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Abstract Mizoribine, an immunosuppressive drug, has
been used for treatment in organ transplantation, lupus
nephritis, and rheumatoid arthritis (RA). On the basis of in
vitro experiments, mizoribine has been postulated to be an
inhibitor of inosine monophosphate (IMP) dehydrogenase,
a pivotal enzyme in the formation of guanine ribonucle-
otides from IMP. To further characterize the mechanism of
the antirheumatic action of this drug, we examined the
effect of mizoribine on the production of interleukin (IL)-
6, a major inflammatory cytokine in rheumatoid synovia,
by freshly prepared rheumatoid synovial cells (RSC).
Mizoribine (1.25-5 ug/ml) was able to inhibit the spontane-
ous production of IL-6 by fresh RSC in a dose-response
fashion. The addition of guanosine monophosphate (GMP)
reversed its inhibitory effects. In addition, mizoribine inhib-
ited the enhanced production of IL-6 by the IL-1a and/or
tumor necrosis factor a-stimulated RSC. Inhibition was also
observed at the mRNA level, determined by Northern blot
analysis. In contrast, mizoribine did not affect IL-8 produc-
tion by these cells. These data suggest that mizoribine inhib-
its IL-6 production by fresh RSC, possibly owing to the
depletion of intracellular GMP, and that this inhibitory
effect of the drug on rheumatoid synovial cells may be
related to its efficacy in RA.
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Introduction

Although the pathogenesis of rheumatoid arthritis (RA) is
still unknown, a number of cytokines have been implicated
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as important mediators of inflammation and joint destruc-
tion."” Interleukin (IL)-6 is a pleiotropic cytokine that plays
important roles in the inflammatory process in RA.* IL-6
induces the synthesis of acute-phase protein,* thrombocyto-
sis,” and bone resorption.® IL-6 is produced by a variety of
cell types, such as monocytes, fibroblasts, and endothelial
cells. In particular, IL-6 has been shown to be the most
abundantly expressed cytokine in rheumatoid synovia.”®
Moreover, recent studies demonstrated that an antibody
against IL-6 receptor might be effective for the treatment of
RA’ and a murine collagen-induced arthritis model."

Mizoribine (4-carbamoyl-1-B-p-ribofurano-
sylimidazorium-5-olate) was isolated from the soil fungus
Eupenicillum brefeldianum." Mizoribine is metabolized to
its monophosphate form by adenosine kinase,” and has
been postulated to inhibit inosine monophosphate (IMP)
dehydrogenase, which is required for the synthesis of
guanine nucleotides from IMP." It has been shown that
mizoribine suppresses the proliferation of human T cells in
a mechanism that is reversed by repletion of intracellular
guanosine monophosphate (GMP)."* Thus, mizoribine has
an immunosuppressive action through inhibition of de novo
synthesis of guanine nucleotides. In clinical conditions,
mizoribine is widely used as an immunosuppressive drug
for treatment in renal transplantation.”' In addition, previ-
ous clinical trials demonstrated the efficacy of mizoribine in
the treatment of RA' and lupus nephritis."®

Guanosine triphosphate (GTP) is required for many bio-
logical activities such as the synthesis of DNA, RNA, and
protein, and cell signaling. It is well established that GTP-
binding proteins have diverse roles as switches in cell
growth, receptor activation, cytokine signaling, protein exo-
cytosis, and changes in cell shape.'*” In view of the impor-
tant roles of GTP, it is likely that mizoribine may modulate
the production of various cytokines in rheumatoid synovia
through the deletion of intracellular guanine nucleotides.
However, little is known about the effect of mizoribine on
the production of inflammatory cytokines. In the present
study, we examined the effect of mizoribine on the pro-
duction of IL-6 by freshly prepared rheumatoid synovial
cells.



materials and methods
Reagents

Mizoribine was provided by Asahi Chemical Industry
(Tokyo, Japan). Tumor necrosis factor a (TNFa) (recom-
binant human TNFa, specific activity 2.55 X 10°units/mg)
and IL-lo (recombinant human IL-la, specific activity
2.01 X 10”units/mg) were generous gifts from Dainippon
Pharmaceutical (Osaka, Japan). These cytokines contained
no detectable levels of endotoxin. GMP and dimethyl-
thiozoldiphenyl tetrazolium bromide (MTT-tetrazolium)
were purchased from Sigma Chemical (St Louis, MO,
USA).

