and
MAPKK kinase (MAPKKK). This rapid cascade of se-
quential kinase phosphorylation results in dual phosphor-
ylation of the Tyr-X-Thr motif of the p38 MAPK (p-p38).2

Supported by the Australian Kidney Foundation, the Australian National
Health and Medical Research Foundation, and Kidney Health Australia
(Bootle Bequest).

Accepted for publication July 20, 2006.

J.L. is the recipient of a Chinese Government Scholarship for Outstand-
ing Overseas Students and a Monash Graduate Scholarship.

Address reprint requests to Sharon D. Ricardo, Ph.D., Monash Immu-
nology and Stem Cell Laboratories, Monash University, Clayton, Victoria
3800, Australia. E-mail: sharon.ricardo@med.monash.edu.au.

1527



1528 Lietal
AJP November 2006, Vol. 169, No. 5

The dual phosphorylated p38 MAPK then translocates to
the nucleus and activates a variety of transcription factors
by phosphorylation, such as ATF-2 (p-ATF-2).4

Activation of p38 MAPK can induce the production and
secretion of proinflammatory cytokines such as interleu-
kin-18 and tumor necrosis factor-a (TNF-«).° In turn, in-
terleukin-18 and TNF-a can activate p38 MAPK, which
leads to autocrine and paracrine promotion of an inflam-
matory response that exacerbates kidney injury.®” In-
creased activity of p38 MAPK has been observed in
patients suffering from inflammatory bowel disease, hu-
man diabetic nephropathy, and glomerulonephritis.®=1°
Preclinical studies show that blockade of p38 MAPK with
various p38 MAPK kinase inhibitors is efficacious in sev-
eral disease models, including arthritis and other joint
diseases, septic shock, myocardial injury, and kidney
injury.”"w

TGF-B1 plays a key role in renal fibrosis in both experi-
mental and human kidney diseases.'*'® TGF-B1 binds to
the constitutively active TGF-8 type Il receptor (TGF-RII),
which in turn recruits, phosphorylates, and activates TGF-
type | receptor (TGFRI, ALK5). The active form of TGFRI
then phosphorylates Smad2 and Smad3 to form a hetero-
oligomeric complex with Smad4, which translocates into the
nucleus to regulate transcription of target genes. Increased
Smad2 and Smad3 activities have been observed in pa-
tients with diabetic nephropathy and glomerulonephritis as
well as experimental models of renal disease.'® There is
increasing evidence that blockade of TGF-B1 action can
ameliorate renal fibrosis.'*'72° TGF-B1/Smad signaling
pathways are central to the progression of renal fibrosis,
and inhibition of the TGF-B1/Smad signaling pathway may
offer a therapeutic treatment for renal fibrosis.

The activities of p38 MAPK and TGF-B1/Smad signal-
ing are up-regulated in nephropathy and play critical roles
in inflammation and fibrogenesis, respectively. This study
evaluates the therapeutic benefits of combined therapy us-
ing SB203580 and ALKS5 inhibitor (ALKS5I), inhibitors of the
p38 MAPK and TGF-B1/Smad signaling pathways, respec-
tively, in a mouse model of adriamycin (ADR)-induced ne-
phropathy. The co-administration of SB203580 and ALKS5I
afforded marked renoprotection and reduced the develop-
ment of renal fibrosis in mice with ADR nephropathy com-
pared with the separate administration of these factors.
These results clearly demonstrate that the p38 MAPK and
TGF-B1/Smad?2 signaling pathways, although distinct, play
a coordinated role in the progression of renal fibrosis.

Materials and Methods

Experimental Animals

At 8 weeks of age, BALB/c male mice (25 to 30 g body
weight) received a single intravenous injection of ADR (10.5
mg/kg; Sigma, St. Louis, MO).2" Control animals were ad-
ministered an equivalent intravenous volume of normal sa-
line vehicle (NS). ADR or NS mice were sacrificed at 24
hours, 72 hours, and 2 weeks after injection (n = 6/group/
time point). A preliminary experiment was performed to

