PHARMACOLOGICAL
SOCIETY

BJP b narmaco o
R E S EA RC H PA P E R Correspondence

Yung-Ming Chen, Room 1416,
Clinical Research Building,

In rat renal fibroblasts, e 7

Hospital, 7 Chung-Sun South

mycophenolic acid inhibits Cremsmemangoson "
p ro I ife rati o n a n d p rOd u Cti O n Il?g’)s(;vpof:gnsolic acid; monocyte

chemoattractant protein-1;

of the chemokine CCL2, apoptoss: mitogen acvted
StimUIated by tumour Received

17 April 2009
° Revised
necrosis factor-o, 24 Spenis 200
ccepte
11 Fegruary 2010

B]' BRITISH JOURNAL l/ BRITISH
BPS

OF PHARMACOLOGY

Hong-Wei Chang, Vin-Cent Wu, Kwan-Dun Wu, Hong-Yu Huang,
Bor-Shen Hsieh and Yung-Ming Chen

Renal Division, Department of Internal Medicine, National Taiwan University Hospital, College
of Medicine, National Taiwan University, Taipei, Taiwan

BACKGROUND AND PURPOSE

Renal fibroblasts play a pivotal role in the development of tubulointerstitial fibrosis, a condition highly predictive of
progression towards end-stage renal disease. The present study investigated the anti-mitogenic and anti-inflammatory effects
of an inhibitor of inosine monophosphate dehydrogenase, mycophenolic acid (MPA) and the mechanisms underlying its
action in normal rat kidney fibroblasts (49F cells).

EXPERIMENTAL APPROACH

Proliferation of 49F cells was studied by tetrazole 3-(4, 5-dimethylthiazol-2-yl-)-2,5-diphenyltetrazolium bromide (MTT) test,
bromodeoxyuridine incorporation and flow cytometry. The cyclins, tumour suppressor genes and phospho-mitogen-activated
protein kinases (MAPKs) were semiquantified by immunoblotting. Apoptosis was measured by quantifying the fragmented
DNA and the activity of caspase 3. The monocyte chemokine CCL2 was measured by ELISA. The mRNA expression of CCL2
was measured by real-time PCR.

KEY RESULTS

Mycophenolic acid dose-dependently inhibited steady-state proliferation of 49F cells by up-regulation of p21, p27 and p53, in
association with a decrease in cyclins D2 and E. Treatment with MPA also triggered apoptosis of 49F cells by activating the
caspase 3 cascade. Furthermore, MPA attenuated tumour necrosis factor-o-induced CCL2 expression through down-regulation
of p38 MAPK, but not that of ERK1/2 or JNK.

CONCLUSIONS AND IMPLICATIONS

The anti-mitogenic and anti-inflammatory effects of MPA were mediated by up-regulation of cell cycle inhibitors and
pro-apoptotic signals, and by suppression of p38 MAPK pathway respectively. This dual effect of MPA may form the rationale
for animal or clinical trials for the treatment of fibrotic renal diseases.

Abbreviations

BrdU, bromodeoxyuridine; ECM, extracellular matrix; IMPDH, inhibitor of inosine monophosphate dehydrogenase;
MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemoattractant protein-1; CCL2; MMF, mycophenolate
mofetil; MPA, mycophenolic acid; MTT, tetrazole 3-(4, 5-dimethylthiazol-2-yl-)-2,5-diphenyltetrazolium bromide;
TNF-o, tumour necrosis factor-o;, VCAM-1, vascular cell adhesion molecule-1
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Introduction

Fibrotic renal disease is characterized by accumula-
tion of extracellular matrix (ECM) proteins within
the glomerulus and the interstitium, leading ulti-
mately to glomerulosclerosis and tubulointerstitial
fibrosis (Qian et al., 2008; Ma and Fogo, 2007; Qi
et al., 2006; Zoja et al., 2006). Glomerulosclerosis is a
process by which normal glomerular structure is
replaced by accumulated deposits of ECM. It repre-
sents a common pathway for the loss of functioning
glomeruli associated with most forms of chronic
kidney disease (Gagliardini and Benigni, 2007). By
contrast, the mechanisms leading to the develop-
ment of tubulointerstitial fibrosis include transdif-
ferentiation of tubular cells to myofibroblasts,
infiltration of monocytes and overproduction of
ECM proteins by intrinsic parenchymal cells.
Among those, renal fibroblasts play a pivotal role in
the development of tubulointerstitial fibrosis, and
the extent of this fibrosis is highly predictive of
progression towards end-stage renal disease (Okada
and Kalluri, 2005). Thus, strategies targeting the
proliferation of and/or the cytokine production by
these cells might have therapeutic value in the treat-
ment of fibrotic renal disease.

