
Clinical and Experimental Immunology

 

© 2006 British Society for Immunology, 

 

Clinical and Experimental Immunology

 

, 

 

144:

 

 353–361

 

353

 

doi:10.1111/j.1365-2249.2006.03073.x

 
et al.

 

Accepted for publication 15 February 2006

Correspondence: Takao Masaki, Department of 

Advanced Nephrology, Graduate School of Bio-

medical Sciences. Hiroshima University, 1-2-3 

Kasumi, Minami-ku, Hiroshima 734–8551, 

Japan.

E-mail: masaki@hiroshima-u.ac.jp

 

OR IG INAL ART I C L E

 

PDGF receptor tyrosine kinase inhibitor suppresses mesangial cell 
proliferation involving STAT

 

3

 

 activation

 

T. Hirai,* T. Masaki,

 

†

 

 M. Kuratsune,* 
N. Yorioka

 

†

 

 and N. Kohno*

 

*Department of Molecular and Internal 

Medicine, Graduate School of Biomedical 

Sciences and 

 

†

 

Department of Advanced 

Nephrology, Graduate School of Biomedical 

Sciences. Hiroshima University, Hiroshima, 

Japan

 

Summary

 

Proliferation of mesangial cells is a hallmark of glomerular disease, and
understanding the regulatory mechanisms is critically important. The pur-
pose of this study was to examine the relationship between mesangial cell
proliferation and phosphorylated signal transducer and activator of trans-
cription (STAT) 3 and to determine whether the PDGF receptor tyrosine
kinase inhibitor STI 571 inhibited mesangial cell proliferation via modulation
of STAT3. In this study, we investigated for the first time, the glomerular
expression  of  phosphorylated  STAT3  in  paraffin  sections  from  animals
with experimental mesangial proliferative glomeronephritis. Phosphorylated
STAT3 colocalized with many proliferating mesangial cells. We also demon-
strated that treatment with STI 571 reduced mesangial cell proliferation and
phosphorylated STAT3 signalling both 

 

in vitro

 

 and 

 

in vivo

 

. 

 

In vivo

 

, STI 571
treatment reduced the number of glomerular mesangial cells positive for both
phosphorylated STAT3 and proliferating cell nuclear antigen. In summary,
phosphorylated STAT3 is strongly expressed during mesangial cell prolifera-
tion and STI 571 induced suppression of mesangial cell proliferation involves
inhibition of phosphorylated STAT3 signalling.
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Introduction

 

Mesangial cell proliferation plays an important role in the
progressive glomerular injury that characterizes many
diseases that lead to eventual glomerular sclerosis [1,2].
Platelet-derived growth factor (PDGF) has been widely
implicated in the pathogenesis of progressive renal injury in
both experimental models and human disease [3]. PDGF-BB
has also been reported to be essential for the mesangial cell
proliferation that precedes the development of glomerulo-
sclerosis in the remnant kidney model [4]. Specific inhibi-
tion of the mitogenic actions of PDGF is therefore a major
target for therapy in glomerular disease. In this study, STI
571, a potent and selective inhibitor of PDGF receptor
tyrosine kinase [5] was used.

Signal transducer and activator of transcription (STAT) 3
is a member of the STAT protein family. STAT proteins are
latent transcription factors that are activated by phosphory-
lation and STAT3 activation has been implicated in cell
proliferation [6–9]. Activated STAT proteins dimerize,
translocate to the nucleus and stimulate STAT-specific

transcription in cultured mesangial cells [10]. Phosphory-
lated STAT3  is  almost  undetectable  in  the  kidneys  of
normal rats. However, after the induction of anti-Thy1·1
glomerulonephritis (GN), STAT3 phosphorylation increased
significantly and in parallel with disease severity with phos-
phorylated STAT3 being predominantly evident in mesan-
gial cells [9,10]. Anti-Thy1·1 GN in rats is a particularly well-
characterized model of mesangial proliferative GN and is
induced by a single intravenous injection of a monoclonal
anti-rat mesangial cell antibody (OX-7). This results in the
acute complement dependent lysis of mesangial cells and is
subsequently followed by a phase of intense mesangial cell
proliferation and extracellular matrix accumulation (from
day 2–3 after injection of monoclonal OX-7) [11–13].
Kalechmam 

 

et al

 

. [9] reported that STAT3 was a downstream
target of interleukin 10 dependent mesangial cell prolifera-
tion 