determine the effective dose range of SB203580 and ALKS5I
in ADR-induced nephropathy. A dose curve of SB203580
and ALKS5I ranging from 0.25 to 2 mg/kg/day was adminis-
tered to control and ADR-injected mice (10 groups/n = 3
mice each). Based on the results from this study, ADR-
injected mice receiving SB203580 (1 mg/kg/day) + ALKSI
(1 mg/kg/day) achieved maximal renoprotective effects
without obvious side effects. Compared with vehicle alone
(dimethyl sulfoxide), SB203580 (2 mg/kg/day) alone or
ALKS5I (2 mg/kg/day) alone did not improve kidney function
when compared with SB203580 (1 mg/kg/day) alone or
ALKS5I (1 mg/kg/day) alone, respectively. Therefore, in the
present study, to test the beneficial role of p38 MAPK and/or
TGF-BRI/Smad inhibitors, 2 weeks after ADR injection mice
were treated with the same volume of vehicle, SB203580
(Calbiochem, La Jolla, CA), and/or ALKS5I (Calbiochem)
delivered by implantation of Alzet (Durect Corp., Cupertino,
CA) osmotic pumps until the experimental end point. Dos-
ages were: SB203580 (1 mg/kg/day), ALK5I (1 mg/kg/day),
or combination therapy of SB203580 (1 mg/kg/day) +
ALKS5I (1 mg/kg/day), respectively (n = 6/group). Mice were
sacrificed 4 weeks after ADR or NS injection. The kidneys
were collected from each animal, and each kidney was
divided into three parts: one part for Western blotting and
active and total TGF-B1 measurement, one part for 10%
buffered formalin fixed, paraffin-embedded tissue, and
one part for 4% paraformaldehyde-fixed, OCT-embedded
tissue. All experiments were performed with the approval of
the Animal Care and Research Advisory Committee, Mo-
nash University, Clayton, VIC, Australia.

Measurement of Proteinuria and Creatinine

All mice were acclimated in metabolic cages with free ac-
cess to food and water for collection of 24-hour urine sam-
ples. Measurement of urine protein and creatinine were
determined using a detergent compatible protein assay kit
(Bio-Rad, Hercules, CA) and creatinine assay kit (Cayman
Chemical, Ann Arbor, MI) according to instructions. Protein-
uria was normalized for creatinine excretion. Blood samples
taken from mice at the time of sacrifice were used to deter-
mine serum creatinine levels using the creatinine assay Kkit.

Antibodies

The following antibodies were used for Western blot anal-
ysis and/or immunohistochemistry: rabbit anti-phospho
p38 (p-p38) raised against the dual phosphorylated ty-
rosine and threonine residues of the p38 peptide, rabbit
anti-fibronectin (Sigma Chemical Co., Castle Hill, Austra-
lia); mouse anti-a-smooth muscle actin (a-SMA; Sigma
Chemical Co.), mouse anti-B-tubulin (Sigma-Aldrich, St.
Louis, MO), rabbit anti-phospho ATF-2 (p-ATF2; Cell Sig-
naling Technology, Beverly, MA), goat anti-collagen type IV
(Southern Biotechnology, Birmingham, AL), mouse anti-
TGF-B1 (R&D Systems, Minneapolis, MN), and mouse anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;
Chemicon, Temecula, CA). Peroxidase-conjugated rabbit
anti-goat and goat anti-rabbit IgG and horseradish peroxi-



dase-conjugated goat anti-mouse IgG were purchased
from Sigma-Aldrich.

Western Blot Analysis

At 24 hours, 72 hours, and 2 weeks after ADR injection, or
4 weeks after ADR injection with/without treatment, the
kidneys were homogenized and suspended in 0.4 ml of
lysis buffer containing 10 mmol/L Tris-HCL, pH 7.4, 1%
Triton X-100, 0.5% deoxycholate, 1 mmol/L phenylmethyl
sulfonyl fluoride, and 10% proteinase inhibitor (Roche,
Castle Hill, Australia). Protein concentration estimations
were performed with a detergent-compatible protein as-
say kit (Bio-Rad), and 50 ng of total protein was loaded
per well and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis on a 10% polyacrylamide
gel. Gels were electroblotted onto a polyvinylidene difluo-
ride membrane (Roche). Blots were incubated with either
anti-p-p38 (1:1000), anti-p-Smad?2 (1:1000), anti-a-SMA (1:
10000), anti-collagen type IV (1:1000), or anti-fibronectin
(1:4000) in 5% bovine serum albumin in wash buffer over-
night at 4°C. Blots were then incubated with peroxidase-
conjugated goat anti-rabbit (1:40,000), goat anti-mouse (1:
20,000), or rabbit anti-goat IgG (1:20,000) for 1 hour at room
temperature, and bound antibody was detected by ECL
Plus (Amersham, Little Chalfont, UK) and captured on au-
toradiography film (Amersham). To confirm protein levels
loaded, membranes were reprobed by anti-g-tubulin (1:
10,000) or anti-GAPDH (1:10,000). Densitometry analysis
was performed by a Gel Pro analyzer program (Media
Cybernetics, Silver Spring, MD).

