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SUMMARY

 

Mycophenolate mofetil (MMF) is an immunosuppressive drug that acts as a selective inhibitor of
inosine monophosphate dehydrogenase (IMPDH). MMF has recently been shown to inhibit the enzy-
matic activity of inducible NO synthase (iNOS) and subsequent production of the cytotoxic free radical
nitric oxide (NO) in endothelial cells. We here investigated the effect of bioactive MMF compound
mycophenolic acid (MPA) on iNOS-mediated NO synthesis in fibroblasts, which are important source
of NO in rheumatoid arthritis and during rejection of solid organ transplants. MPA exerted dose-
dependent inhibition of NO synthesis, measured as nitrite accumulation, in IFN-

 

g

 

 

 

+

 

 LPS-stimulated
L929 mouse fibroblast cell line and rat primary fibroblasts. The effect of MPA was not mediated through
interference with IMPDH-dependent synthesis of iNOS co-factor BH4 and subsequent suppression of
iNOS enzymatic activity, as direct BH4 precursor sepiapterin failed to block the action of the drug. MPA
suppressed the IFN-

 

g

 

 

 

+

 

 LPS-induced expression of fibroblast iNOS protein, as well as mRNA for iNOS
and its transcription factor IRF-1, as assessed by cell-based ELISA and semiquantitative RT-PCR,
respectively. MPA suppression of fibroblast NO release, iNOS, and IRF-1 activation, was efficiently pre-
vented by exogenous guanosine, indicating that the drug acted through reduction of IMPDH-
dependent synthesis of guanosine nucleotides. These results suggest that MPA inhibits NO production
in fibroblasts by blocking guanosine nucleotide-dependent expression of iNOS gene, through
mechanisms that might involve the interference with the induction of iNOS transcription factor IRF-1.

 

Keywords

 

mycophenolic acid fibroblast nitric oxide iNOS IRF-1 

 

INTRODUCTION

 

An immunosuppressive xenobiotic drug mycophenolate mofetil
(MMF) has been used in preventing transplant rejections [1], and
was also shown to be effective in the treatment of adjuvant arthri-
tis, an experimental animal model fairly acceptable for pre-
clinical testing of drugs potentially useful in rheumatoid arthritis
(RA) [2]. Moreover, MMF has been recently shown to be bene-
ficial in the clinical trials of RA [2,3]. Mycophenolic acid (MPA),
the bioactive compound of mycophenolate mofetil (MMF), inhib-
its the activity of inosine monophosphate dehydrogenase
(IMPDH), a rate-limiting enzyme for 

 

de novo

 

 synthesis of gua-
nosine nucleotides [2] (Fig. 1). By depleting the intracellular con-
centration of guanosine nucleotides, MPA acts as a powerful
proliferation inhibitor in various cell types, especially in lympho-
cytes [2]. Beneficial effects of MMF in the treatment of allograft

rejection in humans, as well as in clinical trials and animal models
of various autoimmune diseases, including RA, has been mostly
attributed to the influence of MPA on lymphocyte function [1,2].
Although the possible impact of MPA on other cell types involved
in the immune response could be of importance for understand-
ing the drug’s immunomodulatory properties, such influence has
not been thoroughly investigated.

A highly reactive free radical nitric oxide (NO), produced by
inducible NO-synthase (iNOS)-mediated oxidation of 

 

L

 

-arginine,
is an important immune mediator with profound both cytotoxic
and regulatory roles [4,5]. It has recently been shown that MPA
can block cytokine (IFN-

 

g

 

, TNF-

 

a

 

)-induced NO production in
rodent endothelial cells [6]. Interestingly, although the regulation
of iNOS is mainly transcriptional [4], MPA’s effect in endothelial
cells was exerted through suppression of IMPDH-dependent syn-
thesis of essential iNOS co-factor tetrahydrobiopterin (BH4), and
subsequently, iNOS enzymatic activity [6]. Inducible NOS-
mediated excessive release of NO has been implicated in joint
cartilage destruction in rheumatoid arthritis, and presents a
potential target for its treatment [7]. In addition to  chondro-
cytes and infiltrating macrophages, cytokine-activated synovial
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fibroblasts are a significant source of NO in arthritic joints [8].
Similarly, iNOS-derived NO production is largely responsible for
the parenchymal cell death and dysfunction in acutely rejecting
allografts [2]. Besides acting as a cytotoxic molecule, NO is a
powerful modulator of fibroblast function, showing a mainly pos-
itive effect on collagen synthesis 

