
Introduction
Mitogen-activated protein kinase (MAPK) likely plays
a critical role in the pathogenesis of rheumatoid
arthritis (RA), which is a chronic inflammatory dis-
ease marked by cytokine production, synovial lining
hyperplasia, and joint destruction. Three major
MAPK families that differ in their substrate speci-
ficity and responses to stress have been identified in
vertebrates and have been implicated in RA: c-Jun N-
terminal kinase (JNK), extracellular regulating kinase
(ERK), and p38 kinase (1). MAPKs phosphorylate
selected intracellular proteins, including transcrip-
tion factors, that subsequently regulate gene expres-
sion by transcriptional and posttranscriptional
mechanisms (2, 3). MAPKs are, in turn, activated by
phosphorylation at conserved threonine and tyrosine
residues by upstream dual-specific MAPK kinases
(MAPKKs), which themselves are activated by
MAPKK kinases (4).

The role of cytokines in the pathogenesis of RA is
increasingly appreciated (5), but the signal transduc-
tion pathways that determine matrix degradation are
only partially understood. Overexpression of matrix
metalloproteinases (MMPs), which play a critical role

in rheumatoid joint destruction, is of particular inter-
est (6). MMP production might be regulated, in part,
by increased activation of c-Jun amino-terminal
kinase (JNK) since this MAPK activates key transcrip-
tion factors involved in MMP gene expression. Sever-
al JNK isoforms, encoded by three genes, phosphory-
late specific sites (serine 63 and serine 73) on the
amino-terminal transactivation domain of c-Jun after
exposure to ultraviolet irradiation, growth factors, or
cytokines (7, 8). By phosphorylating these sites, the
JNKs enhance the transcriptional activity of AP-1, a
key regulator of MMP production.

Our previous studies demonstrated that IL-1 is a
potent inducer of JNK phosphorylation and colla-
genase gene expression in RA synoviocytes (9). How-
ever, evaluation of this pathway in arthritis has been
hampered by the lack of selective compounds to
block JNK function in vivo and in vitro. Using a
novel selective JNK inhibitor (10), we now report
that JNK blockade suppresses MMP and bone
destruction in an animal model of arthritis. Fur-
thermore, data from synoviocytes derived from JNK
knockout mice confirmed the importance of JNK in
metalloproteinase expression.
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Mitogen-activated protein kinase (MAPK) cascades are involved in inflammation and tissue destruc-
tion in rheumatoid arthritis (RA). In particular, c-Jun N-terminal kinase (JNK) is highly activated in RA
fibroblast-like synoviocytes and synovium. However, defining the precise function of this kinase has
been difficult because a selective JNK inhibitor has not been available. We now report the use of a novel
selective JNK inhibitor and JNK knockout mice to determine the function of JNK in synoviocyte biolo-
gy and inflammatory arthritis. The novel JNK inhibitor SP600125 (anthra[1,9-cd]pyrazol-6(2H)-one)
completely blocked IL-1–induced accumulation of phospho-Jun and induction of c-Jun transcription
in synoviocytes. Furthermore, AP-1 binding and collagenase mRNA accumulation were completely sup-
pressed by SP600125. In contrast, complete inhibition of p38 had no effect, and ERK inhibition had
only a modest effect. The essential role of JNK was confirmed in cultured synoviocytes from JNK1
knockout mice and JNK2 knockout mice, each of which had a partial defect in IL-1–induced AP-1 acti-
vation and collagenase-3 expression. Administration of SP600125 modestly decreased the rat paw
swelling in rat adjuvant-induced arthritis. More striking was the near-complete inhibition of radi-
ographic damage that was associated with decreased AP-1 activity and collagenase-3 gene expression.
Therefore, JNK is a critical MAPK pathway for IL-1–induced collagenase gene expression in synovio-
cytes and in joint arthritis, indicating that JNK is an important therapeutic target for RA.
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Methods
Patient selection and cell preparation. Fibroblast-like syn-
oviocytes (FLS) were isolated from RA synovial tis-
sues obtained at joint replacement surgery as
described previously (11). The diagnosis of RA con-
formed to the 1987 revised American College of
Rheumatology criteria (12). Briefly, the tissues were
minced and incubated with 1 mg/ml collagenase in
serum-free DMEM (Life Technologies Inc., Grand
Island, New York, USA) for 2 hours at 37°C, filtered
through a nylon mesh, extensively washed, and cul-
tured in DMEM supplemented with 10% FCS (endo-
toxin content less than 0.006 ng/ml; Life Technolo-
gies Inc.), penicillin, streptomycin, and L-glutamine
in a humidified 5% CO2 atmosphere. After overnight
culture, nonadherent cells were removed, and adher-
ent cells were cultivated in DMEM plus 10% FCS. At
confluence, cells were trypsinized, split at a 1:3 ratio,
and recultured in medium. Synoviocytes were used
from passages three through nine in these experi-
ments, during which time they were a homogeneous
population of FLSs (<1% CD11b, <1% phagocytic,
and <1% Fc-gamma RII receptor positive).