Histology and Immunohistochemistry

Renal histology was examined in 10% buffered formalin-
fixed, paraffin-embedded tissue sections (4 um) stained
with periodic acid-Schiff (PAS) and Masson’s trichrome.
The degrees of glomerulosclerosis and interstitial fibrosis
were measured®? using Image J software (http://rsb.info.
nih.gov/iji/). The percentage of glomerulosclerosis was
calculated by dividing the total area of PAS-positive stain-
ing in the glomerulus by the total area of the glomerulus.
Interstitial fibrosis was quantified by dividing the area of
trichrome-stained interstitium by the total cortical area.
The mean value of 20 randomly selected glomeruli or five
cortical fields was determined for each section. Five sec-
tions were selected from each kidney.
Immunohistochemical staining was performed as de-
scribed previously.?® In brief, sections were microwave ov-
en-heated in a 10 mmol/L citrate buffer (pH 6.0) for 10
minutes. All sections were washed in phosphate-buffered
saline (PBS), blocked with 10% normal goat serum plus
10% fetal calf serum in PBS for 30 minutes at room temper-
ature, and incubated overnight at 4°C with anti-p-p38, anti-
p-ATF, anti-p-Smad2, anti-a-SMA, anti-F4/80, or anti-
TGF-B1in 1% bovine serum albumin in PBS. Sections were
subsequently washed in PBS, endogenous peroxidase in-
activated in 3% H,0, in methanol for 20 minutes, incubated
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with biotin-conjugated goat anti-mouse, goat anti-rabbit, or
rabbit anti-goat 1gG for 25 minutes, and then followed by
ABC kit (Vector Laboratories, Burlingame, CA) and devel-
oped with 3,3-diamenobenzidine (Sigma).

Quantitative assessment of the expression of p-Smad?2
and p-p38 MAPK signaling pathways in glomerular and
tubulointerstitial compartments and infiltrating macro-
phages was performed as described previously.®® Nu-
clear profiles localized for p-Smad?2 and p-ATF2 staining
were counted in 20 representative glomerular cross-sec-
tions or 20 representative high-power (X400 magnifica-
tion) fields within the tubulointerstitium and expressed as
the percentage of positive cells/total cell numbers. The
number of infiltrating interstitial macrophages was quan-
tified in 20 nonoverlapping cortical fields and expressed
as cells per mm? of cortical interstitium.

Confocal Microscopy Analysis

For immunofluorescence, tissues were fixed in 4% parafor-
maldehyde (Sigma-Aldrich) for 8 hours, transferred to PBS
containing 30% sucrose for overnight incubation at 4°C,
embedded in O.C.T. (TissueTek, Tokyo, Japan) and stored
at —80°C. Frozen sections were cut (5 um) using a cryostat
(Leica, Wetzlar, Germany), blocked with 2% bovine serum
albumin in PBS, and incubated with goat anti-collagen type
IV (1:400) for 60 minutes at room temperature. Sections
were probed with chicken anti-goat Alexa Fluor 647 conju-
gate (1:2000; Molecular Probes, Eugene, OR), counter-
stained with 4,6-diamidino-2-phenylindole and mounted
with  fluorescent mounting medium (DakoCytomation,
Glostrup, Denmark). Sections were analyzed with an Olym-
pus Fluoview 1000 confocal microscope (Olympus, Tokyo,
Japan), FV10-ASW software (version 1.3c; Olympus) and oil
UPLFL x60 objective (NA 1.25; Olympus). Contrast and
brightness of the images were further adjusted in Adobe
Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA). The
percentage of staining area of collagen IV was calculated
by dividing the total area of collagen IV-positive staining by
the total cortical area.

Measurement of TGF-B1 in Renal Tissues

Total and active TGF-B1 levels in renal tissues were an-
alyzed quantitatively by enzyme-linked immunosorbent
assay kits (R&D System Inc.), according to the manufac-
turer’s instructions. Protein samples were acidified with 1
mol/L HCI and neutralized with 1.2 mol/L NaOH/0.5 mol/L
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid to
assay for the amount of total (the sum of latent and active)
TGF-B1. The concentration of active TGF-B1 protein was
analyzed on samples that were not acidified, whereas the
levels of latent TGF-B1 protein were derived as total
activity — active (preactivated).

Statistical Analyses

Data are means = SD with statistical analyses performed
using one-way analysis of variance from GraphPad Prism
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3.0 (GraphPad Software, Inc., San Diego, CA) and post-
test Tukey analysis as required.

Results

Characterization of ADR-Induced Nephrosis

PAS staining showed that administration of ADR to mice
resulted in severe glomerular and tubulointerstitial injury,
glomerulosclerosis, and interstitial fibrosis (Figure 1A).
Proteinuria was evident by 7 days after ADR administra-
tion and remained at a similar level throughout the study
period (Figure 1B) with increased levels of serum creat-
inine also observed (Figure 1C).