Mycophenolic acid (MPA), the active component
of mycophenolate mofetil (MMF), is an inhibitor of
inosine monophosphate dehydrogenase (IMPDH)
that blocks de novo purine biosynthesis, inhibits T
and B-lymphocyte proliferation, and induces apop-
tosis of activated T-lymphocytes (Boldt et al., 2006).
To date, MMF is widely used in solid organ trans-
plantation, in several autoimmune diseases, and
steroid-resistant primary glomerulopathies (Sepe
etal.,, 2008). In experimental models, MMF has
shown its ability to inhibit proliferation of renal
fibroblasts (Badid et al., 2000), and prevent the pro-
gressive renal failure in rat remnant kidney (Romero
et al., 1999). MMF treatment also prevents the devel-
opment of glomerular injury (Utimura et al., 2003),
and ameliorates early renal injury via inhibition of
the over-expression of the intercellular adhesion
molecule (ICAM)-1 and the chemokine CCL2
(MCP-1; nomenclature follows Alexander etal.,
2009) in renal tissue in diabetic rats (Wu etal.,
2006). Despite all these in vitro and in vivo effects,
the molecular mechanisms whereby MPA act to
inhibit mitogenesis and/or inflammation remain
largely unexplored. Previous studies have reported
that MPA is capable of inhibiting CCL2 (Farivar
et al., 2005; Guo et al., 2005; Wu et al., 2006), a key
chemotactic cytokine involved in the migration of
circulating monocytes, but the signalling pathways
is not fully elucidated. The present study investi-
gated the signal transduction mechanisms underly-
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ing the anti-mitogenic and anti-inflammatory
effects of MPA in a rat renal fibroblast cell line (49F
cells). Our data showed that up-regulation of cell
cycle inhibitors (p21, p27 and pS53) and caspase 3
activity, and suppression of p38 mitogen-activated
protein kinase (MAPK) pathway, respectively, medi-
ated the dual effect of this drug.

Methods

Rat renal fibroblast cultures

The cell line of 49F fibroblasts was obtained from
the American Tissue Culture Collection (ATCC,
Manassas, VA, USA) and propagated in DMEM
supplemented with 1% non-essential amino acid
(Gibco, Grand Island, NY, USA), 2 mM L-glutamine
(Life  Technologies), 100 U-mL™"  penicillin/
100 ug-mL™! streptomycin (Life Technologies) and
10% heat-inactivated FBS.

PI stain and flow cytometry

To study the cell cycle arrest induced by MPA, we
analysed the proportion of cells in GO/G1 by flow
cytometry. The fibroblasts were cultured as de-
scribed previously (Lin ef al., 2002). After 8, 16, 24
and 48 h incubation with DMSO 0.05%, MPA 0.1,
1.0 and 10.0 uM, the cells adherent to the bottom
of the dishes were collected. Briefly, cells were
washed twice with phosphate buffered saline (PBS),
harvested by trypsinization, centrifuged and sus-
pended with 1 mL of cold PBS and then fixed in
methanol for 30 min on ice. Following two washes
with PBS, fixed cells were incubated in RNase
(1 mg-mL™) at 37°C for 30 min, followed by stain-
ing of the DNA with propidium iodide 1 pg-uL™
(PI, Sigma-Aldrich Co. MO, USA) at 4°C for 30 min
in the dark; each sample was analysed with a
Coulter EPICS 753 flow cytometer and the propor-
tion (%) of cells within the GO/G1 phases of the
cell cycle were determined by formulated DNA pro-
tocol (ModFit software).

