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Abstract Rheumatoid arthritis (RA) is a chronic immune-mediated disease charac-
terised by chronic synovitis, which leads to cartilage damage and joint destruc-
tion. It is generally a progressive disease with radiographic evidence of joint
damage, functional status decline and premature mortality. Proinflammatory
cytokines, such as interleukin 1 and tumour necrosis factor α, play an important
role in maintaining the chronicity of RA and mediating tissue damage. New
approaches in the therapy of RA with anticytokine biological agents, which neu-
tralise or block cytokines or their receptors, are now the first generation antirheu-
matic drugs in clinical practice.

A better understanding of the signal transduction systems and gene regulation
by transcription factors involved in cytokine production has opened the way for
the discovery of novel therapeutic compounds useful in treating patients with RA.
Overactivation of selective kinases or aberrant function of downstream transcrip-
tion factors could help convert a normal immune response to a chronic disease
state. This provides a unique opportunity for novel therapeutic interventions,
since specific signal transduction or transcription factor targets might interrupt
the perpetuation mechanisms in RA. The availability of potent and selective p38
mitogen activated protein kinase inhibitors provide a means in further dissecting
the pathways implicated in cytokine production, which in turn maintain the chro-
nicity of RA. Many studies conclude that these compounds are very useful in the
treatment of chronic synovitis and therefore are very promising for RA treatment.
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Rheumatoid arthritis (RA) is a chronic inflam-
matory disease, affecting primarily the synovial
membrane. The presentation of an appropriate an-
tigen to an immunogenetically susceptible host is
believed to be the event that initiates a complex
series of steps, which ultimately results in chronic
inflammatory synovitis. Activated autoreactive T
cells and macrophages, as well as an increased
number and activity of synoviocytes, have been
implicated in the pathogenesis of bone and joint

destruction in RA.[1-3] Aberrant overproduction of
proinflammatory cytokines such as interleukin
(IL)-1 and tumour necrosis factor (TNF)-α by in-
flammatory cells leads to persistent up-regulation
of various molecules responsible for the inflamma-
tory and destructive processes in the joints of pa-
tients with RA [4,5] (figure 1). The overproduction
of IL-1, TNFα and other molecules is regulated via
specific transcription factors. A number of tran-
scription factor families including activator protein



(AP)-1, activating transcription factor (ATF)-2, nu-
clear factor κB (NF-κB), nuclear factor of activated
T cells (NF-AT), signal transducer and activator of
transcription (STAT), p53 and nuclear hormonal re-
ceptors have been implicated as critical regulators
of gene expression in the setting of inflammation
in rheumatoid joints.[6-8] These factors usually in-
crease the rate of transcription of the gene and
therefore increase the formation of messenger
RNA (mRNA) and protein (figure 2).

Current therapies in RA are designed to reduce
the availability or inhibit the activity of TNFα and
IL-1 by administration of various biological agents
like monoclonal antibodies (mAbs) against TNFα,
soluble TNFα receptors and IL-1 receptor (IL-1R)

antagonists.[5,9] It is therefore important to study
the signalling pathways involved in the regulation
of transcription factors responsible for gene activa-
tion and cytokine production. In this review we
discuss the signal transduction systems and the reg-
ulation of gene expression and the possible sites of
therapeutic intervention, with a focus on selective
p38 mitogen-activated protein kinase inhibitors.

1. Signal Transduction Cascades

Cell growth and cell activation are initiated by
the binding of a signalling agent, most commonly
a growth factor, an antigen, or cytokine to a specific
receptor. Signal transduction is the process by
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Fig. 1. In a genetically predisposed individual a viral peptide or an autoantigen is recognised by the antigen-presenting cell. This
leads to initiation of a series of events, immune system activation and disease perpetuation. As a consequence of this process
proinflammatory cytokine production occurs which leads to disease chronicity. This inflammatory event causes leucocyte migration
across the epithelium to the synovial membrane, localisation and establishment of the disease. APC = antigen presenting cell; CD40L
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which extracellular signals are detected and con-
verted into intracellular signals, which in turn gen-
erate a specific cellular response. Signal transduc-
tion systems are typically arranged as networks of
sequential protein kinases. The most important ones
are the mitogen activated protein kinase (MAPK),
phosphoinositide (PI)-3 kinase, inositol lipid (IP3),
cyclic adenosine monophosphate (cAMP), jenus
kinases (JAKs) and STATs signalling system (fig-
ure 3).

The signal transduction systems transfer infor-
mation to the nucleus were specific changes occur
in the regulation of gene expression.[10-12] This reg-
ulation is frequently achieved at the level of the
transcription of genes, and the latter is controlled
by regulatory factors known as transcription fac-
tors, which then have a vital role in controlling cell
growth and cell activation. Transcription factors
exhibit a modular structure composed of specific
types of domains, including domains for DNA
binding and for transcriptional regulation (regula-
tory domain). The regulatory domain allows the
protein either to increase (activation domain) or to
decrease (suppressive domain) transcription. Tran-
scription factors are phosphorylated by specific
proximal kinases and such phosphorylation can
change the subcellular localisation of the transcrip-
tion factor or its affinity for DNA, which in turn
alters gene expression.[13,14]

The activity of at least three transcription fac-
tors relevant to the inflammatory process in RA
such as AP-1, NF-κB and STATs, is regulated di-
rectly or indirectly by MAPK pathways.[14,15]

These phosphorylation cascades are activated by
diverse extracellular stimuli and act to modulate
gene transcription in the inflammatory process.
Three groups of MAPKs have been identified in
mammalian cells. There are the extracellular signal
regulated kinases (ERKs), the c-Jun N-terminal ki-
nases (JNKs) and the p38 kinases.[15-17] MAPK
cascades consist of three or four tiered signalling
modules in which the MAPK or ERK is activated
by a MAPK kinase (MAPKK or MEK), which in
turn is activated by a MAPKK kinase (MAPKKK
or MEKK). The MAPKKK is itself activated by a

small G protein, such as Ras, either directly or via
another upstream kinase (figure 4). ERKs have
been activated by mitogens and growth factors,
while the JNKs and p38 kinases are activated in
response to the inflammatory cytokines TNFα, IL-
1 and by cellular stress (heat shock, osmotic shock,
reactive oxygen metabolites, ultraviolet irradia-
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tion, etc.). All three MAPK pathways are involved
in the transcriptional regulation of Fos and Jun
family genes (figure 4). The ERKs, JNKs and p38
MAPKs each contributes to up-regulation of c-fos
gene transcription by phosphorylating and activat-
ing the Ets family transcription factor ELK-1 and
stress-activated protein (SAP)-1. ELK-1 is phos-
phorylated by ERK and JNK, whereas SAP-1 is a
target of p38 MAPK (figure 4).[8,17,18]

2. Role of p38 Mitogen-Activated
Protein Kinase (MAPK) in 
Cytokine Production

Since the discovery of p38 MAPK in 1994, our
understanding of its biology has progressed dra-
matically.[13] It is now known that there are four

members of the p38 MAPK family (p38 α, β, γ, δ).
They differ in their tissue distribution, regulation
of kinase activation and subsequent phosphoryla-
tion of downstream substrates. The best-studied iso-
form is p38α the activation of which has been ob-
served in many hematopoietic and non-hematopoietic
cell types upon treatment with appropriate stimuli.