 

in vitro

 

 [9,10]. Accordingly,
strong up-regulation of iNOS in fibroblasts paralleled the onset
and progression of fibrosis in an experimental model of post-
transplant obliterative airway disease [11]. Therefore, the inter-
ference with fibroblast NO synthesis might be of a therapeutic
value in pathological conditions accompanied by excessive fibro-
blast activation, such as rheumatoid arthritis or the rejection of
solid organ transplants.

We here demonstrate that MPA is a potent inhibitor of NO
production in rodent fibroblasts. Interestingly, MPA’s effect did
not stem from the limitation of BH4 availability and resulting sup-
pression of iNOS catalytic activity, as previously observed in
endothelial cells, but involved the interference with IFN-

 

g

 

 

 

+

 

 LPS-
triggered expression of fibroblast iNOS.

 

MATERIALS AND METHODS

 

Reagents

 

Foetal calf serum (FCS), RPMI 1640, and phosphate-buffered
saline (PBS) were from ICN (Costa Mesa, CA, USA). Recombi-
nant rat IFN-

 

g

 

 was obtained from Holland Biotechnology
(Leiden, the Netherlands). Cycloheximide was purchased from
US Biochemical Corporation (Cleveland, OH, USA). Mycophe-
nolic acid (MPA), actinomycin D, guanosine, sepiapterin (3–4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
naphthylenediamine dihydrochloride, sulfanilamide, lipopolysa-
charide (

 

Esherichia coli

 

 055:B5, LPS) and DMSO were from
Sigma (St Louis, MO, USA). Moloney leukaemia virus reverse
transcriptase and 

 

Taq

 

 polymerase were obtained from Eurogen-
tec (Seraing, Belgium). RNA Isolator was purchased from Geno-
sys (Woodlands, TX, USA), and random primers were from
Pharmacia (Uppsala, Sweden).

 

Cells and cell cultures

 

The murine fibrosarcoma cell line L929 was obtained from
the European Collection of Animal Cell Cultures (Salisbury,
UK), and grown in HEPES-buffered RPMI 1640 medium

supplemented with 10% FCS, 

 

L

 

-glutamine and antibiotics (cul-
ture medium) at 37

 

∞

 

C in a humidified atmosphere with 5% CO

 

2

 

.
Plastic-adherent fibroblast-like short-term cell lines were derived
from spleen of DA rats (animal facility of Institute for Biological
Research, Belgrade, Yugoslavia), as previously described [12].
After the anaesthetized rats were killed by cervical dislocation,
spleens were removed, minced into small pieces, and digested for
10 min at 37

 

∞

 

C in 2 mg/ml collagenase in PBS. The digest was then
washed three times, resuspended in culture medium, and incu-
bated in a cell culture Petri dish for 3 days at 37

 

∞

 

C in a humidified
atmosphere with 5% CO

 

2

 

. Non-adherent cells and cell debris
were removed by replacing culture medium after 24, 48, and 72 h
of cultivation. Fibroblasts were cultured to confluence, when they
were passaged after 2-min treatment with PBS solution of 0·25%
trypsin and 0·02% EDTA. Primary fibroblast preparations
obtained by this method do not contain macrophages or other
cells of haematopoietic origin [12]. For the experiments, spleen
fibroblasts after the second passage, and L929 cells were detached
by trypsinization, resuspended in culture medium, seeded in flat-
bottom 96-well plates at 2 

 

¥

 

 10

 

4

 

/well (spleen fibroblasts) or
6 

 

¥

 

 10

 

4

 

 cells/well (L929 cells) and allowed to grow to confluence.
Resident macrophages were obtained from DA rats or CBA mice
(animal facility of Institute for Biological Research, Belgrade,
Yugoslavia) by peritoneal lavage with cold PBS, followed by
adherence to plastic [13]. Confluent fibroblasts, mouse macroph-
ages (1 

 

¥

 

 10

 

5

 

/well), or rat macrophages (2 

 

¥

 

 10

 

4

 

/well), were incu-
bated with different agents in 200 

 

m

 

l of culture medium. The cell
culture supernatants were collected for nitrite determination after
48 h of cultivation. Total RNA for RT-PCR analysis was isolated
from primary fibroblasts after 6 h of incubation. Cell-based
ELISA for iNOS in L929 cells was performed after 48 h of
cultivation.