Cell proliferation assay

Cell proliferation was evaluated with tetrazole 3-(4,
5-dimethylthiazol-2-yl-)-2,5-diphenyltetrazolium
bromide (MTT) cell proliferation assay, performed
by the manufacturer’s instructions (ATCC). Briefly,
the renal fibroblasts were distributed into 96-well
plates (0.25 cm? per well; Falcon, Winiger, Switzer-
land) at a density of 1.0 x 10° cells per well. Subse-
quently, cells were propagated in culture medium
(0.2 mL per well) containing 10% FCS, with or
without MPA (0.1, 1.0, 10.0 uM) and guanosine (10,
50, 100 uM). We counted the numbers of viable cells
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at 24, 48 and 72 h after the MPA treatment. Cells
were incubated in the presence of 0.5 mg-mL™" of
MTT reagent for 4-8 h, after which the cells were
lysed by the addition of one volume of solubiliza-
tion solution (40% dimethylformamide, 10% SDS,
pH 4.0). Absorbance in wells was read with a micro-
plate reader with a 550 nm cut-off filter. We used a
standard curve to convert the absorbance to cell
numbers by directly counting viable cells and its
corresponding absorbance. All the values of absor-
bance were then converted to cell numbers

Quantitative real-time PCR

Quantitative real-time PCR was carried out in the
Applied Biosystems 7900 Real Time PCR System
using TagMan gene expression assays for the CCL2,
ICAM-1 and vascular cell adhesion molecule
(VCAM)-1 according to the manufacturer’s instruc-
tions (assay ID Rn00580555_m1, Rn00564227_m1
and Rn00681045_m1 respectively). GAPDH (assay
ID Hs99999905_m1) was used as endogenous
control in TagMan human endogenous control
plate (Applied Biosystems USA). Cycle to threshold
was recorded for statistical analysis. Sample dilu-
tions comprised of 100 ng template cDNA. All
samples were tested in a total volume of 20 uL in
triplicate.

The mRNA levels of CCL2, ICAM-1 and VCAM-1
were normalized with the mRNA level of GAPDH,
and expressed as 2T, where AACT = (ACTx -
ACTGAPDH and X = CCLZ, ICAM-1 and VCAM-l)

Enzyme linked immunosorbent assay (ELISA)
The rat renal fibroblasts were cultured in 10-cm
diameter dishes with culture medium containing
10% FBS to reach near confluence. The supernatants
were removed, and the cells were washed twice with
basal medium (without FBS). And then the cells
were incubated in fresh DMEM with 10% FBS. The
cell supernatants were collected 24 h after stimula-
tion with tumour necrosis factor-oo (TNF-o;
5ng-mL™?). The concentrations of CCL2 in the
supernatants were measured by enzyme-linked
immunoassay (Endogen Rat CCL2 (MCP-1) ELISA
Kit, Endogen, Woburn, MA, USA). Cell counts in
each dish was calculated to calibrate the amounts of
CCL2 in the supernatants. In brief, 50 uL of recon-
stituted standards and test samples were added to
each well. The plate was covered with an adhesive
plate cover, and was incubated for 1 h at room tem-
perature about 20-25°C Then we washed the plate
three times with wash buffer. 50 uL of biotinylated
antibody reagent was added to each well for 1 h
incubation at room temperature. At the end of
the incubation period, the plate was washed three

times again with wash buffer. 100 pL of prepared
Streptavidin-HRP solution was added to each well
for 30 min at room temperature. At the end of the
incubation, the plate was washed three times again
with wash buffer. Thereafter, 100 uL of premixed 3,
3’, 5, §’-tetramethylbenzidine substrate solution was
added into each well. After 30 min for development
of enzymatic colour reaction in the dark at room
temperature, the substrate reaction yielded a blue
solution that turns yellow when stop solution,
100 uL to each well, was added. We measured the
absorbance on an ELISA reader set at 450 and
550 nm within 30 min of stopping the reaction.
Assay at two wavelengths allowed correction for
optical imperfections in the microtiter plate.

Bromodeoxyuridine (BrdU) test

Cell proliferation was determined by BrdU incorpo-
ration analysis. 49F cells were plated in 96-well
plates (100 cells per well, counted with a haemocy-
tometer). Twelve hours after spreading, BrdU
(HTSO01, Calbiochem EMD Chemicals, Inc., CA,
USA) was added to the medium for 2 h. The medium
was removed, and the BrdU incorporated in the new
synthesized DNA was quantified by a fluorimeter,
measuring excitation at 320 nm and emission at
460 nm.

Assay for caspase 3 activity

To measure caspase 3 activity, cell samples for each
of the treatment groups were homogenized in
1.5 mL of PBS, assayed with the CPP32/caspase-3
colorimetric protease assay kit (Chemicon Interna-
tional, Inc.), and read at 405 nm in a microtiter
plate reader.