Reagents. SP600125 (anthra[1,9-cd]pyrazol-6(2H)-
one) (see Figure 1) is a novel JNK inhibitor synthesized
by the Department of Chemistry at Signal Research
Division of Celgene Inc., San Diego, California, USA.
The IC50 for this compound on various kinases and
other enzymes are shown in Table 1. These studies were
performed on the recombinant enzymes (see below for
methods). The chemistry and biochemical analysis will
be reported elsewhere (10). SB203580 (p38 inhibitor,
IC50; 10 nM) was purchased from Calbiochem-Nov-
abiochem Corp. (San Diego, California, USA) and
PD98059 (MEK1/2 inhibitor, IC50 10 µM) was
obtained from New England Biolabs Inc., Beverly,
Massachusetts, USA). The following reagents were also
used: IL-1β (Boehringer Mannheim Biochemicals Inc.,
Indianapolis, Indiana, USA), glutathione-S-transferase-
c-Jun (GST-c-Jun) and glutathione-S-transferase-acti-
vating transcription factor-2 (GST-ATF2) (Signal Phar-
maceuticals Inc., San Diego, California, USA), complete
protease inhibitor cocktail (Boehringer Mannheim Bio-
chemicals Inc.), protein A-Sepharose 4B-CL (Promega
Corp., Madison, Wisconsin, USA).

In vitro enzyme inhibition studies. The IC50 for SP600125
on JNK was measured using recombinant JNK2 with

GST-c-Jun (amino acids 1–79) as a substrate. All reac-
tions were performed in duplicate for 60 minutes at
room temperature and contained the following: 50 ng
JNK2, 20 mM HEPES, pH 7.6, 10 mM MgCl2, 1.5 mM
DTT, 0.5 µCi γ32P-ATP, 50 mM NaCl, 0.03% Triton X-
100, 0.1 mM EDTA. JNK2 activity was measured at 2 µM
ATP and 2 µM GST-cJun with increasing concentrations
of SP600125 to determine the IC50. ERK1, IκB kinase
(IKK) , and p38-2 assays were similar to the JNK assay
except for the use of different recombinant enzymes and
substrate. The ERK, p38-2 and IKK assays measured the
phosphorylation of myelin basic protein, GST-ATF2 and
GST-IκB (amino acids 1–54), respectively. Similar analy-
ses were performed using increasing concentrations of
SP600125 with the appropriate substrate by Cerep Inc.
(Redmond, Washington, USA) to inhibit a panel of
recombinant enzymes as shown in Table 1.

JNK1 and JNK2 knockout mouse synoviocytes. Six-week-
old JNK1 and JNK2 knockout mice were produced by
C57BL/6 backcrossing with SV12a and then back-
crossing with C57BL/6 for another five generations to
obtain homozygous progeny, and mice homozygous
for the targeted gene were analyzed for phenotype (13,
14). Synovial tissue was microdissected from the ankle
joints of mice and subsequently minced and incubat-
ed with 1 mg/ml collagenase in serum-free DMEM
(Life Technologies Inc.) for 2 hours at 37°C, filtered
through a nylon mesh, extensively washed, and cul-
tured in DMEM supplemented with 10% FCS (endo-
toxin content less than 0.006 ng/ml; Life Technologies
Inc.), penicillin, streptomycin, and L-glutamine in a
humidified 5% CO2 atmosphere. After overnight cul-
ture, nonadherent cells were removed and adherent
cells were cultivated in DMEM plus 10% FCS. At con-
fluence, cells were trypsinized, split at a 1:3 ratio, and
recultured in medium.

In vitro kinase assays. Confluent RA FLS in 100-mm-
diameter dishes were pretreated with MAPK inhibitors
for 30 minutes and further incubated with IL-1 (2
ng/ml) for 15 minutes, or cells were treated with IL-1
alone for 15 minutes. Kinase assays were performed
using a modification of methods described previously
(4). Cells were washed with cold PBS two times, and
cells were scraped directly into lysis buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM
EGTA, 10% glycerol, 1% Triton X-100, 20 mM β-glyc-
erophosphate, 50 mM sodium fluoride, 1 mM Na3VO4,
10 µg/ml aprotinin, 1 µM pepstatin A, 1 mM PMSF)
and homogenized by ten passes through a 26-gauge
needle fitted to a 1-ml syringe. The homogenate was
centrifuged for 10 minutes at 14,000 g, and the super-
natant was retained for immunoprecipitation. Samples
containing 500 µg of protein and 5% FCS in a total vol-
ume of 100 µl were incubated with specific anti-p38 or
anti-JNK MAPK Ab (at a dilution of 1:1,000) (New Eng-
land BioLabs Inc.) and 3 µg of GST-c-Jun or GST-ATF2
for 3 hours at 4°C. These recombinant substrates serve
as phosphorylation targets for the immunoprecipitates
and are phosphorylated by either JNK (GST-c-Jun) or
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Figure 1
Structure of SP600125, a selective JNK inhibitor.