 

in vitro

 

 and 

 

in vivo

 

. Many studies of experimental
mesangial proliferative GN indicate that suppression of
PDGF ameliorates mesangial cell proliferation when drug
treatment extends from day 0 to the time of sacrifice [14,15].
Here, we report that activated STAT3 was expressed in
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PDGF-BB induced rat mesangial cell proliferation 

 

in vitro

 

.
We also report for the first time that activated STAT3 has an
important  relationship  with  mesangial  cell  proliferation

 

in vivo

 

. In the present studies we tested the following
hypotheses:

• STI 571 will ameliorate mesangial cell proliferation via
modulation of STAT3 phosphorylation;

• a short duration of STI 571 treatment during the mesan-
gioproliferative phase of anti-Thy1·1 GN will exert a sig-
nificant anti-proliferative effect.

 

Material and method

 

Cell line

 

A well-characterized, cloned mesangial cell line (1097) iso-
lated from Sprague-Dawley rats [16] was kindly provided by
Dr David J. Nikolic-Paterson (Monash Medical Centre, Mel-
bourne, Australia) and used in all 

 

in vitro

 

 experiments. Cells
were used between passage 20–30 and were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml
penicillin and streptomycin in a humidified 5% CO

 

2

 

 atmo-
sphere at 37 

 

°

 

C.

 

Reagents

 

STI 571, generously provided by Novartis Pharma (Basel,
Switzerland),  was  used  as  previously  described  in both the

 

in vitro

 

 and 

 

in vivo

 

 studies [14]. The OX-7 hybridoma cell line
secreting anti-Thy1·1 monoclonal antibody was purchased
from the European Collection of Cell Culture (DERA, Wilt-
shire, UK). A technique based on the protocol of Morita and
colleagues [17] was used for purification of the anti-Thy1·1
monoclonal antibody. Other reagents for these studies were
as follows: recombinant human PDGF-BB (Genzyme, Cam-
bridge, MA, USA), FCS and protease inhibitor cocktail for
mammalian tissues (Sigma Chemical Co, St Louis, MO,
USA) and polyvinylidete difluoride membranes and ECL
Western blotting detection system (Amersham Biosciences;
Buckinghamshire, UK). Vectorstain ABC Kit, Vector Avidin/
biotin Blocking Kit and Vector SG (Vector Laboratory,
Burlingame, CA, USA) with 3,3-diaminobenzidine (DAB)
(Sigma) were used in immunohistochemical studies.

 

Antibodies

 

Anti-phosphorylated (Tyr705)-STAT3 (p-STAT3) antibody
and phospho-STAT3 (Tyr705) blocking peptide were pur-
chased from Cell Signaling Technology (Beverly, MA, USA)
and anti-non-phosphospecific STAT3 (total-STAT3) anti-
body was from Upstate Biotechnology, Inc (Lake Placid, NY,
USA). Anti-human PDGF antibody was from R & D systems
(Minneapolis, MN, USA). Horse radish peroxidase (HRP)-

conjugated donkey anti-rabbit IgG was from Amersham
Pharmacia Biotech (Little Chalfont, UK). Monoclonal
mouse anti-proliferating cell nuclear antigen (PCNA), goat
anti-mouse IgG conjugated with HRP and peroxidase anti-
peroxidase mouse monoclonal antibody were from Dakocy-
tomation (Denmark). Biotin conjugated goat anti-rabbit
IgG was from Zymed (San Francisco, CA, USA) whilst
mouse anti-rat CD68 (ED1) was from Serotec (Oxford, UK).

 

Western blotting studies of STAT3 proteins

 

For detection of p-STAT3 signalling, rat mesangial cells were
cultured in 6-well flat-bottomed plates in DMEM/10% FCS
and incubated for 24 h. Subconfluent cells were then starved
for 2 days in DMEM/0·1% FCS and pre-incubated with
either PDGF neutralizing antibody for 1 h or STI 571 for
30 min before being stimulated with PDGF-BB for 15 min.
Cells were then washed three times with cold phosphate-
buffered saline (PBS) and lysed by thawing in 100 

 

μ

 

l of lysis
buffer (20 mM Tris-HCl, pH 7·4, 100 mM NaCl, 1 mM
ethylene glycol tetraacetate, 5 mM NaF, 1 mM NaVO

 

4

 