DNA fragmentation ELISA

Apoptosis was measured by the detection of DNA
fragments (Roche Applied Science). Triplicate 5-ml
cultures at 1 x 10° cellssmL™" were incubated in
medium with 10 uM BrdU for 18 h. The cells were
washed and resuspended in fresh medium. Tripli-
cate 200 uL cultures medium were incubated with or
without drug as indicated. The cells were then pel-
leted by centrifugation and 100 uL of the culture
medium was removed for ELISA of the DNA frag-
ments; to assess cell death by necrosis. The cells
were then lysed and DNA fragments in the lysate
were measured by ELISA; to measure cell death by
apoptosis. Absorbance in wells was read with a
microplate reader with a 450 nm.

Western blotting
To determine the expression of various cyclins, p21,
p27, p53 and MAPKs, the cells were incubated in
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different concentrations of MPA (0.1, 1.0, 10.0 uM)
and stimulated with TNF-o (5 ng-mL™). After incu-
bation for 5 min and 24 h, the cells were harvested
and cyclin D1, D2, D3, E, p21, p27, p53 and MAPK
were quantified by Western blotting assay. Cells
were solubilized in lysis buffer. Equal amounts of
protein (40 ug) were separated on a 10% polyacry-
lamide gel and transferred to Immobilon P. Blots
were probed with different antibodies, followed by a
horseradish peroxidase-coupled anti-rabbit second-
ary antibody. Immunoreactive proteins were visual-
ized with enhanced chemiluminescence (Pierce,
Rockford, IL, USA).

Statistics

All of the experiments were in triplicate, at least.
Statistical analysis was performed with the Mann-
Whitney U-test using the Stat View software
package (Abacus Concepts, Inc., Berkeley, CA,
USA). Statistical significance was accepted for P <
0.05. The statistical methods were recommended
by the statistics specialist of the Graduate Institute
of Clinical Medicine, National Taiwan University
College of Medicine.

Materials

Dulbecco’s modified Eagle’s media (DMEM),
penicillin/streptomycin, fetal calf serum (FCS) and
other tissue culture reagents were purchased from
Gibco BRL (Rockville, MD, USA). Culture flasks and
plates were purchased from Costa Corning (Cam-
bridge, MA, USA). MPA, guanosine, PD98059,
SP600125 and SB203580 were purchased from
Sigma-Aldrich Co. (MO, USA). Recombinant rat
TNF-a was obtained from R & D Systems (Minne-
apolis, MN, USA). Mouse anti-rat polyclonal anti-
bodies against cyclin D1, D2, D3, E, p21, p27 and
pS53 were purchased from Santa Cruz (CA, USA).
Rabbit anti-rat CCL2 (MCP-1) was purchased from
PeproTech EC LTD (London, UK). Rabbit anti-
ERK1/2 and anti-p38 MAPK, and rabbit anti-
phosphorylated ERK1/2 and anti-phosphorylated
p38 MAPK were obtained from New England BioLab
(Beverly, MA, USA). Mouse anti-phosphorylated
JNK and rabbit anti-JNK were purchased from
Santa Cruz Biotechnologies (Santa Cruz, CA, USA).
Rabbit anti-GAPDH was obtained from Sigma. All
chemicals used for total RNA isolation, reverse
transcription-polymerase chain reaction, Northern
blot analysis, whole cell lysate extraction and
Western blot analysis were of molecular grade and
were obtained from Sigma or Roche Molecular Bio-
chemicals (Mannheim, Germany) unless otherwise
specified.
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Results

The 49F cells were spread on 96 well plates with
1000 cells per well. The number of viable cells was
evaluated by the MTT assay, 24, 48 and 72 h after
spreading. In the control group, cell numbers
increased by about 1000 cells per day. Neither treat-
ment with DMSO (0.05%; the vehicle for MPA) nor
MPA (0.1 uM) changed the growth rate of 49F cells,
after treatment for 24 h. At 1.0 uM, MPA signifi-
cantly attenuated the growth rate of viable 49F cells
and at 10.0 uM, MPA further inhibited the growth of
49F cells (Figure 1A). It is noteworthy that some
anti-mitogenic effect of MPA on renal fibroblasts
could be observed at the clinically achievable con-
centration of 1.0 uM.