 

Nitrite measurement

 

Nitrite accumulation, an indicator of NO production, was mea-
sured in cell culture supernatants using the Griess reagent [14].
Briefly, 50 

 

m

 

l samples of culture supernatants were mixed with an
equal volume of Griess reagent (a mixture at 1 : 1 of 0·1% naph-
thylenediamine dihydrochloride and 1% sulfanilamide in 5%
H

 

3

 

PO

 

4

 

) and incubated at room temperature for 10 min. The
absorbance at 570 nm was measured in a microplate reader. The
nitrite concentration was calculated from a NaNO

 

2

 

 standard
curve.

 

Cell-based ELISA for iNOS

 

The expression of iNOS in L929 fibroblasts was determined by
slightly modified original protocol for the cell-based ELISA [15].
The cells were fixed with 4% paraformaldehyde in PBS for 20 min
at room temperature (approx, 25

 

∞

 

C) and washed three times with
PBS containing 0·1% Triton X-100 (PBS/T). Endogenous perox-
idase was quenched with 0·6% H

 

2

 

O

 

2

 

 in PBS/T for 20 min, and
cells were washed three times in PBS/T. Following blocking with
10% FCS in PBS/T for 1 h, cells were incubated for 1 h with the
primary antibody (rabbit anti-mouse iNOS, kindly provided by
Dr Carl F. Nathan, Cornell University Medical College) at
1 : 10000 dilution in PBS/T containing 1% BSA at 37

 

∞

 

C. After
washing the cells four times with PBS/T for 5 min, they were incu-
bated for 1 h with the second antibody (anti-rabbit-HRP; 1 : 500)
in PBS/T containing 1% BSA at 37

 

∞

 

C. Subsequently, cells were
washed and incubated with 200 

 

m

 

l of a solution containing
0·4 mg/ml OPD, 11·8 mg/ml Na

 

2

 

HPO

 

4

 

 

 

¥

 

 2H

 

2

 

O, 7·3 mg/ml citric

 

Fig. 1.

 

Interference of MPA with 

 

de novo

 

 guanosine nucleotide synthesis.
ATP, adenosine monophosphate; IMP, inosine monophosphate; XMP,
xanthosine monophosphate; GMP, guanosine monophosphate; GTP, gua-
nosine triphosphate; dGTP, deoxyguanosine triphosphate; IMPDH,
inosine monophosphate dehydrogenase.

ribose-5P + ATP
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acid and 0·015% H

 

2

 

O

 

2

 

 for 30 min at room temperature in the
dark. The reaction was stopped with 50 

 

m

 

l of 3M HCl, and the
absorbance at 492 nm was determined in a microplate reader.

 

RT-PCR determination of iNOS and IRF-1 mRNA

 

Total RNA from fibroblast cultures was isolated with RNA Iso-
lator, according to manufacturer’s instruction. RNA was reverse
transcribed using Moloney leukaemia virus reverse transcriptase
and random primers. PCR amplification of cDNA with primers
specific for iNOS/IRF-1 and GAPDH as a house-keeping gene,
was carried out in the same tube in a Thermojet (Eurogentec,
Seraing, Belgium) thermal cycler as follows: 30 s of denaturation
at 95

 

∞

 

C, 30 s of annealing at 50

 

∞

 

C for iNOS or 55

 

∞

 

C for IRF-1, and
30 s of extension at 72

 

∞

 

C. The number of cycles (25 for GAPDH
and 30 for iNOS and IRF-1), ensuring non-saturating PCR con-
ditions, was established in preliminary experiments. For iNOS, the
sense primer was 5

 

¢

 

-AGAGAGATCCGGTTCACA-3

 

¢

 

, and the
antisense primer was 5

 

¢

 

-CACAGAACTGAGGGTACA-3

 

¢

 

 corre-
sponding to positions 88–105 and 446–463, respectively, of the
published rat iNOS mRNA sequence (GenBank accession num-
ber S71597); the PCR product was 376 bp long. For IRF-1, the
primers were: sense, 5