Figure 1. Pathological and functional characterization of ADR-induced ne-
phropathy. A: PAS staining of sections from NS (i) and ADR-injected (ii) mice.
Mice with ADR-induced nephropathy exhibited mesangial expansion, well-
developed exudative (fibrin-cap) lesions, glomerular sclerosis, tubular col-
lapse, cast formation, and interstitial expansion at day 28. B: Ratio of urinary
protein/creatinine. C: Serum creatinine in ADR-injected mice. Data are
means £ SD. In B, a: versus NS, P > 0.05; b: versus NS or ADR 3 days,
respectively, P < 0.05; ¢: versus ADR 7 days, P> 0.05; d: versus ADR 14 days,
P> 0.05. In C, a: versus NS, P > 0.05; b: versus NS, P < 0.05; ¢: versus ADR
1 day, P> 0.05; d: versus ADR 3 days, P> 0.05; e: versus ADR 1 day, 3 days,
and 14 days, respectively, P < 0.05. Original magnifications, X400.

p38 MAPK and Smad2 Pathway Activation in
ADR-Induced Nephrosis

The administration of ADR to mice resulted in an acute
activation of p38 MAPK and a later up-regulation of p-
Smad?2 during the early inflammation phase in the pro-
gression of kidney fibrosis. The elevated protein expres-
sion of phosphorylated-p38 (p-p38) was demonstrated
by Western blotting in which a 1.5-, 2-, and 4-fold in-
crease in p-p38 was observed in the kidneys of ADR-
injected mice at 1, 3, and 14 days, respectively, com-
pared with NS mice (Figure 2A, i and ii).

The expression of p-Smad2 was demonstrated by
Western blotting with a 0.9-, 1.1-, and 4-fold increase in
the kidneys of ADR-injected mice at 1, 3, and 14 days,
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Figure 2. Phospho-Smad2 and Phospho-p38 MAPK are up-regulated in ADR nephropathy. A and B: Increase in p-p38 and p-Smad2 in ADR-treated kidneys.
Whole kidney lysates from normal mouse kidneys and ADR-treated mouse kidneys 1 day, 3 days, and 14 days after ADR administration were examined for the
presence of p-p38 (Ai) and p-Smad2 (Bi) by Western blot analysis. Blots were stripped and probed for B-tubulin as a loading control. Graphs (Aii and Bii) show
densitometry analysis (mean * SD) of the ratio of p-p38 and p-Smad2 to B-tubulin compared with normal saline-treated animals (assigned a normal saline treated
group p-p38 or p-Smad2 to B-tubulin ration of 1). Data are means = SD. In Aii and Bii, a: versus NS, P < 0.05; b: versus ADR 1 day, P > 0.05; c: versus ADR

1 day, P < 0.05; d: versus ADR 3 days, P < 0.05.

respectively, compared with the NS group (Figure 2B, i
and ii). At days 1 and 3, the elevation of p-p38 and
p-Smad?2 was evident as a 1.5- and 2-fold and 0.9- and
1.1-fold increase, respectively, compared with the NS
group. These results indicate that the activation of p38
MAPK occurs more rapidly than that of p-Smad?2.

Effect of SB203580 and ALK5I on the Activity of
p38 and p-Smad?2 in ADR-Induced Nephrosis

To investigate the functional contribution of the Smad and
p38 MAPK signaling pathways leading to kidney fibrosis,
SB203580 (1 wmg/g/24 hours) and/or ALK5I (1 wg/g/24
hours) were administered to mice with ADR-induced ne-
phropathy. Compared with the treatment with vehicle,
SB203580 alone or ALK5I alone in ADR-injected mice,
combination treatment with SB203580 and ALKSI signif-
icantly reduced the activity of p38 MAPK. This was dem-
onstrated by immunohistochemistry showing the percent-
age of p-ATF2-positive cells in glomeruli (Figure 3, A-E
and K) and in the cortical tubulointerstitium (Figure 3, A-E
and L). Immunohistochemistry was used to analyze the
percentage of p-Smad2-positive cells in the glomeruli
and cortical tubulointerstitium (Figure 3, F-J). Compared
with the treatment of ADR-injected mice with vehicle,
SB203580 alone or ALK5I alone, co-administration of
both SB203580 and ALK5I also significantly reduced the
activity of p-Smad2 (Figure 3, M and N).

The Effects of SB203580 and/or ALK5/
Treatment on Renal Function

Mice with ADR-induced nephrosis developed significant
focal and segmental glomerulosclerosis and interstitial
fibrosis by 4 weeks after ADR administration, as demon-
strated by PAS staining, compared with NS mice (Figure
4A). Treatment of ADR-injected mice with SB203580 or
ALKS5I ameliorated ADR-induced glomerulosclerosis and
interstitial fibrosis [Figure 4, A (i-v), B, and C] and was
associated with significantly reduced serum creatinine
levels (Figure 4D) and proteinuria (Figure 4E). Further-
more, co-administration of SB203580 and ALK5I to ADR-
injected mice ameliorated the progression of renal fibro-
sis and further reduced serum creatinine and proteinuria
compared with mice administered SB203580 or ALKS5I
alone (Figure 4, A and E).