Significant progress has been made in defining
the exact molecular pathways of p38 MAPK acti-
vation and subsequent signalling. Members of the
p38 MAPK family are phosphorylated on Thr and
Tyr residents in a Thr-Gly-Tyr motif by a dual spec-
ificity MAPK kinase (MKK). Initially, it was
thought that among upstream MKKs, MKK3, 4 and
6 all activated p38 MAPK. However, recent studies
suggest that MKK6 and under certain conditions,
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MKK3 activate p38 MAPK. MKK6 is a dual spe-
cific kinase that phosphorylates p38 on Thr180 and
Tyr182. MKK6 can be activated by phosphoryla-
tion on Ser151 and Thr155 residues by an upstream
enzyme termed MAPKKK (figure 4).[18,19]

Selective activation of the p38 MAPK pathway
by MKK6 leads to mRNA stabilisation possibly
through MAPKAPK-2 (APK = activated protein
kinase) activation, the downstream target of p38
kinase. Thus, it seems that the p38 MAPK pathway
contributes to inducible gene expression by stabil-
ising mRNA through a MAPKAPK-2 and 3′ un-
translated region (3′-UTR) adenosine-uridine (AU)
rich motif targeted mechanism. This hypothesis
has been confirmed by the phenotypic changes ob-
served in transgenic mice expressing TNF mRNA
lacking the AU rich elements. Interestingly, TNF
3′-UTR AU element-deficient mice spontaneously
express TNF in targeted tissues leading to patholog-
ical conditions similar to RA and inflammatory
bowel disease. Moreover, TNF production by mac-
rophages from these mice was insensitive to p38
MAPK inhibitors despite normal activation of the
p38 MAPK pathway. In addition, mice deficient in
MAPKAPK-2 have been shown to be resistant to li-
popolysaccharide (LPS)-induced endotoxic shock.
This resistance appeared to be due primarily to a
marked reduction in TNF translation, and not at the
level or stability of TNF mRNA or secretion. This
result further confirms that p38 MAPK through its
activation of MAPKAPK-2 is essential for the reg-
ulation of TNF biosynthesis at a post-transcrip-
tional level.[8,18,19]

The p38 MAPK pathway is important also for
T-cell cytokine production as well. Mice deficient
in MKK3, an upstream kinase p38, are defective in
the production of IL-12 and interferon (INF)-γ
by antigen-presenting cells and CD4+ cells. p38
MAPK may be involved in mediating IL-10 in-
duced effects, by suppression of TNFα production,
in monocyte-derived dendritic cells. These effects
include an increase in the T cell stimulatory capac-
ity and expression of cell surface molecules, as
well as the suppressive effect of endocytosis and
chemotactic migration.[8,11,18]

3. Rationale for the Use of
Immunosuppressive Agents in
Rheumatoid Arthritis

The better understanding of the signal transduc-
tion pathways involved in inflammatory cytokine
production and signalling has provided a number
of intracellular molecular targets that can be ex-
ploited for the development of novel therapeutic
agents for the treatment of RA.[20] Several agents
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commonly used to treat RA affect the transcription,
synthesis, release and/or activity of cytokines, es-
pecially those cytokines that contribute to the
pathogenesis and the destructive process of the dis-
ease.

3.1 Cyclosporin

Cyclosporin, widely used to prevent transplant
rejection, is a fungal cyclic peptide very effective
in the treatment of RA. Its mechanism of action is
through the reduction in the synthesis of lympho-
cyte activating cytokines, particularly by reducing
the transcription of IL-2. After entering into the T
cell, cyclosporin binds to cyclophilin and this di-
meric complex inhibits calcineurin activity (CaN).
Normally CaN removes a phosphate group from
NF-AT and AP-1 thus leaving NF-AT and AP-1 to
move into the nucleus and stimulate IL-2, INFγ and
most T cell growth factors.[21,22] Cyclosporin also
interferes with the inducible degradation of NF-κB
inhibitors in the nucleus and causes a modest direct
decrease of NF-κB, leading to a net decrease in
NF-κB and increases transcription and synthesis by
T cells and macrophages of the transforming
growth factor (TGF)-β1, which down-regulates the
T cell response.[21,22] Cyclosporin has been used
for many years to treat RA and other autoimmune
diseases.

Before 1990, cyclosporin was used in patients
with refractory long standing RA, with invest-
igators using high doses of cyclosporin (5 to 10
mg/kg/day). This was associated with many ad-
verse effects, especially hypertension and nephro-
toxicity.[23] The renal adverse effects have been
overcome by the use of lower doses of cyclosporin
(<5 mg/kg/day) without loss of therapeutic effi-
cacy, following the international consensus recom-
mendations.[24] Thus, in recent years a number of
prospective, randomised double-blind clinical tri-
als have been reported showing the efficacy of
cyclosporin at doses of 2.5 to 5 mg/kg/day.[25,26]

In addition, long-term comparative studies have
been performed to compare the efficacy of cyclo-
sporin with other disease modifying antirheumatic
drugs (DMARDs). In these studies, cyclosporin

was found to have equal efficacy to chloroquine,
azathioprine and penicillamine (D-penicillamine).
Retardation of radiological progression in patients
with active RA has been found in recent controlled
studies.[24-26] Studies in patients with early RA
showed that cyclosporin has an equal value com-
pared with methotrexate, without serious adverse
effects and no radiological progression.[27-30] Fur-
thermore, in another long-term observational study
with patients with RA treated early, it appears that
cyclosporin is associated with the longest survival
time, more that 6 years, and that it was better than
hydroxychloroquine, penicillamine and gold salts.[31]

3.2 Tacrolimus and Sirolimus

Tacrolimus (FK-506) and sirolimus (rapamycin)
are purified from fungi. Despite the variable anti-
fungal properties they have been developed pri-
marily because of their potent immunosuppressive
properties. Their immunosuppressive effects are
similar to those of cyclosporin inhibiting the acti-
vation of T cells.[22] Although tacrolimus and
sirolimus share structural similarities, they sup-
press T-cell activation at different levels. Tacro-
limus inhibits T-cell activation through a series of
calcium-associated signal events involved in cyto-
kine gene transcription. In contrast, sirolimus ap-
pears to inhibit T-cell activation post-transcription-
ally.[22]

3.2.1 Tacrolimus
Tacrolimus has been approved for the preven-

tion of rejection of allogenic organ transplants. In
comparison to cyclosporin, tacrolimus is 10 to 100
times more potent in suppressing arthritis.[32] Thus,
in rodents, tacrolimus has been demonstrated to
prevent the development of collagen-induced ar-
thritis, antigen-induced arthritis and transferred
arthritis.[33] Tacrolimus significantly suppressed
the activity of arthritis once it was present in both
the collagen-induced model and the transferred
antigen-induced model. A recent study showed that
tacrolimus is effective in suppressing staphylococ-
cal enterotoxin B potentiated collagen-induced
arthritis in mice. In addition to suppressing the
clinical symptoms, changes in immunological pa-
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rameters, especially the expression of CD25 (IL-2
receptor) on T cells, were show with the drug.[34]

Therapeutic administration of tacrolimus was dem-
onstrated to have a profound anti-inflammatory ef-
fect on the development of the chronic, erosive ar-
thritis induced by peptidoglycan polysaccharide in
rats. The decrease in joint inflammation was asso-
ciated with suppression of IL-6 and nitric oxide
(NO) production.[35,36]

In a clinical trial, 12 patients with RA refractory
to many DMARDs received tacrolimus 2 to 6
mg/day. Seven of 12 patients completed 6 months
of treatment. These seven patients showed signifi-
cant clinical improvement as evaluated by the re-
duction of the number of swollen and tender joints.
All seven patients achieved the 20% American
College of Rheumatology (ACR) response criteria,
while five out of the seven patients satisfied the
50% ACR response criteria. Serum creatinine lev-
els were unchanged in all patients during the study
and no hypertension was seen. However, five pa-
tients withdrew from the study in the first 3 months
of treatment. Three because of gastrointestinal
symptoms, one because of chest pain and one be-
cause of neuropathic pain.[37]

These data suggest that tacrolimus may be ef-
fective in the treatment of RA, however, a large
randomised, double-blind, placebo-controlled study
is needed to demonstrate the efficacy, tolerability
and safety of tacrolimus in this setting.[37,38]

3.2.2 Sirolimus
Sirolimus has been shown to be effective in the

treatment and prevention of allogenic organ trans-
plantation in animal studies.[39,40] Oral administra-
tion of sirolimus was demonstrated to prevent the
development of adjuvant arthritis in rats. However,
equivalent doses did not affect established arthri-
tis.[41] Using a rat adjuvant arthritis model, oral
sirolimus significantly reduced both periarticular
inflammation and bony erosions compared with
controls. This beneficial effect of sirolimus was
seen in rats that had already developed arthritis and
extended beyond the time of drug discontinua-
tion.[38]

In preliminary studies, sirolimus was effective
at inhibiting streptococcal cell wall-induced arthri-
tis, but only if started at the time of antigen im-
munisation. Initiation of sirolimus therapy during
established arthritis had no effect on clinical or his-
tological inflammation. To date, no studies of
sirolimus have been conducted in patients with
RA. However, sirolimus is a promising drug and
may be effective in these patients.[38]