 

¢

 

-GACCAGAGCAGGAACAAG-3

 

¢

 

; anti-
sense, 5

 

¢

 

-TAACTTCCCTTCCTCATCC-3

 

¢

 

, corresponding to
positions 483–500 and 881–899, respectively, of the published
rat IRF-1 mRNA sequence (M34253); the PCR product
was 417 bp long. The primers for GAPDH were: sense,
5

 

¢

 

-GAAGGGTGGGGCCAAAAG-3

 

¢

 

; antisense, 5

 

¢

 

-GGATG
CAGGGATGATGTTCT-3

 

¢

 

, corresponding to positions 371–388
and 646–665 of the published rat GAPDH mRNA sequence
(AB017801); the PCR product was 295 bp long. PCR products
were visualized by electrophoresis through agarose gel stained
with ethidium bromide. Gels were photographed and results were
analysed by densitometry using Scion Image beta 2 software. Rel-
ative expression of iNOS and IRF-1 mRNA was calculated as a
ratio between the densities of the iNOS/IRF-1 and GAPDH
bands.

 

Determination of cell viability and total protein content

 

Cell respiration, as an indicator of cell viability, was assessed by
the mitochondrial-dependent reduction of MTT to formazan. At
the end of the culture, MTT solution was added to cell cultures in
final concentration of 0·5 mg/ml and cells were incubated for an
additional 1 h. Thereafter, medium was removed and cells were
lysed in DMSO. The conversion of MTT to formazan by metabol-
ically viable cells was monitored by an automated microplate
reader at 570 nm. The total protein amount in the cells was mea-
sured by Bradford assay and the results were presented as the
absorbance at 570 nm.

 

Statistical analysis

 

To analyse the significance of the differences between various
treatments performed in triplicates, we used analysis of variance
(

 

ANOVA

 

), followed by Student-Newman–Keul’s-test. A 

 

P

 

-value
less than 0·01 was considered significant.

 

RESULTS

 

MPA down-regulates IFN-

 

g

 

 

 

+

 

 LPS-induced NO production
in fibroblasts

 

The combination of IFN-

 

g

 

 and LPS has been reportedly used for
induction of NO synthesis in various cell types [4]. Accordingly,

the stimulation with IFN-

 

g

 

 

 

+

 

 LPS effectively up-regulated NO
production in mouse L929 fibroblast cell line (Fig. 2a), compared
with low basal levels of NO release in unstimulated cultures
(

 

<

 

2·0 

 

m

 

M

 

 nitrite). A general translation inhibitor – cyclohexim-
ide, and a fairly selective iNOS inhibitor – aminoguanidine [16],
both prevented the observed NO production (15·6 

 

±

 

 0·3,
2·4 

 

±

 

 0·2, 2·1 

 

±

 

 0·4 

 

m

 

M

 

 in control, cycloheximide, and aminoguani-
dine-treated L929 cultures, respectively; 

 

P

 

 

 

<

 

 0·01), thus confirm-
ing that the NO was synthesized by the inducible NOS isoform.
The simultaneous addition of MPA with IFN-

 

g

 

 

 

+

 

 LPS markedly
down-regulated L929 fibroblast NO synthesis in a dose-
dependent manner (Fig. 2a). The inhibitory effect of MPA on
IFN-

 

g

 

 

 

+

 

 LPS-triggered NO release was confirmed in rat primary
fibroblasts (Fig. 2b). The observed MPA action on fibroblast NO
synthesis was not a consequence of the drug toxicity, as MTT
assay did not show significant changes in cellular respiration
upon MPA treatment of L929 cells (Fig. 2a) or primary fibro-
blasts (data not shown). Interestingly, while both rat and mouse
macrophages produced large amounts of NO following IFN-

 

g

 

 

 

+

 

 LPS activation, MPA did not have any effect on macrophage
NO production (Figs 2c and d).