Effects of SB203580 and/or ALK5! on the
Production of TGF-B1

Immunohistochemistry demonstrated that TGF-B1 was
progressively increased with the development of ADR-
induced nephropathy and was localized to renal tubular
epithelial cells and interstitial cells (Figure 5A). Treatment
of ADR-injected mice with SB203580 and/or ALKS5I
reduced the level of TGF-B1 (Figure 5A). Using enzyme-
linked immunosorbent assay there was a significant up-
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Figure 3. p-p38 MAPK and p-Smad2 blockade by SB203580 and
ALKSI in ADR nephropathy. Immunohistochemical nuclear staining
of p-ATF2 (brown, A-E) and p-Smad2 (brown, F=J) in glomeruli and
the tubulointerstitium of NS (A, F), vehicle-treated (B, G), SB203580-
e SRS ‘.:‘ treated (C, H), ALK5SI-treated (D, I), and after the co-administration
N ,(_‘35-":,’&'.!5‘-‘ 4] of SB203580 and ALKSI (E, J). A and B: In vehicle-treated animals,
P oo ',{t:.";.‘rf\ intrinsic renal and almost all infiltrating inflammatory cells had nu-
- PR '-;; =~ clear staining for p-ATF2 (B) and p-Smad2 (G). Reduced numbers of
\ cells with positive nuclear staining for p-ATF2 and p-Smad2 were
‘.E- i observed after treatment with SB203580 (C, H), ALKSI (D, I), and
v ;J‘Li" co-administration of SB203580 and ALKS5I treatment (E, J). Graphs
. '_-',-\:-,\-' show the percentage of the numbers of cells with positive nuclear
e, staining for p-ATF2 (K, L) and p-Smad2 (M, N)/total cells. Data are
means *= SD. In K-N, a: versus NS, P < 0.05; b: versus ADR +
vehicle, P < 0.05; ¢: versus ADR + SB, P < 0.05; d: versus ADR +
ALKSI, P < 0.05. Original magnifications, X400.
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Figure 4. Effects of SB203580 and ALK5I on ADR-induced nephrosis. A: PAS staining on sections from mice: i, NS; ii, ADR + vehicle; iii, ADR + SB203580; iv,
ADR + ALK5L; v, ADR + SB203580 + ALKS5I. The co-administration of SB203580 and ALK5I to ADR-injected mice ameliorated the progression of renal fibrosis
(B, ©) and significantly reduced serum creatinine (D) and proteinuria (E), compared with mice administered SB203580 or ALK5I alone (A, D, E). Data are means *
SD. In B-E, a: versus NS, P < 0.05; b: versus ADR + vehicle, P < 0.05; c¢: versus ADR + SB, P > 0.05; d: versus ADR + SB or ADR + ALK5I, respectively, P <
0.05. Original magnifications, X400.
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regulation of active and total TGF-B1 production in
ADR-injected mice compared with NS mice (Figure 5,
B and C). ADR-injected mice administered SB203580,
ALKS5I, or SB203580 + ALKS5I, respectively, had signif-
icantly reduced active and total TGF-B1 production
compared with ADR-injected mice treated with vehicle
(Figure 5, B and C). Furthermore, when active TGF-B1
production was measured, there was a significant dif-
ference between treatments with SB203580 alone or

Figure 5. Effects of SB203580 and ALKSI on active and total TGF-B1 protein
level in kidney tissues in ADR-induced nephrosis. A: Total TGF-B1 protein
expression (brown) was detected by immunohistochemistry; i, NS; ii, ADR +
vehicle; ii, ADR + SB203580; iv, ADR + ALK5I; v, ADR + SB203580 + ALKSI.
B and C: Active form and total TGF-B1 protein levels in kidney tissues were
detected by enzyme-linked immunosorbent assay. Data are means = SD. In B,
a: versus NS, P < 0.05; b: versus ADR + vehicle, P < 0.05; ¢: versus ADR +
SB, P> 0.05; d: versus ADR + ALKSI, P < 0.05. In C, a: versus NS, P < 0.05;
b: versus ADR + vehicle, P < 0.05; ¢: versus ADR + ALKSI, P> 0.05; d: versus
ADR + SB, P < 0.05. Original magnifications, X400.