3.3 Mycophenolate Mofetil

Mycophenolate mofetil is a morpholinoethyl
ester of mycophenolic acid (MPA), which is rap-
idly absorbed and hydrolysed to form free MPA. In
1898, Dr Gosio first isolated MPA from a penicil-
lium culture.[42] He noted its antibacterial proper-
ties but was unable to isolate enough material for
further analysis. The chemical structure was dis-
covered by Dr Birkinshaw and his colleagues.[43]

Although it was initially investigated as an anti-
fungal and antibacterial agent, its antiviral, anti-
tumour and immunosuppressive properties were
soon discovered.[44,45]

MPA is the active metabolite of mycophenolate
mofetil inhibiting the de novo pathway of purine
synthesis in T and B cells. In the de novo pathway
synthesis, inosinate (inosine monophosphate, IMP) is
formed from amino acid precursor and 5′-phospho-
ribosyl-1-pyrophosphate (PRPP). IMP is then con-
verted to xanthylate by enzymatic action of inosine
dehydrogenase (IMPDHase). Xanthylate is then
converted to guanylate by the enzymatic action of
guanylate synthetase (GMPSase). Subsequently,
guanylate is converted to guanosine triphosphate
(GTP) to be used for RNA, DNA and protein syn-
thesis (figure 5). On the other hand, IMP is con-
verted to adenylate by a different set of enzymes
and intermediates. Guanylate and adenylate can
also be formed, in most cells, directly from guanine
and adenine via the salvage pathways catalysed by
hypoxanthine-guanine phosphoribosyl transferase
(HGPRT) and adenine phosphoribosyl transferase,
respectively. In addition, inosinate can also be
formed from hypoxanthine through the salvage
pathway catalysed by HGPRT.[46,47]
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MPA is a reversible, non-competitive inhibitor
of IMPDHase and GMPSase. This inhibition
causes intracellular depletion of GTP and deoxy-
guanosine triphosphate without affecting ATP and
deoxy-ATP.[48] Thus, DNA synthesis is affected to
a much greater degree than is RNA or protein syn-
thesis. This leads to inhibition in the proliferation
of T and B cells. The addition of guanosine or
deoxy-guanosine can reverse the antiproliferative
effects of this agent, but not xanthine or adenine.
MPA does not inhibit the formation of IL-2 or the
expression of IL-2 receptor on mitogen-activated
T cells. It also inhibits antibody formation by B
cells. Finally, MPA inhibits the proliferation of the
monocyte cell lines.[46-48]

Mycophenolate mofetil is an effective immuno-
suppressant agent in animal transplantation mod-
els, as well as in early human transplantation tri-
als.[49] Although effective in animal models as a
single agent, this drug appears to be most effective
when it is used in combination with cyclosporin or
tacrolimus. Mycophenolate mofetil also appears
effective in animal models of immunologically me-
diated type 1 diabetes mellitus, adjuvant-induced
arthritis (AIA) and experimental autoimmune
uveoretinitis with very minimal adverse effects.
Mycophenolate mofetil is more effective than aza-

thioprine in preventing acute rejection of renal al-
lografts. The results from studies in animals and
anecdotal clinical reports suggest that this agent
might have a role in the treatment of lupus nephri-
tis.[50] Recently, a study from China suggests that
the combination of mycophenolate mofetil and
prednisone is as effective as a regimen of cyclo-
phosphamide and prednisone followed by azathio-
prine and prednisone.[51]

Mycophenolate mofetil is also being evaluated
in patients with RA. In a 1-year, nonblind study, 29
patients with RA refractory to many DMARDs
were treated with mycophenolate mofetil. The re-
sults showed significant reduction of swollen and
tender joints, as well as improvement of the inves-
tigator global score and the global score of the pa-
tients. In addition, a decrease of immunoglobulin
levels and total CD3+ T cells were also found.[52,53]

This agent appears promising in the treatment
of patients with RA, and the broad range of its ef-
fects suggests that it may be effective in early and
established disease.

3.4 Leflunomide

Leflunomide is an isoxazole derivative that is
structurally unrelated to other known immunosup-
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pressive drugs. Following oral administration it is
rapidly and almost completely metabolised within
the liver to its active metabolite teriflunomide (A-
771726). Leflunomide acts by inhibiting dihydro-
orotate dehydrogenase (DHOOH) in the intra-
mitochondrial pyrimidine biosynthesis pathway,
resulting in decreased levels of pyrimidine nucle-
osides, such as ribonucleotide uridine monophos-
phate (rUMP) (figure 6). Dividing cells need to
increase the pool of pyrimidine precursors 8-fold
to move from the G1 phase to the S phase of cell
growth. In the presence of leflunomide, this pool
can increase only 2-fold through cellular salvage
pathways.[54,55] It is thus thought that clonal expan-
sion of CD4+ T cells would be inhibited in patients
with RA who receive leflunomide, contributing to
its mechanism of action. Recently, it has been dem-
onstrated that leflunomide may also inhibit NF-κB
activation, as well as tyrosine kinase activity.[56]

Pharmacokinetic studies demonstrate that ab-
sorption of leflunomide is unaffected by food and
that plasma concentrations of teriflunomide are lin-
early related to the dose. Teriflunomide is highly

bound to plasma proteins and has an elimination
half-life of approximately 16 days. In order to
reach steady-state concentrations more quickly, a
100mg loading dose of leflunomide is given daily
for the first 3 days of therapy. On day 4, patients
are switched to a 20 mg/day maintenance dose.

The clinical efficacy and safety of leflunomide
were established in controlled, randomised trials in
patients with active RA. The drug was compared
to placebo, methotrexate and sulfasalazine in two
phase III, placebo-controlled, double-blind multi-
centre trials. Leflunomide was also studied versus
methotrexate in a comparative phase III, double-
blind, parallel group study. In all phase III clinical
studies, leflunomide demonstrated a rapid onset of
action with significant clinical response evident at
1 month, that was sustained for up to 2 years of
treatment.[57,58] Leflunomide demonstrated: (i) sig-
nificant improvement in the signs and symptoms
of RA; (ii) equal efficacy for early and established
RA; (iii) significant reduction of radiographically
assessed disease progression; and (iv) significant
improvement of the functional ability and health-
related quality of life of the patient. Leflunomide
was, in general, well tolerated. The most common
adverse events included gastrointestinal distur-
bances, rash, hair loss, and liver dysfunction.[57,58]

Thus, a patient with a history of viral hepatitis or
alcohol consumption should probably not receive
leflunomide. Similarly, combination treatment with
methotrexate should be used with caution.

3.5 Anticytokine Therapy

Cytokines can be divided into cytokines that en-
hance inflammation (proinflammatory cytokines
such as IL-1 and TNFα) and cytokines that de-
crease inflammation (anti-inflammatory cytokines
such as IL-4 and IL-10). In RA there is an imbal-
ance at the site of inflammation between pro- and
anti-inflammatory cytokines in favour of the pro-
inflammatory cytokines. This imbalance plays an
important role in disease perpetuation and the in-
duction of tissue destruction in patients with RA
(figure 1). This has resulted in the investigation of
therapies with compounds that either block the ef-
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Fig. 6. De novo synthesis of pyrimidines and leflunomide action.
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fects of proinflammatory cytokines or enhance the
effect of anti-inflammatory cytokines.[5]

Therapeutic strategies aimed at enhancing the
effect of anti-inflammatory cytokines are still con-
troversial with regard to the rheumatoid disease
process. Therefore, this review deals only with
compounds that block the effects of proinflamma-
tory cytokines.