 

MPA suppresses iNOS expression, but not its enzymatic activity 
in fibroblasts

 

It was recently proposed that MPA might interfere with NO pro-
duction in endothelial cells by blocking the synthesis of the essen-
tial iNOS cofactor BH4 [6]. However, direct BH4 precursor
sepiapterin failed to restore NO synthesis in either L929 or pri-
mary fibroblasts treated with MPA (Figs 3a and b), indicating that
some other mechanism might be responsible for the effect of
MPA in these cells. A small increase in nitrite accumulation was
observed in sepiapterin-treated primary fibroblasts regardless of
the presence of MPA, probably as a consequence of increased
availability of BH4. To get further insight into the mechanism of
MPA action, the drug was added to L929 fibroblasts in which the
iNOS was induced by 24 h pre-treatment with IFN-

 

g

 

 

 

+

 

 LPS, and
any further iNOS expression was blocked with transcription
inhibitor actinomycin D or translation blocker cycloheximide. In
these conditions, MPA failed to affect NO release (Fig. 3c), sug-
gesting that IFN-

 

g

 

 

 

+

 

 LPS-induced expression of iNOS enzyme,
rather than its catalytic activity, was the target for the drug action
in fibroblasts. To confirm such an assumption, we examined the
influence of MPA on the level of iNOS protein in L929 fibroblasts
stimulated with IFN-

 

g

 

 

 

+

 

 LPS. In accordance with the data of
nitrite measurement, iNOS was almost undetectable in resting
cells (data not shown), but it was strongly up-regulated following
the activation with IFN-

 

g

 

 

 

+

 

 LPS (Fig. 3d). As expected, the addi-
tion of MPA during IFN-

 

g

 

 

 

+

 

 LPS stimulation markedly reduced
the expression of iNOS in L929 fibroblasts. Importantly, MPA did
not have a general inhibitory effect on protein synthesis, as it did
not significantly alter total protein level in IFN-

 

g

 

 

 

+

 

 LPS-treated
L929 cells (Fig. 3b).

 

MPA inhibits the induction of iNOS and IRF-1 mRNA
in fibroblasts

 

The inability of MPA to affect fibroblast NO release in the pres-
ence of transcription inhibitor actinomycin D (Fig. 3a) indicated
that the drug might act by interfering with the transcription of
iNOS gene. Therefore, we next investigated the effect of MPA on
the expression of mRNA for iNOS and its important transcription
factor IRF-1 [17] in primary fibroblasts. Whilst barely detectable
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in untreated cells, the levels of both iNOS and IRF-1 mRNA were
markedly elevated upon the stimulation with IFN-

 

g

 

 

 

+

 

 LPS
(Fig. 4). In line with the data on nitrite measurement and iNOS
expression, MPA almost completely abolished IFN-

 

g

 

 

 

+

 

 LPS-
triggered accumulation of iNOS mRNA. Furthermore, MPA also
decreased the expression of IRF-1 message, thus indicating that
the drug might affect iNOS transcription at least partly through
inhibition of IRF-1 gene expression. As previously demonstrated
at the level of NO production (Fig. 2), MPA did not have any
effect on either iNOS or IRF-1 mRNA induction in IFN-

 

g + LPS-
stimulated rat macrophages (Fig. 4).

Guanosine blocks MPA’s effect on fibroblast iNOS and
IRF-1 expression
Finally, we assessed the involvement of IMPDH inhibition in the
observed effect of MPA on iNOS-mediated NO synthesis in fibro-
blasts. As the biological effects of MPA-mediated IMPDH inhi-
bition are the consequence of the reduced pool of guanosine
nucleotides, the ability of exogenous guanosine to counteract
MPA action in fibroblasts was tested. Indeed, the addition of gua-
nosine almost completely diminished the inhibitory effect of MPA

on NO production, as well as the expression of iNOS and IRF-1
mRNA in IFN-g + LPS-stimulated fibroblasts (Fig. 5). Guanosine
itself did not stimulate either iNOS or IRF-1 expression in resting
or IFN-g + LPS-treated cells (data not shown), thus excluding the
possibility that the observed effect of guanosine was unrelated to
countervailing MPA action. Therefore, it appears that the inhibi-
tory effect of MPA on fibroblast iNOS expression depends mainly
on IMPDH inhibition and the subsequent reduction of guanosine
nucleotide levels.

DISCUSSION

The results of the present study clearly demonstrate that immu-
nosuppresant MPA, at concentrations well below nontoxic levels
achievable in vivo [2], inhibits NO production in rodent fibro-
blasts, but not macrophages. The effect of MPA was probably
mediated through reduction of IMPDH activity and subsequent
down-regulation of the intracellular level of guanosine nucle-
otides, resulting in impaired activation of iNOS transcription fac-
tor IRF-1 and defective expression of the iNOS gene.