co-administration of SB203580 + ALK5l and ALKS5I
alone. However, in total TGF-B1 production, there was
a significant difference between treatments with ALK5I
alone or co-administration of SB203580 + ALKS5I and
SB203580 alone. Only co-administration of SB203580
+ ALKS5I reduced both active TGF-B1 and total TGF-B1
production when compared with vehicle, SB203580
alone, or ALK5I alone in ADR-injected mice (Figure 5,
B and C).
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Treatment with SB203580 and/or ALK5! on the
Accumulation of Myofibroblasts

Immunohistochemistry  demonstrated the level of
a-smooth muscle actin (a-SMA) expression at 4 weeks in
ADR-injected mice treated with SB203580 or ALK5I was
less than in ADR-injected mice treated with vehicle. Co-
administration of SB203580 and ALK5I to ADR-injected
mice further decreased a-SMA immunostaining (Figure
6A) This was confirmed by Western blot analysis in
which a 59% (SB203580) and 74% (ALK5I) decrease in
a-SMA expression was observed, compared with treat-
ment with vehicle in ADR-injected mice (Figure 6, B
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Figure 6. Effects of SB203580 and ALK5I on a-SMA expression in ADR-induced
nephrosis. A: Immunohistochemistry for a-SMA expression (brown) in mice with
i, NS; ii, ADR + vehicle; iii, ADR + SB203580; iv, ADR + ALKSI; v, ADR +
SB203580 + ALKSI. B: Western blot analysis of a-SMA. C: Densitometric analysis
showed a significant decrease in a-SMA expression in ADR + SB203580, ADR +
ALKSI, ADR + SB203580 + ALKS5I groups compared with vehicle control group.
Data are means * SD. In C, a: versus NS, P < 0.05; b: versus NS, P > 0.05; c:
versus ADR + vehicle, P < 0.05; d: versus ADR + SB, P > 0.05; e: versus ADR
+ SB or ADR + ALKS5I, respectively, P < 0.05. Original magnifications, X600.

and C). The co-administration of SB203580 and ALK5I
to ADR-injected mice had an additive effect on the
down-regulation of a-SMA expression (93%) compared
with treatment with vehicle in ADR-injected mice (Fig-
ure 6, B and C).

p38 MAPK and TGF/Smad Signaling Pathways
Coordinate ECM Synthesis

Western blot analysis showed that the separate adminis-
tration of SB203580 or ALK5I to ADR-injected mice dra-
matically inhibited collagen type IV expression by 59%
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Figure 7. Western blot analysis of the effects of SB203580 and/or ALK5I on collagen IV (A) and fibronectin (B) deposition in ADR-induced nephrosis. Densitometric
analysis of the ratios of collagen type IV/B-tubulin (B) and fibronectin/B-tubulin (D) (assigned a normal saline-treated group collagen IV or fibronectin to B-tubulin ration
of 1). Confocal microscopic analysis of the effects of SB203580 and ALKSI on collagen IV deposition in ADR-induced nephrosis: E: NS; F: ADR + vehicle; G: ADR + SB;
H: ADR + ALKS[; and It ADR + SB + ALKSI groups. J: Quantification of the production of collagen IV. Data are means * SD. In B, D, and J, a: versus NS, P < 0.05;
b: versus NS, P> 0.05; c: versus ADR + vehicle, P < 0.05; d: versus ADR + SB, P > 0.05; e: versus ADR + SB or ADR + ALKSI, respectively, P < 0.05.

and 46%, respectively, and fibronectin expression by SB203580 and ALKS5I further decreased both the expres-
67% and 45%, respectively, compared with treatment sion of collagen type IV (93%) and fibronectin (95%) in
with vehicle (Figure 7, A-D). Co-administration of mice with ADR-induced nephropathy compared with ve-



-
.

N

—_—
<
=

=
o
(=
o

=

1400 * I
1200 1

1000 -
800 ab ab,ef

600 1

400 1
200 1 | |

NS ADR+Vehi cl e ADR+SB

Numer of macrophages/mm?

ADRFALKSI  ADR+SB+ALK5I

hicle treatment (Figure 7, B and D). The confocal micros-
copy analysis for the deposition of collagen IV (Figure 7,
E-J) also confirmed the results demonstrated by Western
blotting.