3.5.1 Blockade of Tumour Necrosis Factor (TNF)-α
TNFα is a proinflammatory cytokine that was

originally described as a monocyte product that in-
duced tumour lysis. It exerts powerful effects in-
cluding the induction of inflammatory mediators
such as NO and prostaglandins, as well as metal-
loproteinases and adhesion molecules.[59] An im-
portant role of TNFα in RA was further supported
by the observation that mice transgenic for TNFα
developed destructive arthritis spontaneously.[60]

The administration of mAbs prevented this form of
arthritis. Other animal studies further support the
view that TNFα plays a key role in the pathogene-
sis of RA. Intramuscular administration of TNFα
induces synovitis. Similarly in collagen-induced
arthritis, TNFα administered during the develop-
ment of arthritis leads to a more severe form of joint
inflammation, whereas mice receiving anti-TNFα
mAbs in the same time period showed significant
amelioration of the disease process.[61]

With tools from molecular biology, two types of
TNFα inhibitors have been developed: a chimeric
antibody cA2, now called infliximab, and a soluble
receptor, etanercept. Infliximab has the variable re-
gion of a murine antibody grafted to the constant
region of a human antibody. Etanercept is a true
designer molecule of a dimer consisting of a
TNFα receptor joined to the Fc domain of a human
immunoglobulin (Ig)G1 molecule. Both compounds
potently bind TNFα and block inflammation by in-
hibiting the downstream effects of this cytokine.
However, these agents differ in several ways.
Etanercept can bind the cytokine lymphotoxin-α,
as well as TNFα. The two TNFα antagonists also
differ in their method of administration. Etanercept
is given subcutaneously twice a week, whereas

infliximab is given intravenously every two
months.[5]

The precise mechanisms of action remain to be
defined. These include: (i) binding and inactivation
of TNFα in the fluid phase; (ii) binding to trans-
membrane TNFα; (iii) down-regulation of the ex-
pression of proinflammatory cytokines [suggested
by the decrease of C reactive protein (CRP)]; and
(iv) blockage of cell trafficking (suggested by re-
duction and expression of adhesion molecules).[5]

There are also some differences concerning the bi-
ological effects of infliximab and etanercept. The
mAb might have the advantage of causing cytotox-
icity to cells that express membrane-bound TNFα,
whereas the high affinity of the TNF-Fc fusion pro-
teins and the possibility of binding TNFβ in addi-
tion to TNFα are relevant to the efficacy and re-
main to be demonstrated.

3.5.2 Therapy with Anti-TNFα Antibodies
At the beginning of the 1990s, clinical trials us-

ing chimeric human/mouse or humanised anti-
TNFα mAbs in patients with RA provided the first
direct evidence that inhibitors of TNFα might be
useful therapeutic agents.

Thus, a nonblind trial of the TNFα mAb in-
fliximab showed significant improvement in
swollen joints and a reduction of CRP levels in
all RA patients.[62] In a subsequent double-blind,
multicentre European trial, 73 patients were ran-
domly assigned to single infusions of either pla-
cebo, low doses of infliximab (1 mg/kg) or high-
dose infliximab (10 mg/kg). Seventy nine percent
of patients treated with the high-dose infliximab
showed a 20% Paulus response after 4 weeks of
treatment as did 44% of the patients treated with
the low dose, which both clearly contrasted with
only the 8% of placebo responders.[63]

In another trial in a small number of patients
with active RA, infliximab in combination with
small doses of methotrexate 7.5 mg/week showed
an enhanced degree and duration of efficacy.[64]

Recent, short- and long-term studies of infliximab
in combination with methotrexate showed that in-
fliximab is well-tolerated and can be used safely,
and may reduce the rate of joint damage in patients
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with RA.[9,65,66] However, the safety aspects of in-
fliximab therapy need further evaluation in long-
term regimens for the following reasons: (i) human
antichimeric antibody responses occur in a consid-
erable number of patients which may lead to short-
ening of clinical response and the development of
adverse effects; (ii) >10% of the infliximab recip-
ients developed anti-double stranded DNA anti-
bodies and one of these patents showed symptoms
of a drug-induced lupus syndrome; (iii) major
chronic infections such as chest tuberculosis may
develop;[67] and (iv) some of the treated patients
developed malignancy. Seeking causal relation-
ships between infliximab therapy and malignancy
is complicated by the higher risk of malignancy in
patients with RA compared with the general popu-
lation. Thus, to assess the risk of major infections
or malignancy following infliximab therapy, a
long-term, world-wide registry might be required.

3.5.3 Therapy with Soluble TNFα Receptors
Recently, investigators have studied the effects

of etanercept, a soluble TNFα receptor (p75) fu-
sion protein (sTNFR-Fc). This molecule is a dimer
composed of two molecules of the recombinant
form of the human p75 sTNFR fused to a Fc frag-
ment of human IgG1 (see section 3.5.1).[5]

The safety, pharmacokinetics and potential clin-
ical efficacy of etanercept were first evaluated in a
double-blind, placebo-controlled, dose-escalation
study in patients with active refractory RA. In this
study, etanercept was administrated in doses of 2
to 16 mg/m2 twice weekly by subcutaneous injec-
tion for 4 weeks after a single intravenous loading
dose. An over 50% reduction in individual re-
sponse variables such as swollen and tender joint
count, and CRP was observed in patients receiving
the etanercept.[68] Pharmacokinetic data showed
that the twice-weekly dosage schedule, in all four
dosage groups, resulted in an elevation of receptor
concentration compared with baseline in all pa-
tients through day 35 (i.e. up to 6 days after the last
injection).

These initial encouraging clinical results were
confirmed in a multicentre, randomised, double-
blind, placebo-controlled study in 180 patients

with RA.[69] In another 24-week, double-blind trial,
89 patients with persistently active RA despite at
least 6 months of methotrexate therapy at a stable
dose of 15 to 25 mg/week were randomly assigned
to receive either etanercept 25mg or placebo sub-
cutaneously twice weekly while continuing to re-
ceive methotrexate. After 6 months of therapy, the
combination of etanercept and methotrexate was
safely used and well tolerated, and provided
greater clinical benefit than methotrexate alone.[70]

Etanercept was also evaluated in 632 patients with
early RA for 1 year. It was shown that etanercept,
compared with oral methotrexate, acted more rap-
idly to decrease symptoms and slow joint damage
in patient with early RA.[71]

Safety aspects of therapy with soluble TNFα
receptors needs further evaluation in long-term
studies for the following reasons: (i) >40 patients
developed serious infections, including sepsis, and
some of these died within 2 to 16 weeks of starting
treatment; (ii) some patients developed blood dys-
crasias; and (iii) others developed demyelinating
central nervous system disorders. Thus to assess
the risk of the above adverse effects after etan-
ercept therapy, a long-term, world-wide registry
needs to be established.

3.5.4 Interleukin-1 Blockade
IL-1 is a potent proinflammatory cytokine that

activates its receptor and stimulates the production
of prostaglandins, NO, and other substances that
mediate inflammation and tissue remodelling. IL-
1Rα is a naturally occurring cytokine and a mem-
ber of the IL-1 family whose only function is to
prevent the biological response to IL-1. When IL-1
occupies its receptor various proinflammatory
events are initiated, but when IL-1Rα occupies the
receptor, no such events occur because IL-1 cannot
activate the cells.[72]

The finding that mice which lacked the ability
to produce IL-1Rα developed an inflammatory
disease spontaneously was of considerable impor-
tance. In mice in which the gene for IL-1Rα had
been knocked out, two distinct diseases developed
spontaneously which were similar to RA and vas-
culitis in humans.[73,74] These studies concluded
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that IL-1Rα produced by healthy mice protects
them from the effects of IL-1, which is also pro-
duced in healthy animals under normal conditions.
These findings are consistent with the concept that
the increased production of IL-1 during an inflam-
matory process in humans contributes to the patho-
logic event by binding to and triggering its recep-
tor. On the other hand, normally enough IL-1Rα is
produced to control IL-1 mediated inflammation.
However, in case of runaway inflammation, there
is an insufficient amount of IL-1Rα to control the
activity of IL-1. Thus, IL-1 is a potent target of
therapeutic intervention in a variety of inflamma-
tory and autoimmune disorders.

The administration of exogenous IL-1Rα or
other agents that reduce the effects of IL-1 should
ameliorate the inflammatory process. The first
therapeutic approach in patients with RA has been
the intra-articular and subcutaneous administration
of recombinant human IL-1R. This treatment
achieved a limited therapeutic efficacy. More re-
cently, IL-1Rα proved to be successful in the col-
lagen-induced arthritis model and in the antigen-
induced arthritis model.[75] Subsequent short-term,
double-blind, placebo-controlled studies in pa-
tients with refractory RA, as well in early RA, dem-
onstrated a significant clinical improvement rang-
ing from 20 to 35%.[76,77] No long-term studies
have been reported so far in large numbers of pa-
tients to evaluate the efficacy and safety of this
compound. It seems that the IL-1Rα is a promising
agent for the treatment of RA, but its efficacy and
safety should be further demonstrated.