Because MPA acts by inhibition of IMPDH and
the resultant depletion of intracellular guanosine,
in the next experiments, we tested the effects of
guanosine repletion on the anti-proliferative
effect of MPA. As shown on Figure 1B, guanosine
concentration-dependently reversed the growth-
inhibitory effect of MPA at 1.0 uM, with the highest
concentration of guanosine (100 uM) almost
completely reversing the anti-mitogenic -effect
of MPA.

To evaluate the effect of MPA on apoptosis and
cell cycle proteins, 49F cells were treated with MPA
(0.1, 1.0 or 10.0 uM) for 12 h. Then, BrdU uptake
was measured to estimate the DNA synthesis rate.
Our results showed that the vehicle for MPA
(DMSO; 0.05%) did not alter affect the DNA syn-
thesis. On the other hand, MPA concentration-
dependently inhibited the rate of DNA synthesis.
In addition, guanosine 100 uM did not enhance
the basal DNA synthesis rate, but reversed the
inhibitory effect of MPA at 1.0 uM (Figure 2A).
When the cell cycle was analysed by flow cyto-
metry, we found that the proportion of cells at
GO0/G1 phase increased under MPA treatment. The
MPA-induced cell cycle arrest was dose- and time-
dependent. The GO/G1 proportion of 49F cells
increased from the basal 60% to over 80% 24 h
after treatment with MPA at 1.0 uM (Figure 2B).
We further analysed the expression of G1 phase
cyclins, i.e. cyclin D1, D2, D3 and cyclin E, by
immunoblotting 24 h after treatment (Figure 3A).
The amounts of cyclin D2 and cyclin E were sig-
nificantly attenuated under MPA treatment. The
effects of MPA on cyclin D2 and cyclin E were dose-
dependent and could be reversed partially by sup-
plying guanosine (Figure 3A). The effect of MPA
on the expression of the cell cycle inhibitors p53,
p21 and p27 were also explored and we found
that MPA induced the expression of all three pro-
teins (Figure 3B). The induction of p53 and p27
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Increase in numbers of viable cells under the different experimental
conditions was determined by the MTT assay 24, 48 and 72 h after
treatments. The absorbance values have been converted to the cor-
responding viable cell numbers by interpolation using a standard
curve. (A) The concentration-dependent effect of MPA treatment. (B)
Effects of guanosine in reversing the inhibition of cell proliferation by
MPA. C, control; D, DMSO 0.05% only; G, guanosine MPA, myco-
phenolic acid; MTT, tetrazole 3-(4, 5-dimethylthiazol-2-yl-)-2,5-
diphenyltetrazolium bromide.

by MPA could be reversed partially by guanosine
dose-dependently (Figure 3B).

In order to quantify the cellular apoptosis
after treatment with MPA, we incubated the cells
in BrdU-containing medium for 24 h, before
treatment with MPA (0.1, 1.0 or 10.0 uM). The
BrdU-containing DNA fragment in the culture super-
natant and the cytoplasm was quantified by immu-
noassay 24 h after treatment. Vehicle (DMSO;
0.05%) did not increase the BrdU-containing DNA
fragments in either the culture supernatant or
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Figure 2

(A) DNA synthesis in renal fibroblasts determined by BrdU incorpo-
ration over 2 h, assayed after the different treatments for 12 h. *P <
0.001; §P < 0.01. (B) Percentage of cells in GO/G1 phase determined
by flow cytometry 8, 16, 24, 48 h after the different treatments. *P <
0.01. BrdU, bromodeoxyuridine; C, control; D, DMSO 0.05% only;
Gua, guanosine.

cell lysate but these fragments were significantly
increased by MPA (1.0 uM; Figure 4A) Guanosine
concentration-dependently reversed the MPA
induced increase of DNA fragment in either the
culture medium or cell lysate (Figure 4A) We further
analysed the activity of caspase 3 in 49F cells
with the different treatments and found that MPA
dose-dependently increased caspase 3 activity, and
this effect was reversed by guanosine repletion
(Figure 4B).