, 1%
Triton X-100, 10% glycerol, 1% deoxycholate, 100 mM phe-
nylmethylsulphonyl fluoride, and 10% protease inhibitor
cocktail for mammalian tissues). The cell lysates were stirred
on ice for 1 h and then scraped into 1·5 ml Eppendorf tubes
followed by centrifugation at 18 400 

 

g

 

 for 20 min at 4

 

°

 

C. The
protein content of cell lysates was separated on 7·5% poly-
acrylamide gels using SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes. The blots were blocked with
20 mM Tris-HCl pH 7·4 and 140 mM NaCl with 0·05%
Tween 20 (TBST buffer) containing 5% nonfat dry milk at
room temperature for 1 h, washed three times in TBST
buffer and incubated with each primary antibody at 4 

 

°

 

C
overnight (p-STAT3 at 1 : 1000 dilution or total-STAT3 at
1 : 500 dilution). The membranes were then incubated with
the secondary antibody (HRP-conjugated donkey anti-rab-
bit IgG) at 1 : 5000 dilution at room temperature for 1 h with
the reaction products being detected with the ECL Western
blotting detection system.

 

Proliferation assay

 

Mesangial cells were plated at 5 

 

×

 

 10

 

3

 

 cells per well in 96-well
flat-bottomed microtitre plates in DMEM/10% FCS and
allowed to adhere for 24 h. Subconfluent cells were then
starved for 2 days in DMEM/0·1% FCS. PDGF-BB (in the
presence or absence of STI 571) was added at a final concen-
tration of 20 ng/ml and cell proliferation determined 24 h
later by the addition of 0·5 

 

μ

 

Ci [

 

3

 

H]-thymidine (Amersham
Pharmacia Biotech, Little Chalfont, UK) to each well during
the last 6 h of culture. After washing three times in PBS, cells
were solubilized in 1 M NaOH. The lysate was then neutral-
ized with 1 M HCl and then Clear-sol II scintillation fluid
(Nacalai Tesque, Kyoto, Japan) was added and radioactive
emissions determined with a liquid scintillation counter
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(LSC5100; Aloka Tokyo, Japan). Replicates of six wells were
used in each experiment and all experiments were performed
four times.

 

Animals

 

Male Wistar rats (6 weeks old, 180–200 g) were purchased
from SLC (Kyoto, Japan). Animals were kept in standard
conditions with free access to water and standardized food.
This study was carried out in accordance with the Guidelines
for Animal Experiments in Hiroshima University and the
Committee of Research Facilities for Laboratory Animal Sci-
ence, Natural Science Center for Basic Research and Devel-
opment, Hiroshima University.

 

Rat anti-Thy1·1 GN

 

Acute mesangial proliferative GN was induced in male
Wistar rats with a single intravenous injection of a mono-
clonal antibody to the Thy1·1 antigen (OX-7, 1 mg/kg) at day
0. Control rats received the same volume of intravenous
saline (Control group, 

 

n

 

 

 

=

 

 7). The STI 571 treated anti-
Thy1·1 GN group (STI treated GN, 

 

n

 

 

 

=

 

 7) received a daily
intraperitoneal injection of STI 571 (50 mg/kg) from day 4 to
day 6 (3 h prior to sacrifice). Vehicle treated GN (control
GN, 

 

n

 

 

 

=

 

 7) received a daily intraperitoneal injection of vehi-
cle (10% dimethyl sulphoxide in saline) at the same times.
All animals were sacrificed at day 6.

 

Immunohistochemistry

 

Kidney sections were fixed in 4% formalin and embedded in
paraffin. 4 

 

μ

 

m thick sections were used for immunohis-
tochemistry. Tissue sections were placed in 0·01 M citrate
buffer, pH 6·0 and heated for 10 min in a microwave oven
[18] prior to immunostaining for p-STAT3, PCNA and
macrophages/monocytes (ED-1). Sections were sequentially
blocked in 10% FCS, 10% normal goat serum and 5% bovine
serum albumin in PBS (1 h each) and then incubated over-
night at 4 

 

°

 

C with the primary antibody diluted in PBS con-
taining 10% normal goat serum and 5% normal rat serum.
After washing, endogenous peroxidase was inhibited by
incubation in 0·6% H

 

2

 

O

 