4. p38 MAPK Inhibitors in Development

All three families of MAPKs are expressed and
can be activated under appropriate conditions in
both normal and rheumatoid synovial tissues.[78,79]

A recent study showed that activation of ERK, JNK
and p38 MAPKs were observed exclusively in sy-
novial tissues from patients with RA but not in tis-
sue from patients with osteoarthritis.[78-80] In addi-
tion, significant differences were observed in the
exact localisation of those molecules in RA tissue.
The activation of ERK was localised to micro-

vessels, JNK was activated around and within
mononuclear cell infiltrates, and p38 MAPK was
activated in the synovial lining and in endothelial
cells. In all cells, TNFα and IL-1 were the major
inducers of all three MAPKs.[81]

A lot of pharmacological evidence indicates that
p38 MAPK is one of the most validated targets for
the treatment of RA.[20] This has been made possi-
ble by the discovery of specific inhibitors of p38
MAPK activity. These were first described by Lee
et al.[13] as a target of the pyridinyl imidazole class
of compounds that inhibit the production of in-
flammatory cytokines such as IL-1 and TNFα.
It is worth noting that they are highly specific
and reversible inhibitors of p38 MAPK activity
but do not affect its activation by upstream
MAPKKs.[82,83] Several reports indicate that inhi-
bition of p38 MAPK prevents the translation of
TNFα and IL-1 in LPS-stimulated monocytes. De-
creased MAPKAPK-2 activity is a direct indicator
of the inhibition of p38 MAPK within the
cell.[20,82,83]

A bicyclic imidazole, SKF-86002 was found to
have a noticeable inhibitory effect on TNFα and
IL-1 production in LPS-stimulated human mono-
cytes [50% inhibitory concentration (IC50) = 1
µmol/L], and therefore the term cytokine-suppres-
sive anti-inflammatory drugs (CSAID) was pro-
posed to indicate this class of cytokine inhibi-
tors.[84]

SB-203580 is a member of a new series of
pyridinyl imidazole compounds that inhibit IL-1
and TNFα production from LPS-stimulated human
monocytes and the human monocyte cell line THP-
1 with IC50 values of 50 to 100 nmol/L.[85] The
molecular target of SB-203580 has been identified
as a pair of closely related MAPK homologues,
termed CSAID binding proteins (CSBPs) p38 or
RK. Binding of the pyridinyl imidazole com-
pounds to CSBP in THP-1 cytosol correlates with
their ability to inhibit cytokine synthesis in re-
sponse to various stimuli. In addition to blocking
TNFα and IL-1 production, SB-203580 blocked
IL-1 stimulated NO production in chondrocytes,
IL-1 induced cyclooxygenase 2 (COX-2) and ma-
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trix metalloproteinase (MMP)-1 and -3 mRNA in
fibroblasts, and decreased the stability of COX-2
mRNA in activated monocytes.[86-90] Studies in
several transgenic and knockout mouse models, as
well as in vitro studies, using SB-203580 strongly
implicate p38 in the regulation of IL-12 and INFγ
gene transcription, and hence in the regulation of
T helper cell 1 (Th1) type immune response.[87,89]

Studies have shown that SB-203580 binds to the
ATP-binding pocket suggesting that the compound
competes with ATP for binding to the enzyme.[91]

SB-203580 has been shown to have many inter-
esting activities in both antigen-induced arthritis in
the rat and type II collagen-induced arthritis in
mice. These experimental inflammatory arthritides
are characterised by T cells involving the synovial
tissue, similar to that seen in RA. Since SB-203580
also inhibits JNK and other kinases, its activity
may not be specific. Despite these interesting ac-
tivities in vivo, toxicological studies on rats have
shown liver weight to be increased and a signifi-
cant elevation of hepatic cytochrome P450 (CYP)
enzymes while in vitro studies have demonstrated
inhibitory effects on human CYP enzymes.[85]

However, more recent analogues, such as SB-
226882, which incorporate an aminopyrimidine
moiety, display a markedly reduced CYP inhibi-
tion profile.

SB-220025 is a new compound belonging to the
NSAID class of cytokine biosynthesis inhibitors,
which inhibits human p38 MAPK with an IC50

value and 50- to 100-fold selectivity versus other
kinases tested.[92] In vivo SB-220025 reduced the
LPS-induced production of TNFα at a 50% effec-
tive dose (ED50) value of 7.5 mg/kg. In the inflam-
matory angiogenesis model, over the course of
granuloma development Jackson and collabora-
tors[92] observed elevated levels of TNFα and IL-1
during the chronic inflammatory phase when in-
tense angiogenesis occurred. Oral SB-220025 30
mg/kg twice daily was able to reduce the expres-
sion of these proinflammatory cytokines and in-
hibit angiogenesis by approximately 40%. To fur-
ther study the effects of p38 MAPK inhibition in
angiogenesis-dependent chronic inflammatory

disease, SB-220025 was tested in murine collagen-
induced arthritis. In this model, the compound was
found to prevent the progression of established ar-
thritis.[92]

Thus, SB-220025 can reduce inflammatory
cytokine production and inhibit angiogenesis, and
may be an effective treatment for chronic inflam-
matory diseases like RA in which angiogenesis and
panus formation induced by IL-1 and TNFα are the
major histological findings.

SB-242235 is a new member of the pyridinyl
imidazole class of compounds that has exhibited
potent anti-inflammatory activity. SB-242235,
when tested against a panel of representative pro-
tein kinases, showed a superior kinase selectivity
profile compared to SB-203580. As with SB-
203580, SB-242235 inhibits CSBP/p38a MAPK
(IC50 = 0.1µmol/L) and p38β2 MAPK (IC50 =
1µmol/L), but not p38γ or p38δ MAPKs. In con-
trast to SB-203580, SB-242235 does not inhibit
JNK2β1 or ERK2.

In recent studies, SB-242235 has been demon-
strated to be a potent inhibitor of LPS-induced
TNFα production in the plasma of normal rats. The
optimal pre-treatment time was 1 to 2 hours, al-
though highly significant activity was seen 4 hours
post-dosing. SB-242235 demonstrated excellent
inhibitory activity with regard to TNFα production
after oral administration of a range of doses. The
ED50 for inhibition of LPS-stimulated TNFα was
3.99 mg/kg given orally. Anti-inflammatory activ-
ity was observed in antigen-induced arthritis in
Lewis rats when SB-242235 was administered
orally at 10, 30 and 60 mg/kg either prophylacti-
cally or therapeutically. There was a 73% inhibi-
tion of paw oedema and a 53% normalisation of
bone mineral density at the 30 mg/kg dose. This is
significant activity for a small molecular cytokine
inhibitor in such an aggressive arthritis model. Ad-
ditional evidence for disease modifying activity
for the compound was provided by the obvious im-
provement observed in the magnetic resonance im-
ages, in which 80% of the joints were significantly
protected by treatment at the 60 mg/kg dose. In
addition, micro computed tomography technology
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showed clear protection with SB-242235.[93] Pro-
tection of bone, cartilage and soft tissues was also
shown histologically. Finally, serum IL-6 levels
were decreased in rats with antigen-induced arthri-
tis receiving the 60 mg/kg dose.

All these data indicate that SB-242235 exerts a
protective effect on joint integrity and appears to
have disease-modifying properties, and may be a
useful tool for treating patients with RA.

A series of diphenylimidazoles, typified by
RPR-66425, have been developed. RPR-132331, a
2-(2-diaxanyl) imidazole, was identified as an in-
hibitor of TNFα release from LPS-stimulated hu-
man monocytes. A novel series of inhibitors, de-
rived from RPR-132331 has led to identification of
RPR-200765A as a development candidate for the
treatment of RA.

RPR-200765Ais a potent and selective inhibitor
of p38 MAPK (IC50 = 50 nmol/L). It inhibits LPS-
stimulated TNFα release both in vitro, from human
monocytes (EC50 = 160 nmol/L), and in vivo in
Balb/c mice (ED50 = 6 mg/kg). At oral dosages be-
tween 10 and 30 mg/kg/day, it reduces incidence
and progression in the rat streptococcal cell wall
(SCW) arthritis model when administered in either
prophylactic or therapeutic dosing regimens. The
compound showed very good bioavailability (F =
50% in the rat) and also excellent chemical stabil-
ity. Thus, the drug could be considered as having
modifying activity in patients with RA.[94]

The pharmacological profile that we have de-
scribed for p38 MAPK inhibitors would appear to
be one that would be desirable for an antirheumatic
therapeutic agent. However, the discovery of new
pyrimidinylimidazole inhibitors of p38 MAPK
with decreased inhibition for hepatic CYP enzymes
will be soon available.[95-97]

5. Conclusions

Current treatments for RA with first- and sec-
ond-line drugs are inadequate in that they only par-
tially control established RA. They also have many
adverse effects that limit their use during the dis-
ease process and interfere with prolonged admin-
istration. Thus, despite optimal use of current

DMARDs, the outcome for many patients with RA
is a severe functional decline, work disability and
premature death.