Subsequently, we studied the effect of MPA
on the expression of chemotactic molecules pro-
duced by renal fibroblasts. We found that TNF-a
concentration-dependently stimulated the expres-
sion of mRNA for CCL2 in 49F cells. In addition,
TNF-a concentration-dependently stimulated the
expression of the mRNAs of the cellular adhe-
sion molecules, ICAM-1 and VCAM-1(data not
shown). The secretion of CCL2 protein by 49F cells
was induced by TNF-o (Figure 5A). The protein
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0.001; *P < 0.01. C, control; D, DMSO 0.05% only; Gua, guanosine.

expression of ICAM-1 and VCAM-1 in 49F cells was
also markedly enhanced by TNF-o (data not shown).
Pretreatment with MPA concentration-dependently
attenuated TNF-o-stimulated CCL2 secretion as
well as expression of CCL2 mRNA (Figure SA and B).
By contrast, MPA did not alter TNF-o-stimulated
ICAM-1 and VCAM-1 mRNA expression (Figure 5C
and D).

The MAPK signalling pathways mediate the
synthesis of some inflammatory cytokines. We
examined the phosphorylation of p38 MAPK,
ERK1/2 and JNK after stimulation with TNF-o
(5 ng-mL™). Our data showed that MPA dose-
dependently attenuated TNF-a-induced p38 MAPK,
but not JNK phosphorylation (Figure 6A). Inhibiting
p38 MAPK phosphorylation by $203580 dose-
dependently attenuated TNF-a-stimulated CCL2
mRNA expression as well as CCL2 secretion
(Figure 6B). Inhibition of JNK phosphorylation
did not exert the same inhibitory effect on CCL2
(Figure 6C). Therefore, through inhibiting p38
MAPK phosphorylation, MPA may attenuate TNF-o-
stimulated CCL2 mRNA expression and thereafter,
CCL2 secretion.
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Discussion

In this study, we demonstrate for the first time that
MPA is capable of inhibiting the proliferation of
normal rat kidney fibroblasts and the production of
CCL2 by these cells after TNF-o stimulation. Deple-
tion of guanosine by MPA might lead to cell cycle
arrest and apoptosis via induction of the cell cycle
inhibitors, p27 and pS3. Besides the anti-mitogenic
action, MPA also attenuated TNF-o-induced CCL2,
but not ICAM-1/VCAM-1 production through down
regulation of the phosphorylation of p38 MAPK in
renal fibroblasts.

Mycophenolic acid as the immunosuppressive
drug MMF, has been widely used in solid organ
transplantation and has shown its effect on chronic
renal allograft rejection. MMF blocks the enzyme
IMPDH which is responsible for de novo biosyn-
thesis of guanosine. Particularly in lymphocytes, this
block leads to a depletion of guanosine and conse-
quently to inhibition of cell proliferation. There is
also evidence that MPA has anti-mitogenic and anti-
fibrotic properties in non-immune cells (Morath
et al., 2006). Here we have demonstrated that MPA
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Fragmented DNA determined by detecting pre-incorporated BrdU
24 h after treatment. (A) The intracellular DNA fragments obtained
from the attached cells and the DNA fragments in the supernatant
were measured separately. *P < 0.01. (B) Caspase 3 activity assayed
by absorbance at 405 nm (cleavage of the caspase 3-specific sub-
strate). *P < 0.01. BrdU, bromodeoxyuridine; C, control; D, DMSO
0.05% only; Gua, guanosine.

concentration-dependently inhibited the steady-
state proliferation of renal fibroblasts. Of note,
the clinically achievable MPA concentration of
1.0 ug-mL™" was capable of attenuating the growth
of rat renal fibroblasts by 50%. This effect of MPA
was largely dependent on depletion of guanosine
synthesis as shown by reversal of the growth inhibi-
tion with repletion of guanosine concentration-
dependently.

The effect of MPA on cell cycle progression has
been well-documented in human T and B lympho-
cytes (Laliberté et al., 1998; Végso et al., 2007). MPA
inhibits the phosphorylation of retinoblastoma
protein (pRb) and stop cells from entering into
S-phase (Laliberté et al., 1998). The expression of