2

 

 in methanol for 20 min. Next, sec-
tions were incubated sequentially with secondary antibodies.
The ABC method was used for the detection of p-STAT3
whereas the indirect immunoperoxidase technique was per-
formed as described previously for the detection of PCNA
and ED-1 [18]. Two colour immunostaining was used to
detect colocalization of p-STAT3/PCNA and p-STAT3/ED-1.
After staining for p-STAT3 using the ABC method followed
by developing with 3,3-DAB to give a brown colour, tissue
sections underwent a second round of microwave treatment
to block antibody cross-reactivity followed by inactivation of
endogenous peroxidase and enhanced detection of the
PCNA or ED-1 antigen. Sections were then blocked as above,

washed and incubated overnight at 4

 

°

 

C with the PCNA or
ED-1 monoclonal antibody. Sections were then washed and
incubated sequentially with HRP conjugated goat anti-
mouse IgG and then developed with Vector SG to give a blue/
grey colour [18,19].

 

Quantification of immunohistochemistry

 

Fifty full size and nonmesangiolytic hilar glomeruli were
assessed for each animal under high power (

 

×

 

400) and the
average cell number or staining score per glomerular cross-
section (gcs) determined.

Sections double stained with p-STAT3/PCNA antibodies
were used to quantify the p-STAT3 staining score and deter-
mine the number of p-STAT3/PCNA double positive cells.
All scoring was performed with the observer masked to the
study group. Semiquantification of glomerular p-STAT3
staining was performed using the following glomerular
staining score: 0, very weak or absent staining; 1

 

+

 

, weak
staining with 

 

<

 

 25% of the glomerular tuft exhibiting focally
increased staining; 2

 

+

 

, 25–49% of the glomerular tuft exhib-
its focally increased staining; 3

 

+

 

, 50–75% of the glomerular
tuft exhibits increased staining; 4

 

+

 

, 

 

>

 

75% of the glomerular
tuft stains strongly [20]. The scoring data were expressed as
the mean 

 

±

 

 SD per gcs.

 

Statistics

 

All data are shown as mean 

 

±

 

 SD unless otherwise specified.
Data were analysed by analysis of variance (

 

anova

 

) using the
Stat  View  IV  program  (Brainpower,  Calabasas,  CA, USA)
on a Windows 2000 platform. Data derived from 

 

in vivo

 

experiments (7 animals per group) are expressed as the
mean 

 

±

 

 SD. Comparisons between experimental groups
were compared by 

 

anova

 

 using the Tukey’s 

 

post hoc

 

 test. A 

 

P

 

-
value 

 

<

 

0·05 was considered statistically significant.

 

Results

 

p-STAT3 expression in rat mesangial cells

 

Twenty ng/ml of PDGF-BB was added to quiescent mesan-
gial cells for 0, 5, 15, 30 or 60 min and the time course of p-
STAT3 expression examined (Fig. 1). p-STAT3 expression
was most strongly expressed at 15 min and we therefore used
this dose and incubation time in further experiments. We
then examined the suppressive effect of a neutralizing anti-
PDGF antibody in order to confirm that stimulation of
PDGF-BB specifically induced STAT3 activation. Quiescent
mesangial cells were preincubated with anti-PDGF neutral-
izing antibody for 1 h before the cells were stimulated with
PDGF-BB 20 ng/ml for 15 min. p-STAT3 expression was
suppressed in a dose-dependent manner thereby demon-
strating that PDGF-BB specifically activates STAT3 

 

in vitro

 

(Fig. 2). Next, we examined the suppressive effect of STI 571.
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Quiescent mesangial cells were preincubated with STI 571
for 30 min before the cells were stimulated with PDGF-BB
20 ng/ml for 15 min. STAT3 activation was remarkably sup-
pressed in a dose-dependent manner thereby indicating that
STI 571 specifically inhibits the effects of PDGF-BB upon
STAT3 activation (Fig. 3).

 

Effect of STI 571 on PDGF-BB induced mesangial cell 
proliferation 

 

in vitro

 

The ability of PDGF-BB to stimulate proliferation in serum-
starved mesangial cells was inhibited by pretreatment of cells
with STI 571 in a dose-dependent fashion (Fig. 4). Mesangial
cells remained viable as evidenced by the trypan blue exclu-
sion test and the presence of normal nuclear morphology.