In the last few years significant advances have
been made in our understanding of the molecular
mechanisms underlying RA pathogenesis. Pro-
inflammatory cytokines, TNFα and IL-1 play an
important role in maintaining the chronicity of RA
and mediating tissue damage. Biological anti-
TNFα agents and IL-1 receptor antagonists that
neutralise their activity are now the first generation
antirheumatic drugs in clinical practice. Since sev-
eral factors are involved in the pathogenesis of RA,
neutralising one or some of these factors may be of
only limited benefit. A better outcome for patients
with RA stresses the need for new therapeutic re-
gimens in terms of controlling the production and
the activity of the factors involved in disease patho-
genesis.

Our understanding of the signal transduction
systems and gene regulation by transcription fac-
tors involved in cytokine production has opened
the way for the discovery of novel therapeutic com-
pounds useful in treating RA. The availability of
potent and selective p38 MAPK inhibitors pro-
vides a means to further dissect the pathways im-
plicated in cytokine production which maintain the
chronicity of RA. It seems that p38 MAPK inhibi-
tors are very promising drugs for the treatment of
patients with RA. The advantages that we expect
in using p38 MAPK inhibitors may be multiple.
Firstly, instead of blocking or neutralising cyto-
kines or their receptors, these compounds reduce
the proinflammatory cytokine production. Sec-
ondly, p38 MAPK inhibitors should be easy to pre-
scribe and would be administrated orally without
the need for admission of the patient to the clinic.
Thirdly, their adverse effects are mild and include
liver, heart and blood dyscrasias. Finally, p38
MAPK inhibitors could be used in combination
with other immunosuppressive drugs, such as
cyclosporin or mycophenolate mofetil, or even in
combination with biological agents. However, in
order to confirm these predicted advantages, fur-
ther studies with a large number of patients are
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needed. These include the discovery of new com-
pounds with minimal adverse effects, and compar-
ative or combination studies with multiple thera-
peutic agents.

Acknowledgements

This paper is dedicated to my teacher, Prof. HM
Moutsopoulos, for his effort in teaching me the beauty of
pathophysiology and research of autoimmune rheumatic dis-
eases.

I would also like to thank Mrs E. Horti and Mr S.
Voulgaris for the artwork and the secretarial assistance for
the manuscript preparation.

References
1. Haris Jr ED. Mechanisms of disease: rheumatoid arthritis

pathophysiology and implications for therapy. N Engl J Med
1990; 322: 1277-89

2. Firestein GS. The immunopathogenesis of rheumatoid arthritis.
Curr Opin Rheumatol 1991; 3: 398-406

3. Panayi GS. The immunopathogenesis of rheumatoid arthritis.
Br J Rheumatol 1993; 32: 4-14

4. Odeh M. New insights into the pathogenesis and treatment of
rheumatoid arthritis. Clin Immunol Immunopathol 1997; 83:
106-16

5. Choy EHS, Panayi GS. Cytokine pathways and joint inflamma-
tion in rheumatoid arthritis. N Engl J Med 2001; 344: 907-16

6. Papavassiliou AG. Transcription factors. N Engl J Med 1995;
332: 45-7

7. Barnes PJ, Karin M. Nuclear factor-kappa B: a pivotal tran-
scription factor in chronic inflammatory diseases. N Engl J
Med 1997; 336: 1066-71

8. Firestein GS, Manning AM. Signal transduction and transcrip-
tion factors in rheumatic disease. Arthritis Rheum 1999; 42:
609-21

9. Maini R, St Clair EW, Breedveld F, et al. Infliximab (climatic
anti-tumor necrosis factor alpha monoclonal antibody) versus
placebo in rheumatoid arthritis patients receiving concomi-
tant methotrexate: a randomized phase II trial. ATTRACT
Study group. Lancet 1999; 354: 1932-9

10. Karin M, Hunter T. Transcription control by protein phosphor-
ylation: signal transmission from the cell surface to the nu-
cleus. Curr Biol 1995; 5: 747-57

11. Su B, Karin M. Mitogen-activated protein kinase cascades and
the regulation of gene expression. Curr Opin Immunol 1996;
8: 402-11

12. Kerppola TK, Curran T. Transcription factor interactions: ba-
sics on zippers. Curr Opin Struct Biol 1991; 1: 71-9

13. Lee JC, Laydon JT, McDonell PC, et al. A protein kinase in-
volved in the regulation of inflammatory cytokine biosynthe-
sis. Nature 1994; 372: 739-46

14. Whitmarch AJ, Davis RJ. Transcription factor AP-1 regulation
by mitogen-activated protein kinase signal transduction path-
ways. J Mol Med 1996; 74: 589-607

15. Gupta S, Campbell D, Derijard B, et al. Transcription factor
ATF-2 regulation by JNK signal transduction pathway. Sci-
ence 1995; 267: 389-93

16. Manning AM, Anderson DC. Transcription factor NF-kB: an
emerging regulator of inflammation. Ann Rep Med Chem
1994; 29: 235-44

17. Angel P, Karin M. The role of Jun, Fos and AP-1 complex in
cell proliferation and transformation. Biochim Biophys Acta
1991; 1072: 129-57

18. Derijard B, Raingeand J, Barrett T, et al. Independent human
MAP-kinase signal transduction pathways defined by MEK
and MKK isoforms. Science 1995; 267: 682-5

19. Doza YN, Cuenda A, Thomas GM, et al. Activation of the MAP
kinase homologue RK requires the phosphorylation of Thr-
180 and Thr-182 and both residues are phosphorylated in
chemically stressed KB cells. FEBS Lett 1999; 364: 223-8

20. Kumar S, Blake SM, Emery JG. Intracellular signaling path-
ways as a target for the treatment of rheumatoid arthritis. Curr
Opin Pharmacol 2001; 1: 307-13

21. Granelli-Piperno A, Nolon P, Inaba K, et al. The effect of im-
munosuppressive agents on the induction of nuclear factors
that bind to sites on the interleukin-2 promoter. J Exp Med
1990; 90: 1869-72

22. Cardenas ME, Zhu D, Heitman J. Molecular mechanisms of
immunosuppression by cyclosporine, FK-506 and rapamycin.
Curr Opin Nephrol Hypertens 1995; 4: 472-7

23. Yocum DE, Torley H. Cyclosporine A in rheumatoid arthritis.
Rheum Dis Clin North Am 1995; 21: 835-94

24. Panayi GS, Tugwell P. The use of cyclosporine A microemul-
sion in rheumatoid arthritis: conclusion of an international
review. Br J Rheumatol 1997; 36: 808-11

25. Pasero G, Priolo F, Marubini E, et al. Slow progression of joint
damage in early rheumatoid arthritis treated with cyclospor-
ine A. Arthritis Rheum 1996; 39: 1006-15

26. Forre Ø, Norwegian Arthritis Study Group. Radiological evi-
dence of disease modification in rheumatoid arthritis patients
treated with cyclosporine. Arthritis Rheum 1994; 37: 1906-12

27. Landewé RBM, Goei The HS, van Rijthoven AWAM, et al. A
randomized double blind 24-week controlled study of low-
dose cyclosporine versus chloroquine for early rheumatoid
arthritis. Arthritis Rheum 1994; 37: 637-43

28. Zeidler HK, Kvien TK, Hannonen P, et al. Progression of joint
damage in early active severe rheumatoid arthritis during 18
months of treatment: Comparison of low-dose cyclosporine
and parenteral gold. Br J Rheumatol 1998; 37: 874-82

29. Drosos AA, Voulgari PV, Papadopoulos IA, et al. Cyclosporine-
A in the treatment of early rheumatoid arthritis. A prospective
randomized 24-month study. Clin Exp Rheumatol 1998; 16:
695-701