Fig. 2. MPA inhibits NO production in fibroblasts, but not macrophages. (a) L929 cells were stimulated for NO production with IFN-g
(250 U/ml) + LPS (5 mg/ml) and treated with various concentrations of MPA. (b–d) Untreated (control) or IFN-g + LPS-stimulated primary
rat fibroblasts (b), mouse (c) or rat (d) macrophages were treated with MPA (5 mM). Results from one of five (a), four (b) or two (c, d)
independent experiments with similar results are presented as mean + s.d. (*P < 0·01 refers to cultures without MPA). Control values in
(a) were 22·7 mM for nitrite accumulation and 0·373 (A570) for MTT assay.
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Together with the results by Senda et al., 1995 [6], our data
indicate that MPA-mediated inhibition of IMPDH affects NO
synthesis in fibroblasts and endothelial cells at different levels.
The impairment of iNOS catalytic activity, as a result of BH4 defi-
ciency, appears mainly responsible for the MPA action in endot-
helial cells [6]. Accordingly, in our hands, direct BH4 precursor
sepiapterin was very efficient in reverting the inhibitory effect of
MPA on NO production in rat endothelial cells (unpublished
observation). However, MPA inhibition of NO release in fibro-
blasts was largely insensitive to exogenous supplementation of
sepiapterin, while it was accompanied by a pronounced decrease
of both iNOS mRNA and protein levels. It should be noted that
these findings do not exclude the capacity of MPA to affect the
activity of fibroblast iNOS through limitation of its essential co-
factor BH4, but imply that such an effect would not be readily evi-
dent, since preceded by the drug-imposed blockade of iNOS
expression. MPA-mediated down-regulation of iNOS mRNA
expression was also observed in cytokine-stimulated astrocytes in
vitro [18], as well as in renal cortical cells of lupus-prone MRL/lpr
mice in vivo [19], thus confirming the drug’s ability to interfere
with the expression of iNOS gene in different cell types.

A co-ordinated binding of two transcription factors, NF-kB
and IRF-1, to their consensus sequences in the iNOS promoter is
necessary for optimal iNOS transcription [20]. Unlike NF-kB,
IRF-1 is activated mainly at the transcriptional level [21], and a
striking down-regulation of IRF-1 mRNA by MPA provides a
plausible explanation for the drug effect in the present study.
Moreover, it indicates that a similar mechanism might be also
responsible for the reduced renal iNOS mRNA expression in
MPA-treated lupus mice, as the observed drug action was appar-
ently independent of modulation of NF-kB pathway [19]. While
LPS is a prototype NF-kB activator [22], IRF-1 is a principal
mediator of IFN-g intracellular actions [21]. It therefore seems
conceivable to assume that MPA might exert its inhibitory action
on fibroblast iNOS expression mainly through interference with
IFN-g-derived signals. Accordingly, our unpublished observations
show that MPA can inhibit fibroblast NO production triggered by
high dose of IFN-g, in the absence of LPS co-stimulation. The
finding that MPA-sensitive expression of iNOS in lupus mice [19]
depends mostly on IL-12-induced IFN-g [23] is also consistent
with the putative interference of MPA with IFN-g  signal trans-
duction. However, although the inability of MPA to affect

Fig. 3. MPA inhibits iNOS expression, but not its catalitic activity in fibroblasts. (a, b) IFN-g (250 U/ml) + LPS (5 mg/ml)-stimulated L929
cells (a) and primary rat fibroblasts (b) were incubated with MPA (5 mM), in the presence or absence of sepiapterin (100 mM). (c) Primary
fibroblasts were stimulated with IFN-g + LPS for 24 h, thoroughly washed, and cultured in fresh medium containing actinomycin D (5 mg/
ml) or cycloheximide (5 mg/ml) for an additional 48 h. (d) IFN-g + LPS-stimulated L929 cells were incubated for 48 h with MPA (5 mM) and
the amount of iNOS and total proteins were determined by cell-based ELISA and Bradford assay, respectively. Representative results
from three (a, b) or two (c, d) separate experiments with similar results are presented as mean + s.d. (*P < 0·01 refers to corresponding
cultures without MPA).
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fibroblast NO release when the transcription was blocked, sup-
ports transcriptional, possibly IRF-1-dependent iNOS regulation
by the drug, the possibility of transcription-dependent drug inter-
ference with iNOS mRNA stability could not be completely
excluded. The experiments intended to provide support for the
putative causal relationship between MPA-mediated inhibition of
IRF-1 and iNOS expression in fibroblasts are currently under way
in our laboratory.