 

STI 571 inhibits proliferating glomerular cells in 
anti-Thy1·1 GN

 

The microscopic lesions present in rats with anti-Thy1·1 GN
took the form of the diffuse mesangial proliferation and
glomerular hypertrophy. STI 571 treated rats with anti-
Thy1·1 GN exhibited comparable morphological changes as
control rats with anti-Thy1·1 GN. We then examined
whether STI 571 treatment modulated mesangial cell prolif-
eration by comparing the numbers of PCNA positive
glomerular cells to control rats with anti-Thy1·1 GN.

Immunostaining for PCNA was performed using 4 

 

μ

 

m thick
sections and developed with 3,3-DAB to produce a brown
colour (Fig. 5a–c). ST1571 treatment significantly reduced
the number of PCNA positive glomerular cells compared to
disease controls (Fig. 5d).

 

Double immunostaining of p-STAT3/PCNA and 
p-STAT3/ED-1

 

We were able to demonstrate positive glomerular immun-
ostaining of p-STAT3 using paraffin embedded tissue sec-
tions and used the staining score indicated previously to
quantify p-STAT3 expression. Very limited glomerular stain-
ing was evident in normal control animals. In contrast,
strong glomerular expression of p-STAT3 was present in rats
with anti-Thy1·1 GN. The specificity of the immunohis-
tochemical staining was demonstrated in two ways. First,
omission of the primary antibody gave no staining (data not
shown). Second, incubation of antibodies with the immu-
nizing peptide (phospho-STAT3 Tyr705) blocking peptide)
completely blocked the respective immunostaining signal
(Fig. 6a–e). The p-STAT3 staining score was significantly
reduced at day 6 in STI 571 treated rats with anti-Thy1·1 GN
compared with untreated disease controls (Fig. 6f ).

 

Fig. 1.

 

Time course of phosphorylated STAT3 expression. (a) The well 

characterized cloned mesangial cell line (1097) was used in all experi-

ments. Quiescent mesangial cells were stimulated with PDGF-BB 

(20 ng/ml) for the indicated times. Cells were lysed and immunoblotted 

with phosphorylated (p-) and nonphosphospecific (total-) STAT3 anti-

bodies. (b) Graph shows the ratio of p-STAT3 to total-STAT3. p-STAT3 

expression is maximal at 15 min. The data represent the mean 

 

±

 

 SD of 

four individual experiments. *

 

P

 

 

 

<

 

 0·05 by 

 

anova

 

 with Tukey’s post hoc 

test.
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Fig. 2.

 

Effect of a neutralizing PDGF antibody on phosphorylated 

STAT3 expression in mesangial cells stimulated by PDGF-BB. (a) Qui-

escent mesangial cells were preincubated for 1 h with a neutralizing 

anti-PDGF antibody that effectively inhibits the action of PDGF. Cells 

were then stimulated with PDGF-BB (20 ng/ml) for 15 min. Cells were 

lysed and immunoblotted with phosphorylated (p-) and non phospho-

specific (total-) STAT3 antibodies. (b) Graph shows the ratio of p-

STAT3 to total-STAT3. PDGF neutralizing antibody effectively sup-

pressed p-STAT3 expression in a dose-dependent manner. The data 

represent the mean 

 

±

 

 SD of four individual experiments. *

 

P 

 

<

 

 0·05 by 

 

anova

 

 with Tukey’s post hoc test.
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We also identified and quantified the number of p-STAT3
and PCNA double positive glomerular cells in each experi-
mental group. Many PCNA positive glomerular cells were
double stained with p-STAT3 in control rats with anti-
Thy1·1 GN whereas such double positive cells were very few
in normal rats. The number of double positive cells was sig-
nificantly lower in STI 571 treated rats with anti-Thy1·1 GN
compared with control rats with anti-Thy1·1 GN (Fig. 6c).

We also performed double staining of p-STAT3 and ED-1
in control rats with anti-Thy1·1 GN in order to ascertain the
expression of p-STAT3 by macrophages and monocytes
(Fig. 7). We detected very few ED-1 positive macrophages/
monocytes exhibiting double staining for p-STAT3. These
results demonstrate that the p-STAT3 and PCNA double
positive glomerular cells are likely to represent resident
glomerular cells, especially mesangial cells. The number of
ED-1 positive cells in STI 571 treated rats with anti-
Thy1·1 GN was comparable with control rats with anti-
Thy1·1 GN (data not shown).