30. Drosos AA, Voulgari PV, Katsaraki A, et al. Influence of
cyclosporine A on radiological progression in early rheuma-
toid arthritis patients: a 42-month prospective study.
Rheumatol Int 2000; 19: 113-8

31. Papadopoulos NG, Alamanos Y, Papadopoulos IA, et al. Dis-
ease modifying anti-rheumatic drugs in early rheumatoid ar-
thritis: a long-term observational study. J Rheumatol 2002;
29: 261-6

32. Hooks MA. Tacrolimus, a new immunosuppressant - a review
of the literature. Pharmacotherapy 1994; 28: 501-11

33. Inamura N, Hashimoto M, Nakahara K, et al. Immunosuppres-
sive effect of FK-506 on collagen-induced arthritis in rats.
Clin Immunol Immunopathol 1988; 46: 82-90

34. Takaoda Y, Nagai H, Tanahashi M, et al. Cyclosporine A and
FK-506 inhibit development of superantigen-potentiated col-
lagen-induced arthritis in mice. Gen Pharmacol 1998; 30:
777-82

35. Fuseler JW, Hearth-Holmes M, Grisham MB, et al. FK-506
attenuates developing and established joint inflammation and
suppresses interleukin 6 and nitric oxide expression in bacte-

Newer Immunosuppressive Drugs in RA Therapy 905

 Adis International Limited. All rights reserved. Drugs 2002; 62 (6)



rial cell wall induced polyarthritis. J Rheumatol 2000; 27:
190-9

36. Sugiyama E, Suzuki H, Tunru IS, et al. FK-506, an immunosup-
pressant partially inhibits interleukin 6 production by adher-
ent rheumatoid synovial cells. J Rheumatol 1994; 21:
1597-601

37. Gremillion RB, Posever JO, Manek N, et al. Tacrolimus (FK-
506) in the treatment of severe refractory rheumatoid arthritis:
Initial experience in 12 patients. J Rheumatol 1999; 26: 2332-6

38. Yocum DE. Cyclosporine, FK506, rapamycin and other im-
munomodulators. Rheum Dis Clin North Am 1996; 22: 133-54

39. Carlson RP, Hartman DA, Tomchek LA, et al. Rapamycin, a
potential disease-modifying antiarthritis drug. J Pharmacol
Exp Ther 1993; 266: 1125-38

40. Kay JE, Kromwel L, Doe SEA, et al. Inhibition of T and B
lymphocyte proliferation by rapamycin. Immunology 1991;
72: 544-9

41. Martel RR, Klicius J, Galet S. Inhibition of the immune re-
sponse by rapamycin, a new antifugal antibiotic. Can J Phys-
iol Pharamacol 1977; 55: 48-51

42. Gosio B. Ricerche bacteriologiche e chimiche sulle alterazion
del mais. Riv Igiene e Sanita Pubblica 1896; 7: 825-68

43. Birkinshaw JH, Raistrick H, Ross DJ. Studies in the biochem-
istry of micro-organisms. Biochem J 1952; 50: 630-4

44. Platz KP, Sollinger HW, Hulleh DA, et al. A new, potent immu-
nosuppressive agent. Transplantation 1991; 51: 27-31

45. Euqui EM, Almquist SJ, Muller CD, et al. Lymphocyte-selec-
tive cytostatic and immunosuppressive effects of mycopheno-
lic acid in vitro: Role of deoxy guanosine nucleotide
depletion. Scand J Immunol 1991; 33: 161-73

46. Franklin TJ, Cook JM. The inhibition of nucleic acid synthesis
by mycophenolic acid. Biochem J 1969; 113: 514-24

47. Sweeney MJ, Hoffman DH, Esterman MA. Metabolism and
biochemistry of mycophenolic acid. Cancer Res 1972; 32:
1803-9

48. Allison AC, Eugui EM. Purine metabolism and immunosup-
pressive effects of mycophenolate mofetil (MMF). Clin
Transpl 1996; 10: 77-84

49. Taylor DO, Ensley RD, Olsen SL, et al. Mycophenolate mofetil
(RS-61443): preclinical, clinical and three-year experience in
heart transplantation. J Heart Lung Transplant 1994; 13: 571-82

50. Merkel PA, Letourneau EN, Polisson RP. Investigational agents
for rheumatoid arthritis. Rheum Dis Clin North Am 1995; 21:
779-96

51. Chan TM, Li FK, Tang CSO, et al. Efficacy of mycophenolate
mofetil in patients with diffuse proliferative lupus nephritis.
N Engl J Med 2000; 343: 1156-62

52. Goldblum R, Rees MMC, Euqui E, et al. Immunologic changes
in patients with rheumatoid arthritis treated for one year with
a new DMARD, mycophenolate mofetil [abstract]. Arthritis
Rheum 1991; 34: S157

53. Schiff MH, Goldmlum R, Rees MMC. New DMARD,
mycophenate mofetil, effectively treats refractory rheumatoid
arthritis patients for one year [abstract]. Arthritis Rheum
1991; 34: S89

54. Fox RI, Herrmann ML, Frangou CG, et al. How does leflunom-
ide modulate the immune response in rheumatoid arthritis?
Biodrugs 1999; 4: 301-15

55. Fox RI, Herrmann ML, Frangou CG, et al. Mechanism of action
for leflunomide in rheumatoid arthritis. Clin Immunol 1999;
93: 198-208

56. Manna SK, Aggarwal BB. Immunosuppressive leflunomide
metabolite (A77 1726) blocks TNF-dependent nuclear factor-

kappa B activation and gene expression. J Immunol 1999;
162: 2095-102

57. Strand V, Cohen S, Schiff M, et al. Treatment of active rheuma-
toid arthritis with leflunomide compared with placebo and
methotrexate. Leflunomide Rheumatoid Arthritis Investiga-
tors Group. Arch Intern Med 1999; 159: 2542-50

58. Smolen JS, Kalden JR, Scott DL, et al. Efficacy and safety of
leflunomide compared with placebo and sulphasalazine in ac-
tive rheumatoid arthritis: a double blind, randomized, multi-
centre trial. European Leflunomide Study Group. Lancet
1999; 353: 259-66

59. Saklatvala J. Tumor necrosis factor alpha stimulates resoption
and inhibits synthesis of proteoglycan and cartilage. Nature
1986; 322: 547-9

60. Keffer J, Probert L, Cazlaris H, et al. Transgenic mice express-
ing human tumor necrosis factor: a predictive model of arthri-
tis. EMBO J 1991; 10: 4025-31

61. Williams RO, Feldmann M, Maini RN. Anti-tumor necrosis fac-
tor ameliorates joint disease in murine collagen-induced ar-
thritis. Proc Natl Acad Sci U S A 1992; 89: 9784-8

62. Elliott MJ, Maini RN, Feldmann M, et al. Treatment of rheuma-
toid arthritis with chimeric monoclonal antibodies to tumor
necrosis factor alpha. Arthritis Rheum 1993; 36: 1681-90

63. Elliott MJ, Maini RN, Feldmann M, et al. Randomized double-
blind comparison of chimeric monoclonal antibody to tumor
necrosis factor alpha (cA2) versus placebo in rheumatoid ar-
thritis. Lancet 1994; 344: 1105-10

64. Elliott MJ, Maini RN, Feldmann M, et al. Repeated therapy with
monoclonal antibody to tumor necrosis factor alpha (cA2) in
patients with rheumatoid arthritis. Lancet 1994; 344: 1125-7

65. Maini RN, Breedveld FC, Kelden JR, et al. Therapeutic efficacy
of multiple intravenous infusions of anti-tumor necrosis fac-
tor alpha monclonal antibody combined with low-dose
weekly methotrexate in rheumatoid arthritis. Arthritis Rheum
1998; 41: 1552-63

66. Lipsky PE, van der Heijde DM, St Clair EW, et al. Infliximab
and methotrexate in the treatment of rheumatoid arthritis.
Anti-Tumor Necrosis Factor Trial in Rheumatoid Arthritis
with Concomitant Therapy Study Group. N Engl J Med 2000;
343: 1594-602

67. Keane J, Gershon S, Wise RP, et al. Tuberculosis associated with
infliximab, a tumor necrosis factor alpha - neutralizing agent.
N Engl J Med 2001; 345: 1098-104