Cell preparation

The freshly prepared rheumatoid synovial cells (fresh RSC)
used in this study were derived from patients with RA who
underwent total knee replacement or synovectomy. All
patients were diagnosed as having RA according to the
1987 criteria of the American College of Rheumatology.”
Informed consent was obtained from each patient. The
synovial tissue was cut into fragments of 1-3mm diameter
and incubated in 0.5-1mg/ml collagenase and 5-10pg/ml
deoxyribonuclease I for 2-3h. After digestion, the resultant
single-cell suspension was washed, filtered through sterile
gauze and nylon mesh, and finally resuspended in
Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal calf serum (FCS),
penicillin 100 U/ml, gentamicin 60 ug/ml, N-2-hydroxyethyl-
piperazine-N-2-ethanesulphonic acid 12.5mM, and °L-
glutamine 2mM (DMEM medium). After overnight
incubation, nonadherent cells were removed. The resultant
adherent synovial cells were used as fresh RSC.

Immunoassay of IL-6 and IL-8

Fresh RSC were plated at a density of 1 X 10° cells /ml in
24-well plates. These cells were cultured in the presence or
absence of IL-1a and TNFa for the duration indicated. The
culture supernatants were collected, and stocked at —20°C
until used. IL-6 and IL-8 concentrations in culture superna-
tants were measured by enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s direc-
tions. The ELISA kits for both cytokines were purchased
from Research & Diagnostic Systems (Minneapolis, MN,
USA).

Cell viability

A colorimetric MTT incorporation assay was used as an
indicator of cell viability.” MTT-tetrazolium was dissolved
in PBS at 5Smg/ml. Twenty ul of a stock MTT solution was
added to all wells, and the plates were further incubated for
1-2h. The culture supernatant was then removed and 300 ul
of dimethylsulfoxide was added to each well and mixed
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thoroughly. Once the MTT crystals were dissolved, tripli-
cated aliquots (80ul) of the supernatant were pipetted into
96-well plates. The absorbance was then read at ODyy 3
using a microplate reader.

RNA isolation and Northern blot analysis

Total cellular RNAs in the treated fresh RSC were ex-
tracted by acid guanidine phenol/chloroform extraction®
using ISOGEN (Nippon Gene, Toyama, Japan). The total
RNAs were fractionated in 1% agalose/3.7% formaldehyde
gels for Northern blot analysis. TRNA was stained with
ethidium bromide and visualized under ultraviolet light.
The RNA was transferred to a nylon membrane (Hyband-
N; Amersham, UK). An IL-6 cDNA probe was obtained
after restriction enzyme digestion of total plasmid. The vec-
tor pGEM4, containing the cDNA of IL-6 as an insert of
440bp, was a generous gift of Dr. Hirano (Osaka, Japan).
The probe was labeled with [digoxigenin] dUTP by using
a nonradioactive DNA labeling and detection kit
(Boehringer Mannheim Mannheim, Germany). Prehybridi-
zation and hybridization in 50% formamide were carried
out at 42°C. Final washes were performed in 0.1 X SSC and
0.2% SDS at 65°C. The membranes were then incubated
with antidigoxigenin alkaline phosphatase conjugate,
washed, and incubated with a chemiluminescent substrate
for alkaline phosphatase, adamantyl-1,2-dioxetane phos-
phate, before being exposed to X-ray film (Eastman Kodak,
Rochester, NY, USA).

Results

Inhibitory effect of mizoribine on the production of IL-6
by fresh RSC

Fresh RSC spontaneously produced large amounts of IL-6
(Fig. 1A). Mizoribine inhibited this spontaneous production
in a dose-response fashion (Fig. 1A). The inhibitory effect
was observed at a concentration of 1.25ug/ml mizoribine,
which was almost the same as that reached in blood in
vivo during mizoribine treatment.** The inhibitory effect of
mizoribine was not due to the cell cytotoxicity of this drug,
assessed by colorimetric MTT assay (Fig. 1B). As shown
in Fig. 1C, the spontaneous production of IL-6 was rapidly
reduced after 24 h, but the synovial cells looked alive under
the microscope even after 72h culture. In addition, we
confirmed that the cell viability was always more than 95%
by using a trypan blue dye exclusion test. Therefore, the
decline of IL-6 production was due to the change in activa-
tion state, not to cell death. As shown in Fig. 1C, mizoribine
inhibited the production of IL-6 in all time points except the
first incubation of 0-12h.