 

Discussion

 

Recent studies have demonstrated that inhibitors of intrac-
ellular signalling pathways may well represent novel thera-
peutic agents in the treatment of mesangial proliferative GN
[21,22] and in this study we have focused upon the role of

STAT3 in mesangial cell proliferation. We examined PDGF-
BB induced STAT3 activation in rat mesangial cells and
hypothesized that STAT3 activation plays a key role in
mesangial cell proliferation.

STI 571 is a pharmacological drug which is clinically used
as a treatment of chronic myelocytic leukaemia by acting as
Bcr-Abl kinase inhibitor. STI 571 reduced PDGF-BB induced
expression of p-STAT3 thereby suggesting a role for STAT3
phosphorylation in mesangial cell proliferation and that STI
571 exerts its anti-proliferative effect by indirectly inhibiting
STAT3 phosphorylation. STI 571 is a selective and potent
inhibitor of PDGF receptor tyrosine kinase [14]. Our data
indicate that STI 571 suppressed PDGF-BB induced rat
mesangial cell proliferation 

 

in vitro

 

 and reduced the prolif-
eration of mesangial cells in a well described model of
mesangial proliferative GN and this reinforces the pivotal
role of the growth factor PDGF in anti-Thy1·1 GN [4,23]. In
addition, the results of our study suggest that STI 571 should
be considered as a new potential therapeutic agent for
patients with mesangial proliferative GN. The anticipated
plasma levels of STI 571 in the animals in this study may be
estimated from human data [24] and would be approxi-
mately 10 

 

μ

 

M. This concentration is 10 times the level used
in the 

 

in vitro

 

 study and 6 times the blood concentration
found in patients with human chronic myelocytic leukaemia
(CML).

Anti-Thy1·1 GN is a well established model in rats and is
characterized by an acute phase of complement-dependent
mesangiolysis followed by mesangial cell proliferation and
expansion of the mesangial matrix such that it resembles the
morphological features of human mesangial proliferative
GN. Previous work has demonstrated that treatment with

 

Fig. 3.

 

Effect of STI 571 on phosphorylated STAT3 expression in the 

mesangial cells stimulated by PDGF-BB. (a) Quiescent mesangial cells 

were preincubated with STI 571 for 30 min and then stimulated with 

PDGF-BB (20 ng/ml) for 15 min. Cells were lysed and immunoblotted 

with phosphorylated (p-) and non phosphospecific (total-) STAT3 anti-

bodies. (b) Graph shows the ratio of p-STAT3 to total-STAT3. STI 571 

effectively suppressed p-STAT3 expression in a dose-dependent manner. 

The data represent the mean 

 

±

 

 SD of four individual experiments. 

*
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<

 

 0·05 by 
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 with Tukey’s post hoc test.
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Fig. 4.

 

Effect of STI 571 on PDGF-BB stimulated DNA synthesis. Qui-

escent mesangial cells were preincubated with and without STI 571 for 

30 min and then stimulated with PDGF-BB (20 ng/ml) for 24 h. A [

 

3

 

H]-

thymidine uptake test was performed during the last 6 h of culture 

using 0·5 

 

μ

 

Ci/well. STI 571 suppressed PDGF-BB induced mesangial 

cell proliferation in a dose-dependent fashion.
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either STI 571 or a neutralizing PDGF

 

β

 

 receptor antibody
from day 0 ameliorates mesangial proliferation in anti-
Thy1·1 GN [14,15]. However, the anti-proliferative effect of
drugs administered for the short proliferative phase (day 4–
6) of anti-Thy1·1 GN has not been examined previously. In
our study, treatment with STI 571 for 3 days (day 4–6) effec-
tively reduced the number of PCNA positive glomerular cells

and the level of glomerular p-STAT3 expression. In addition,
treatment with STI 571 significantly reduced the colocaliza-
tion of p-STAT3 and PCNA in proliferating mesangial cells.
Zang 

 

et al

 

. [25] reported that almost all PCNA positive
glomerular cells exhibit double staining with 

 

α

 

 smooth mus-
cle actin during the proliferative phase of anti-Thy1·1 GN
such that PCNA positive glomerular cells during the

 

Fig. 5.

 

Immunostaining of renal tissue from normal rats and rats with anti-Thy1·1 GN. Kidney sections (4 

 

μ

 

m) were immunostained for proliferating 

cell nuclear antigen (PCNA) and developed with 3,3-diaminobenzidine to produce a brown colour. (a) Normal, (b) anti-Thy1·1 glomerulonephritis 

treated with 10% dimethyl sulphoxide in saline at day 6 (Vehicle-treated GN), (c) anti-Thy1·1 glomerulonephritis treated with STI 571 at day 6. 