68. Moreland LW, Margolies G, Heck LW, et al. Recombinant sol-
uble tumor necrosis factor receptor (p80) fusion protein: tox-
icity and dose finding trial in refractory rheumatoid arthritis.
J Rheumatol 1996; 23: 1849-55

69. Moreland LW, Baumgartner SW, Schiff MH, et al. Treatment of
rheumatoid arthritis with a recombinant human tumor necro-
sis factor receptor (p75)-Fc fusion protein. N Engl J Med
1997; 337: 141-7

70. Weinblatt ME, Kremer JM, Bankhurst AD, et al. A trial of
etanercept, a recombinant tumor necrosis factor receptor: Fc
fusion protein in patients with rheumatoid arthritis receiving
methotrexate. N Engl J Med 1999; 340: 253-9

71. Bathon JM, Martin RW, Fleischmann RM, et al. A comparison
of etanercept and methotrexate in patients with early rheuma-
toid arthritis. N Engl J Med 2000; 343: 1586-93

72. Dinarello CA. Biological basis for interleukin-1 in disease.
Blood 1996; 87: 2095-147

73. Nicklin MJ, Hughes DE, Barton JL, et al. Arterial inflammatory
in mice lacking the interleukin 1 receptor antagonist gene. J
Exp Med 2000; 191: 303-12

906 Drosos

 Adis International Limited. All rights reserved. Drugs 2002; 62 (6)



74. Horai R, Saijo S, Tanioka H, et al. Development of chronic
inflammatory arthropathy resembling rheumatoid arthritis in
interleukin 1 receptor antagonist-deficient mice. J Exp Med
2000; 191: 313-20

75. Miesel R, Ehrlich W, Wohlert H, et al. The effects of interleu-
kin-1 receptor antagonist on oxidant-induced arthritis in
mice. Clin Exp Rheumatol 1995; 13: 595-601

76. Drevlow BE, Lovis R, Haag MA, et al. Recombinant human
interleukin-1 receptor type I in the treatment of patients with
active rheumatoid arthritis. Arthritis Rheum 1996; 39: 257-65

77. Bresnihan B, Alvaro-Gracia JM, Cobby M, et al. Treatment of
rheumatoid arthritis with recombinant human interleukin-1
receptor antagonist. Arthritis Rheum 1998; 41: 2196-204

78. Kumar S, Votta BJ, Rieman DJ, et al. IL-1 and TNF-induced
bone resorption in mediated by p38 mitogen activated protein
kinase. J Cell Physiol 2001; 187: 294-303

79. Suzuki M, Tetsuka T, Yoshida S, et al. The role of p38 mitogen-
activated protein kinase in IL-6 and IL-8 production from the
TNF-α or IL-1β-stimulated rheumatoid synovial fibroblast.
FEBS Lett 2000; 465: 23-7

80. Han Z, Boyle DL, Aupperle KR, et al. Jun N-terminal kinase in
rheumatoid arthritis. J Pharmacol Exp Ther 1999; 291: 124-30

81. Schett G, Tohidast-Akvad M, Smolen JS, et al. Activation, dif-
ferential, localization and regulation of the stress-activated
protein kinases, extracellular signal-regulated kinase, C-Jun
N-Terminal kinase, and p38 mitogen-activated protein ki-
nase, in synovial tissue and cells in rheumatoid arthritis. Ar-
thritis Rheum 2000; 43: 2501-12

82. Henry JR, Rupert KC, Dodd JH, et al. Potent inhibitors of the
MAP kinase p38. Bioorg Med Chem Lett 1998; 8: 3335-40

83. Lee JC, Kassis S, Kumar S, et al. p38 mitogen-activated kinase
inhibitors mechanisms and therapeutic potentials. Pharmacol
Ther 1999; 82: 389-97

84. Badger AM, Olivera D, Talmadge JE, et al. Protective effect of
SK&F 86002, a novel dual inhibitor of arachidonic acid me-
tabolism, in murine models of endotoxin shock: inhibition of
tumor necrosis factor as a possible mechanism of action. Circ
Shock 1989; 27: 51-61

85. Badger AM, Bradbeer JN, Votta B, et al. Pharmacological pro-
file of SB203580, a selective inhibitor of cytokine suppres-
sive binding protein/p38 kinase, in animal models of arthritis,
bone resorption, endotoxin shock and immune function. J
Pharmacol Exp Ther 1996; 279: 1453-61

86. Badger AM, Cook MN, Lark MW, et al. SB203580 inhibits p38
mitogen-activated protein kinase, nitric oxide production,

and inducible nitric oxide synthase in bovine cartilage-de-
rived chondrocytes. J Immunol 1998; 161: 467-73

87. Kumar S, Jiang MS, Adams JL, et al. Pyridinylimidazole com-
pound SB203580 inhibits the activity but not the activation
of p38 mitogen-activated protein kinase. Biochem Biophys
Res Commun 1999; 263: 825-31

88. Borsch-Hanbold AG, Pasquet S, Watson SP. Direct inhibition
of cyclooxygenase-1 and -2 by the kinase inhibitors
SB203580 and PD98059. J Biol Chem 1998; 273: 28766-72

89. Cuenda A, Rouse J, Doza YN, et al. SB203580 is a specific
inhibitor of a MAP kinase homologue which is stimulated by
cellular stresses and interleukin-1. FEBS Lett 1999; 364: 229-
33

90. Wilson KP, McCaffrey PG, Hsiao K, et al. The structural basis
for the specificity of pyridinylamidazole inhibitors of p38
MAP kinase. Chem Biol 1997; 4: 423-31

91. Tong L, Pav S, White DM, et al. Highly specific inhibitor of
p38 MAP kinase binds in the ATP pocket. Nat Struct Biol
1997; 4: 311-6

92. Jackson JR, Bolognese B, Hillegass L, et al. Pharmacological
effects of SB220025 a selective inhibitor of p38 mitogen-ac-
tivated protein kinase, in angiogenesis and chronic inflamma-
tory disease models. J Pharmacol Exp Ther 1998; 284: 687-92

93. Badger AM, Griswold DE, Kapadia R, et al. Disease-modifying
activity of SB242235, a selective inhibitor of p38 mitogen-
activated protein kinase, in rat adjuvant-induced arthritis. Ar-
thritis Rheum 2000; 43: 175-83

94. McLay IM, Halley F, Souness JE, et al. The discovery of
RPR200765A, a p38 MAP kinase inhibitor displaying a good
oral anti-arthritic efficacy. Bioorg Med Chem 2001; 9: 537-54

95. Boehm JC, Adams JC. New inhibitors of p38 kinase. Expert
Opin Ther Pat 2000; 10: 25-37

96. Dumas J, Sibley R, Riedl B, et al. Discovery of a new class of
p38 kinase inhibitors. Bioorg Med Chem Lett 2000; 10: 2047-50

97. Redman AM, Johnson JS, Dally R, et al. p38 kinase inhibitors
for the treatment of arthritis and osteoporosis: Thienyl, Furyl
and Pyrroly Ureas. Bioorg Med Chem Lett 2001; 11: 9-12

Correspondence and offprints: Professor Alexandros A.
Drosos, Section of Rheumatology, Department of Internal
Medicine, Medical School, University of Ioannina, 45 110
Ioannina, Greece.
E-mail: adrosos@cc.uoi.gr

Newer Immunosuppressive Drugs in RA Therapy 907

 Adis International Limited. All rights reserved. Drugs 2002; 62 (6)


	Abstract 891
	1. Signal Transduction Cascades 892
	2. Role of p38 Mitogen-Activated Protein Kinase (MAPK) in Cytokine Production 894
	3. Rationale for the Use of Immunosuppressive Agents in Rheumatoid Arthritis 895
	3.1 Cyclosporin 896
	3.2 Tacrolimus and Sirolimus 896
	3.2.1 Tacrolimus 896
	3.2.2 Sirolimus 897

	3.3 Mycophenolate Mofetil 897
	3.4 Leflunomide 898
	3.5 Anticytokine Therapy 899
	3.5.1 Blockade of Tumour Necrosis Factor (TNF)- 900
	3.5.2 Therapy with Anti-TNF Antibodies 900
	3.5.3 Therapy with Soluble TNF Receptors 901
	3.5.4 Interleukin-1 Blockade 901


	4. p38 MAPK Inhibitors in Development 902
	5. Conclusions 904
	Acknowledgements 905
	References 905
	Correspondence and offprints 907
	E-mail 907