The role of GTP in IL-6 inhibition by mizoribine

We next examined whether the inhibitory effect of
mizoribine might be via the deletion of intracellular guanine
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Fig. 1. Effect of mizoribine on the production of interleukin (IL)-6 by
freshly prepared rheumatoid synovial cells (fresh RSC). A Fresh RSC
were placed in a 24-well plate at 5 X 10° cells/well in 0.5ml DMEM
medium (see Materials and methods), and cultured in the presence of
increasing concentrations of mizoribine every 12h. The amounts of IL-
6 in the supernatants of the culture medium from 24 to 36h were
measured by enzyme-linked immunoabsorbent assay (ELISA). B Af-
ter incubation with mizoribine for 24h, the viability of the cells was
assessed by colorimetric MTT incorporation assay (see Methods). OD,
optic density. C For time-course studies, fresh RSC were cultured with
the indicated concentration of mizoribine, and the supernatants were
replaced with fresh medium containing mizoribine every 12h. The
amounts of IL-6 in each supernatant were measured by ELISA. Each
bar represents mean = SD of three different wells. Data are represen-
tative of three separate experiments with rheumatoid synovia obtained
from three different patients

nucleotides. The serum levels of mizoribine in patients with
RA could reach a concentration of 2.5ug/ml. To examine
the clinical significance of this study, we tested the effect
of mizoribine at a concentration of 2.5ug/ml. As shown in
Fig. 2, mizoribine inhibited IL-6 production by fresh RSC.
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Fig. 2. Effect of guanosine monophosphate (GMP) on the inhibition of
interleukin (IL)-6 production by mizoribine. Fresh RSC were placed
in a 24-well plate at 5 X 10 cells/well in 0.5ml DMEM medium, and
cultured with or without mizoribine (2.5ug/ml) in the presence or
absence of GMP (40 uM) every 24 h. The amounts of IL-6 in the super-
natants of culture medium from 24 to 48h were measured by ELISA.
Each bar represents mean = SD of four different wells. Data are
representative of three separate experiments with rheumatoid synovia
obtained from three different patients

The addition of GMP to the culture completely abolished
the inhibitory effect of mizoribine, suggesting that the IL-6
inhibition is mainly due to decreased levels of guanine
nucleotides.

The effect of mizoribine on the production of IL-6 and
IL-8 by IL-1a- and/or TNFa-stimulated RSC

It has been shown that IL-1 and TNFa, the major cytokines
in rheumatoid synovia,"” stimulate IL-6 production in a va-
riety of cell types. Therefore, it is possible that mizoribine
indirectly inhibited IL-6 production via inhibition of these
cytokines. Next, we examined the effect of mizoribine on
the production of IL-6 by fresh RSC cultured in the pres-
ence or absence of exogenous IL-lo and/or TNFa. The
addition of both cytokines resulted in the increased produc-
tion of IL-6 and IL-8 by RSC (Fig. 3A,B). Mizoribine also
inhibited the enhanced production of IL-6 (Fig. 3A). In
contrast, mizoribine did not modulate the production of
IL-8 (Fig. 3B). We next examined the effect of mizoribine
on the gene expression of IL-6. Northern blot analysis re-
vealed that IL-1a induced the gene expression of IL-6, and
that mizoribine also inhibited the enhanced expression of
the gene (Fig. 3C).