Guanosine, which acts as a guanosine nucleotide precursor in
the salvage pathway [2], completely neutralized MPA-mediated
inhibition of fibroblast NO release and restored both IRF-1 and
iNOS expression. This strongly indicates that these MPA actions
were exerted through inhibition of IMPDH activity and subse-
quent depletion of the intracellular pool of guanine nucleotides.
While the assumption that IMPDH might be required for the
optimal induction of IRF-1 and, subsequently, iNOS, is intriguing,
there is a question of the intracellular mechanism possibly
responsible for that connection. One plausible explanation is that
MPA might interfere with guanosine nucleotide-dependent func-
tion of G-proteins, which are initiating members of mitogen-
activated protein kinase (MAPK) signalling cascade. Indeed,
MAPK signalling has recently been implicated in the induction of
fibroblast iNOS [24,25], as well as IRF-1 in retinal epithelial cells
or hepatocytes [26,27], while IMPDH inhibition was associated
with reduced levels of GTP-associated G-protein p21ras and
the subsequent impairment of MAPK activation [28]. We are

currently investigating the hypothesis that MPA interference with
IMPDH activity in fibroblasts might result in deficient MAPK
activation, which could then lead to reduced expression of IRF-1
and iNOS.

Interestingly, both rat and mouse macrophages were abso-
lutely resistant to MPA interference with iNOS expression and
catalytic activity that was operative in fibroblasts or endothelial
cells, respectively. This is unlikely to be due to macrophage insen-
sitivity to MPA-mediated IMPDH inhibition, as MPA causes a
rapid down-regulation of guanosine nucleotide content in mono-
cytes [2]. While the possible difference in BH4 availability might
account for the distinct MPA effect on the enzymatic activity of
macrophage and endothelial iNOS, the absence of MPA influence
on the expression of macrophage iNOS indicates that intracellu-
lar pathways controlling iNOS activation in fibroblasts and mac-
rophages might differ. Although the data on MAPK involvement
in the iNOS induction in macrophages are somewhat conflicting,
several studies suggested that the activation macrophage iNOS
might be relatively insensitive to MAPK inhibition [25,29–31],
thus laying a credible ground for this hypothesis. With the mech-
anisms still remaining to be established, this cell-specific interfer-
ence of MPA with iNOS-mediated NO release might have
significant therapeutic implications. As macrophage-derived NO
could play an important immunoregulatory role in limiting the
activation of T cells in lymphoid organs [32,33], its suppression
might not be always desirable in T-cell-mediated disorders such as

Fig. 4. MPA inhibits iNOS and IRF-1 gene expression in fibroblasts. Primary fibroblasts (black bars, and upper photographs) and
macrophages (grey bars, and lower photographs) were cultured in medium alone, or stimulated with IFN-g (250 U/ml) + LPS (5 mg/ml), in
the presence or absence of MPA (5 mM). The photographs of the gels from a representative of three separate experiments are presented.
The results of RT-PCR analysis, presented as fold increase in iNOS (a) or IRF-1 (b) gene expression relative to the expression in untreated
cells, are means ± s.d. of three independent experiments (*P < 0·01 refers to IFN/LPS treatment).
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autoimmunity and transplant rejection. Alternatively, selective
down-regulation of fibroblast iNOS by MPA might be sufficient to
prevent excessive NO release and cell damage in the target tissue,
such as inflamed joints in rheumatoid arthritis or parenchymal tis-
sue of the grafted organ. Nevertheless, it is dependent on future
studies to confirm whether the interference with iNOS-mediated
NO production could contribute to MPA effects in rheumatoid
arthritis or the therapy of allograft rejection. Exploring the effect
of MPA on NO synthesis in other cell types relevant for the
pathology of these inflammatory conditions, such as synoviocytes
or chondrocytes, would be valuable for achieving that goal.
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