SB203580, but Not ALK5I, Can Inhibit
Macrophage Infiltration in ADR-Induced
Nephropathy

The administration of ALK5I to ADR-injected mice did not
lead to an alteration in the number of infiltrating interstitial
macrophages compared with ADR-injected mice with ve-
hicle treatment (Figure 8). However, there was a 70 and
74% decrease in the number of infiltrating interstitial
macrophages when ADR-injected mice were treated
with SB203580 or the combined therapy of SB203580
and ALKSI, respectively (Figure 8, i-vi). The number of
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Figure 8.The effects of treatment of ADR-injected mice with SB203580
and/or ALK5I on interstitial macrophage infiltration. Immunohistochemical
staining of F4/80 in NS (i) and ADR-injected mice with vehicle treatment (ii);
SB203580-treatment (iii); ALK5I treatment (iv); or SB203580 + ALKSI com-
bined therapy (v). v: Data are means = SD. In vi, a: versus NS, P < 0.05; b:
versus ADR + vehicle, P < 0.05; ¢: versus ADR + vehicle, P> 0.05; d: versus
ADR + SB, P < 0.05; e: versus ADR + SB, P> 0.05; f: versus ADR + ALKSI,
P < 0.05. Original magnifications, X400.

interstitial CD4 and CD8 T lymphocytes was not found
to be altered in ADR-injected mice treated with
SB203580, ALKS5I, or SB203580 + ALKS5I (data not
shown).

Discussion

The present study demonstrates that a combined therapy
using SB203580 and ALK5I can attenuate renal injury and
reduce the progression of ADR-induced nephropathy, com-
pared with the separate administration of these factors. The
co-administration of SB203580 and ALK5I afforded marked
renoprotection as evidenced by the reduced development
of glomerulosclerosis and reduced interstitial matrix expan-
sion, decreased urine protein and serum creatine levels,
decreased active and total TGF-81 production, and re-
duced myofibroblast accumulation leading to down-regu-
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lated expression of collagen type IV and fibronectin. In
addition, decreased activities of p38 and Smad2 were
observed in the kidneys from ADR-injected mice when
co-administered SB203580 and ALKS5I. Interestingly, the
separate administration of SB203580 or combined ad-
ministration of SB203580 and ALK5Il to ADR mice re-
sulted in a decrease in the number of infiltrating macro-
phages in the cortical interstitium compared with vehicle
or ALK5I administration alone. These results demonstrate
that p38 MAPK and TGF-B/Smad2 signaling pathways,
although distinct, play a coordinated role in the progres-
sion of renal fibrosis and the co-administration may pro-
vide a new therapeutic strategy for patients with chronic
progressive renal diseases.

There is growing evidence that inflammation and fibro-
sis play critical roles in the progression of renal dis-
ease.?* The role of the p38 MAPK signaling has been
extensively studied because mammalian p38 MAPK was
identified and implicated in inflammation.?>2° p38 MAPK
activation has been demonstrated in human and experi-
mental diabetic nephropathy.® The activation of p38
MAPK in intrinsic renal cells and infiltrating leukocytes
has been found to correlate with renal dysfunction and
histopathology in human glomerulonephritis.’® The inter-
ference of this pathway can ameliorate renal fibrosis in a
rat model of unilateral ureteral obstruction and anti-glo-
merular basement membrane disease.'®'® Koshikawa
and colleagues®” demonstrated that pretreatment with
p38 MAPK inhibitor can reduce podocyte injury and pro-
teinuria in ADR or puromycin-induced experimental ne-
phrotic syndrome.

p38 MAPK activation is a key modulator in the progres-
sion of renal disease. However, complete inhibition of the
p38 MAPK pathway can result in the activation of other
signaling pathways. For example, the total ablation of p38
MAPK has been shown to worsen kidney function in a rat
remnant kidney model.?® In our study, the production of
p-ATF, an intermediate in the p38 MAPK pathway, is
diminished by 50% when administered at a dose of 1
prg/g/day SB203580. In contrast p-ATF production is fur-
ther reduced to ~80% when SB203580 is administered in
combination with 1.0 ng/g/day ALKS5I.

The level of TGF-B1 expression is a critical determinant
of the severity of renal fibrosis.?° Isaka and colleagues®®
demonstrated that the overexpression of TGF-B1, by the
introduction of exogenous TGF-B1 cDNA to the kidney,
leads to the development of glomerulosclerosis. Further-
more, the obstruction of TGF-B1 by adenovirus-mediated
TGF-B type Il receptor gene transfer in the early stage of
anti-GBM nephritis ameliorates the clinical and histolog-
ical progression of disease.'® One of the most important
profibrotic effects of TGF-B1 is autoinduction in a variety
of mesenchymal cell types, which may be responsible for
sustaining or amplifying TGF-B1 response in an autocrine
or paracrine manner.®' Our study demonstrated that
ALKB5I significantly inhibited TGF-B1 production in ADR-
induced nephropathy, giving further weight to the hypoth-
esis that interference of TGF-B1/Smad signaling pathway
can reduce renal fibrosis. The possible pathways medi-
ating renal TGF-B1 activation include protease, throm-
bospondin-1, reactive oxygen species, and low pH.32 In

our study, SB203580 administration significantly inhibited
the production of the active form of TGF-B1, suggesting
that inflammation can mediate renal TGF-B1 activation.
We demonstrated that the co-administration of SB203580
and ALK5I not only inhibits TGF-B1 autoinduction but also
the conversion of TGF-B1 from the latent to active form.
Our data imply that both the p38 MAPK and TGF-B1/
Smad signaling pathways contribute fundamentally in an
additive manner to both the active and total TGF-B1
production in ADR-induced nephropathy. This is a central
mechanism in our study demonstrating that blockade of
p38 MAPK and TGF-B1/Smad signaling pathways can
orchestrate the retardation of renal fibrosis.