Discussion

Mizoribine is widely used as an immunosuppressant for the
treatment of RA in Japan."” Although some inhibitory ef-
fects of mizoribine on the proliferation of T cells'* and B
cells® have been reported, little is known about the effect of
mizoribine on the rheumatoid synovial cells. We have dem-
onstrated that mizoribine inhibited IL-6 production by
fresh RSC. In total, more than 15 samples were analyzed
for this study, and the inhibition of IL-6 by mizoribine was
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Fig. 3. Effect of mizoribine on the production of interleukin (IL)-6 and
IL-8 by IL-1a and/or tumor necrosis factor oo (TNFa). The rheumatoid
synovial cells, after being cultured for 7 days after isolation, were
placed in a 24-well plate at 5 X 10° cells /well, and cultured with or
without IL-lo (2ng/ml) and/or TNFa (20ng/ml) in the presence of
2.5 ug/ml mizoribine for 24 h. The amounts of IL-6 (A) and IL-8 (B) in
the culture supernatants were measured by ELISA. Each bar repre-
sents mean * SD of three different wells. Data are representative of
two separate experiments with rheumatoid synovia obtained from two

consistently observed in all experiments for time-course,
dose-response, and the gene expression. In addition, the
inhibition was completely prevented by exogenous GMP.
To our knowledge, this is the first report examining the
effect of mizoribine on the production of inflammatory
cytokines by rheumatoid synovial cells.

Although the fresh RSC used in this study mainly con-
sisted of macrophage-like cells and fibroblast-like cells,””
mizoribine did not affect IL-6 production by IL-la-
stimulated cultured rheumatoid synovial fibroblasts (data
not shown). These contrasting data might be explained by
the differences in intracellular guanine nucleotide levels
after treatment with mizoribine, although we could not
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different patients. C Northern blot analysis. Rheumatoid synovial cells
after 7 days culture were cultured with or without IL-1a (2 ng/ml) in the
presence or absence of mizoribine (5ug/ml) for 8 h. After incubation,
the treated cells were harvested for Northern blotting. Ten micrograms
of total cellular RNA was size-fractionated, blotted, and hybridized
with digoxigenin-labeled IL-6 probe (see Materials and methods). The
amounts of rRNA stained with ethidium bromide are shown in the
lower panel. Data are representative of two separate experiments with
rheumatoid synovium obtained from two different patients

determine those levels. The GTP level in cells is regulated
through de novo and salvage pathways. Although mizori-
bine inhibits de novo synthesis of GTP via inhibition of
IMP dehydrogenase, it does not affect the salvage pathway.
Therefore, it is likely that mizoribine may act mainly on the
cells in which the de novo pathway of GTP synthesis is
dominant. In fact, it has been demonstrated that mizoribine
reduced the levels of GTP in T cells much more than those
in B cells.” Thus, the inhibitory effect of mizoribine may be
dependent on cell type and/or the state of activation.

The mechanism by which the deletion of guanine nucle-
otides induces the inhibition of IL-6 is not yet known. In
addition to a general effect on DNA, RNA, and protein
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synthesis, GTP plays an important role in the plasma mem-
brane. GTP-binding protein participates in receptor-
mediated signal transduction, including inflammatory me-
diators and proteinases.'”” It was reported that an activator
of GTP-binding protein, sodium fluoride, could induce the
expression of IL-6 mRNA in fibroblasts.” In addition, a
recent study suggested that mizoribine might modulate the
function of GTP-binding proteins in an apoptosis model
using insulin-secreting cells.”” Considering these findings, it
is possible that GTP may be involved in excessive produc-
tion of IL-6 in rheumatoid synovia, and that mizoribine may
inhibit IL-6 production by modulating the function of GTP-
binding proteins.

Mizoribine did not affect IL-8 production. In addition,
IL-1p production was not inhibited by mizoribine (data
not shown), although we could not examine the effect of
mizoribine on the production of TNFa because the amounts
of TNFa produced by the synovial cells were so small.
These results indicated that the inhibitory effect of
mizoribine might be relatively restricted to IL-6. The 5’
flanking region of the IL-6 gene contains a number of puta-
tive cis-acting elements which may be modulated by cyclic
AMP.* In fact, the gene expression of IL-6 was up-
regulated by cyclic AMP or prostaglandins.*** Since GTP-
binding proteins play a critical role in cyclic AMP-mediated
signal transduction,”” mizoribine may inhibit IL-6 gene
expression by inhibition of the signal transduction.

In conclusion, we have shown that mizoribine inhibited
IL-6 production by fresh RSC, possibly due to decreased
levels of intracellular guanine nucleotides. The inhibitory
effect of this drug may be related to its efficacy in the
treatment of RA.
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