(STI-treated GN). (d) Quantification of Proliferating Cell Nuclear Antigen positive glomerular cells. Fifty hilar glomeruli were scored under high power 

(

 

×

 

400) and the number of proliferating cell nuclear antigen (PCNA) positive glomerular cells was counted. Treatment with STI 571 significantly reduced 

the number of PCNA positive cells/glomerular cross-section (gcs). The data represent the mean 

 

±

 

 SD for groups of 7 animals. *

 

P 

 

<

 

 0·05 by 

 

anova with 

Tukey’s post hoc test.
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Fig. 6. Two colour immunohistochemistry of phosphorylated STAT3 and proliferating cell nuclear antigen. Kidney sections (4 μm) were stained using 

two colour immunohistochemistry with phosphorylated STAT3 (p-STAT3) being stained brown and proliferating cell nuclear antigen stained blue/

grey. (a) Normal rat single stained with p-STAT3, (b) Normal rat in which staining is abolished by incubation of p-STAT3 with the p-STAT3 blocking 

peptide (a and b are serial). (c–e) Two colour immunohistochemistry. (c) Normal, (d) anti-Thy1·1 glomerulonephritis treated with 10% dimethyl 

sulphoxide in saline at day 6 (Vehicle-treated GN), (e) anti-Thy1·1 glomerulonephritis treated with STI 571 at day 6 (STI-treated GN). 

Magnification × 400. (f) Staining score of phosphorylated STAT3 (0–4). Phosphorylated STAT3 (p-STAT3) staining score was quantified using staining 

score (0–4). Levels of p-STAT3 staining per glomerular cross-section (gcs) were significantly reduced by STI 571 treatment. The data represent the 

mean ± SD for groups of 7 animals. *P < 0·05 by anova with Tukey’s post hoc test. (g) Quantification of phosphorylated STAT3/proliferating cell 

nuclear antigen double positive cell numbers. Phosphorylated STAT3 (p-STAT3)/proliferating cell nuclear antigen (PCNA) double positive cells per 

glomerular cross-section (gcs) were counted in 50 hilar glomeruli. In anti-Thy1·1 glomerulonephritis treated with STI 571 (STI-treated GN), 

colocalization of p-STAT3 and PCNA positive cells was significantly reduced in comparison with anti-Thy1·1 glomerulonephritis treated with 10% 

dimethyl sulphoxide in saline (Vehicle-treated GN). The data represent the mean ± SD for groups of 7 animals. *P < 0·05 by anova with Tukey’s post 

hoc test.
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proliferative phase of anti-Thy1·1 GN could be considered to
represent proliferating mesangial cells. Furthermore, our in
vivo data suggest that infiltrating ED-1 positive macrophages
are not a significant source of p-STAT3 positive cells and we

therefore consider p-STAT3/PCNA double positive cells to
represent p-STAT3 positive proliferating mesangial cells. We
demonstrate for the first time the localization and relation-
ship of p-STAT3 and proliferating mesangial cells in a well
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established model of experimental mesangial proliferative
GN. Furthermore, we show that treatment with STI 571 lim-
ited to the proliferative phase of Th1·1 GN significantly
reduced the level of mesangial cell proliferation. These find-
ings indicate a strong relationship between mesangial cell
proliferation and STAT3 activation in experimental mesan-
gial proliferative GN.

In vivo, prolonged activation of STAT3 was seen in prolif-
erative mesangial areas and some normal tubules and STI
571 did not completely suppress STAT3 activation. Other
mediators such as interleukin 10 and Gas6 that may activate
STAT3 [9,10] may play a role in STAT3 activation and
osmotic stress may activate STAT3 in tubules [18]. In
addition, as STI 571 is a specific inhibitor of PDGF receptor
it is likely to suppress mesangial cell proliferation induced by
other isoforms of PDGF such as PDGF-D.

In this study, we have demonstrated that STI 571 treat-
ment suppresses mesangial cell proliferation in association
with inhibition of STAT3 activation suggesting that STAT3
may be a key downstream signalling molecule during PDGF-
BB induced mesangial cell proliferation. In conclusion, STI
571 is an effective and practical drug that is capable of sup-
pressing mesangial cell proliferation associated with STAT3
phosphorylation both in vitro and in vivo.
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