Recent in vitro studies have shown that advanced gly-
cation end products can activate the Smad signaling
pathway independent of TGF-B1 through a MAPK-Smad
cross-talk signaling pathway mechanism in mesangial
cells, tubular epithelial cells, and vascular smooth muscle
cells.?® Angiotensin (ATIl) can also activate the Smad?2
signaling pathway through a p38 MAPK-Smad2 cross-
talk mechanism in vitro and in vivo.>® The intracellular
kinase mitogen-activated protein kinase kinase kinase-1
(MEKK-1), an upstream activator of the stress-activated
protein kinase/c-Jun N-terminal kinase pathway, can par-
ticipate in Smad2-dependent transcriptional events in en-
dothelial cells.®*3> However, Smad2 and Smad3 are dis-
tinct proteins whereby only Smad3 can directly bind to
DNA to regulate gene transcription.3®

The accumulation of myofibroblasts is consistent with
the severity of the renal fibrosis and serves as a predictor
of the outcome of renal progressive fibrosis in human IgA
nephropathy and glomerulonephritis.®”-3® The co-admin-
istration of SB203580 and ALKSI significantly reduced
a-SMA-positive myofibroblast accumulation and also sig-
nificantly decreased total and active TGF-B1 production.
TGF-B1 is a strong inducer of epithelial-myofibroblast
and fibroblast-myofibroblast transition.*#*° The blockade
of p38 MAPK and TGF-B/Smad signaling results in down-
regulation of TGF-B1 synthesis and reduced active form
of TGF-B1 formation, which may lead to an inhibition of
myofibroblast transition and accumulation resulting in an
amelioration of renal fibrosis.

TGF-B1 can activate the canonical Smad-mediated sig-
naling pathway and non-Smad signaling pathway, such as
TGF-B1-activated kinase-1 (TAK1) and p38 MAPK. Studies
show that TGF-B1 can activate p38 MAPK via TAK1 and
lead to phosphorylation of activating transcription factor-2
(p-ATF-2), which then directly binds to Smad3/4 hetero-
oligomers to regulate transcription of targeted genes.® It
suggests p38 MAPK and Smads transduce distinct, parallel
signals to the nucleus, where they synergistically converge
and enhance their regulating cellular activities.*' In our
study, co-administration of SB203580 and ALKS5I further
decreased synthesis of ECM components, including
a-SMA, collagen IV, and fibronectin, in ADR-injected mice
compared with SB203580 alone or ALKS5I alone. This sug-
gests that both p38 MAPK and TGF-B/Smad signaling path-
ways control the synthesis of different components of ECM
in an additive manner.

The development of renal fibrosis is a complicated
process with a variety of cellular and molecular mediators



interacting in concert. Cytokines, growth factors, signal-
ing pathways, and the renin-angiotensin system have
been reported to play important roles in the progression
of tubulointerstitial fibrosis leading to a decline in renal
function. In the present study, treatment with the p38
MAPK inhibitor SB203580 and the TGF-B1/Smad inhibitor
ALK5I was found to significantly retard the progression of
renal fibrosis, compared with vehicle-injected mice with/
without SB203580 and ALK5I alone. Despite a marked
improvement in renal structure and functional recovery,
administration of SB203580 and ALK5I to ADR-injected
mice did not completely halt the progression of renal
fibrosis. This suggests that other signaling pathways and
downstream mediators are involved in renal inflammation
and the pathogenesis of fibrotic damage. Further studies
are required to elucidate the exact roles of other signaling
pathways, cytokines, and the renin-angiotensin system to
develop combination therapies to further attenuate renal
fibrosis and inflammation.

The present study demonstrates for the first time that
p38 MAPK and TGF-B/Smad signaling pathways are ac-
tivated and can contribute to renal fibrosis independently
and in an additive manner. The administration of both
SB203580 and ALK5I to mice with ADR nephropathy was
found to inhibit the active and total form of TGF-B1, re-
duce ECM synthesis and myofibroblast accumulation,
reduce urine protein and serum creatinine levels, and
inhibit macrophage infiltration without obvious side ef-
fects. The coordinated interplay of the p38 MAPK and
TGF-B/Smad signaling pathways may have potential clin-
ical applications for the treatment of renal fibrosis.
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