cyclin D3 in T cells activated by interleukin-2 (IL-2)
and leucoagglutinin is completely prevented by
MPA treatment (Laliberté et al., 1998). In addition,
MPA prevents the IL-2-induced elimination of
p27¥P ! a CDK inhibitor, and resulted in the reten-
tion of high levels of p27¥? ! bound to CDK2 (Chiara
et al., 2005). In contrast to these effects observed in
T cells, our data in renal fibroblasts showed that
MPA dose-dependently inhibited the expression of
cyclin D2 and cyclin E, whereas the expressions of
cyclin D1 and D3 were not changed. Further, in
accord with that observed in T lymphocytes, we
found that treatment with MPA resulted in an
increase in p27%*!, which in turn lead to inhibition
of the CDK activity and blockade of pRb phospho-
rylation (Toyoshima and Hunter, 1994; Sherr and
Roberts, 1999), and thereby preventing cell cycle
progression from G1 to S phase. This study also
found that MPA was capable of inducing p53 and
p21 expression in renal fibroblasts. Given the well-
known growth-modulatory actions mediated by
these two proteins (Cox, 1997; Gartel and Tyner,
2002), we surmise that induction of p53 and p21 by
MPA may contribute, at least in part, to the anti-
mitogenic effect of this drug.

While MPA/MMEF has been reported to induce
programmed cell death in a variety of blood cells
(Takebe et al., 2006; Végso et al., 2007; Yamaguchi
et al., 2008), there is little information regarding its
pro-apoptotic effect in tissues, although MPA had
been shown to induce apoptosis of primary rat islet
cells by activating the caspase 3 activity (Kim et al.,
2008). In this study, we found that MPA not only
inhibited the proliferation of renal fibroblasts but
also induced apoptosis of these cells. Our results
implied that MPA might inhibit growth of 49F cells
by two mechanisms. By depleting guanosine, MPA
suppressed the rate of new DNA synthesis while, at
the same time, activating capsase 3 and the pro-
apoptotic cascade.

In experimental renal diseases, MPA was able to
reduce macrophage accumulation within the
kidney (Romero et al., 1999; Utimura et al., 2003)
MMF inhibited the over-expression of CCL2 and
ICAM-1 in streptozotocin-induced diabetic rats,
both of which contribute to the infiltration and
accumulation of macrophages in the kidney. (Wu
et al., 2006) The present study showed that MPA
attenuated TNF-o-induced CCL2, but not ICAM-1/
VCAM-1 production through down-regulation of
the phosphorylation of p38 MAPK in renal fibro-
blasts. The discrepant effect of MPA/MMF on
ICAM-1 may be due to variability of cell types
and under different stimulations. In experimental
animals, there is up-regulation of several pro-
inflammatory cytokines, and the expression of
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(A) CCL2 (MCP-1) secretion in the supernatant determined by ELISA, 24 h after TNF-a (5 ng-mL™") stimulation. (B, C and D) Expression of the
mRNA for CCL2, VCAM-1 and ICAM-1 of 49F cells determined by real-time PCR, 8 h after treatment by TNF-o. (5 ng-mL™") and presented as
fold-increase over the control. *P < 0.001. ICAM, intercellular adhesion molecule; TNF-o, tumor necrosis factor-o; VCAM-1, vascular cell adhesion

molecule-1.

ICAM-1 and the secretion of CCL2 involves several
different cell types. On the other hand, in our in
vitro model, we specifically observed that, although
TNF-a induced the expression of ICAM-1 and
CCL2 in renal fibroblasts, MPA selectively inhib-
ited CCL2 secretion, rather than ICAM-1 expres-
sion, in these cells.

In cultured mesangial cells, MPA effectively
blocked p38 MAPK activation and exogenous gua-
nosine partially reversed this inhibition (Ha et al.,
2006). Inhibition of p38 MAPK activation by MPA
leads to inhibition of proliferation and ECM synthe-
sis in mesangial cells (Ha efal., 2006). However,
inhibition of the activation of p38 MAPK by MPA on
has not been reported in renal fibroblasts. By inhib-
iting p38 MAPK, MPA not only inhibits macrophage
infiltration, but also may offer the benefit of inhib-
iting ECM synthesis in fibroblasts, as in mesangial
cells.

In conclusion, our data suggest that the anti-
mitogenic and anti-inflammatory effects of MPA
were mediated by up-regulation of cell cycle inhibi-
tors (p21, p27 and pS3) and of caspase 3 activity,
and down-regulation of the p38 MAPK pathway
respectively. The dual effect of MPA on 49F fibro-

1618 British Journal of Pharmacology (2010) 160 1611-1620

blast proliferation and CCL2 production may form
the rationale for assessing MPA for the treatment of
fibrotic renal diseases.
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