JNK/p38 (GST-ATF2), respectively. Then 30 µl of 50%
slurry of protein A-Sepharose 4B-CL in PBS was added,
and the mixture was incubated for 1 hour on a rotation
wheel. After centrifugation for 5 minutes at 3,000 g,
immunocomplexes were washed three times with a
low-salt buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 0.2% Triton X-100, 2 mM EDTA, 2 mM EGTA,
0.1% SDS) and three times with a high-salt buffer (50
mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.2% Triton X-
100, 2 mM EDTA, 2 mM EGTA, 0.1% SDS) and once
with 20 mM HEPES, pH 7.4, 20 mM MgCl2 before the
kinase reaction was started by adding 30 µl of kinase
buffer (25 mM HEPES, pH 7.4, 25 mM MgCl2, 20 mM
β-glycerophosphate, 0.1 mM Na3VO4, 2 mM dithio-
threitol, 20 µM ATP, 2 µCi γ[32P]-ATP) for 30 minutes
at 37°C. Samples were heated for 5 minutes at 95°C,
separated using 10% SDS-PAGE, and visualized by
autoradiography. For studies in adjuvant arthritis, rats
were immunized with complete Freund’s adjuvant as
described above and treated with 30 mg/kg SP600125
subcutaneously, beginning on day 8. The animals were
sacrificed on day 14, and the ankle joints were minced
in 2 ml of the lysis buffer. The protein extracts were
then processed as described for tissue culture cells.

Western blot analysis. Synoviocytes were pretreated with
medium or MAPK inhibitors for 30 minutes and fur-
ther incubated with IL-1 (2 ng/ml) for 15 minutes. Pro-
tein samples (25 µg/lane) from FLS were run on a 10%
SDS-PAGE and transferred onto a nitrocellulose mem-
brane at 140 mA in 25 mM Tris-HCl, pH 8.3, 192 mM
glycine, and 50% methanol. Western blot analysis was
performed using SAPK/JNK assay kit, PhosphoPlus
MAPK Ab kit, and PhosphoPlus p38 MAP kinase
(Thr180/Tyr182) Ab kit (New England BioLabs Inc.),
according to the manufacturer’s instructions. Briefly,
filters were blocked with TBS plus 0.1% Tween-20 and
5% dry milk for 1–3 hours, followed by incubation with
the appropriate Ab at 4°C overnight. The membrane
was washed three times and incubated with HRP-con-
jugated secondary Ab for 1 hour at room temperature
(Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA). The proteins were visualized by chemilumines-

cence with hydrogen peroxide and luminol as a sub-
strate using Kodak X-AR film (Eastman Kodak Co. Sci-
entific Imaging Systems, Rochester, New York, USA). 

Northern blot analysis. FLSs were pretreated with medi-
um or MAPK inhibitors for 30 minutes and further
incubated with IL-1 (2 ng/ml) for 18 hours. Total RNA
was isolated using 1 ml of RNA STAT-60 (Tel-Test Inc.,
Friendswood, Texas, USA) per 4 × 106 cells. Equal
amounts of RNA (20 µg of total RNA) were fractionat-
ed in a 1.2% agarose gel containing 5.5% formaldehyde.
RNA was then transferred to a nylon membrane using
the turbo blotter system (Schleicher & Schuell Inc.,
Keene, New Hampshire, USA) and cross-linked at 80°C
for 60 minutes. The blots were prehybridized in 50%
formamide, 5× saline-sodium phosphate-EDTA
(SSPE), 5× Denhardt’s solution, 1% SDS, 200 µg/ml
ssDNA, and 50 µg/ml tRNA. The cDNA probes were
denatured and labeled by random-primed incorpora-
tion of α[32P]-dATP (Ambion Inc., Austin, Texas, USA).
The probes were denatured at 100°C, and the blots
were hybridized overnight at 42°C. The membrane was
washed in 2× SSPE and 0.1% SDS at 37°C and exposed
to Kodak X-Omat AR film (Eastman Kodak Co. Scien-
tific Imaging Systems) with an intensifying screen for
18–24 hours at –80°C. Image analysis was performed
on digitized images using the NIH image software
(Bethesda, Maryland, USA).

Preparation of nuclear extracts. Confluent RA FLS in
100-mm-diameter dishes were pretreated with medium
or MAPK inhibitors for 30 minutes and further incu-
bated with IL-1 (2 ng/ml) for 60 minutes. The cells were
then lysed with 1 ml buffer A (10 mM HEPES, pH 7.4,
1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF,
and 0.1% Nonidet P-40 [NP-40]) as described previous-
ly (15), incubated on ice for 15 minutes, and cen-
trifuged at 850 g at 4°C. The supernatants were dis-
carded and the pellets resuspended in 4 ml of buffer A
without NP-40. The samples were centrifuged again,
and the supernatant was discarded. One hundred
microliters of buffer C (25% glycerol, 20 mM HEPES,
pH 7.9, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
pH 8.0, 1 mM DTT, and 1 mM PMSF) was added to the
pellets and the samples were rocked at 4°C for 30 min-
utes. Particulate matter was pelleted for 30 minutes at
4°C in a microfuge, and the supernatant was aliquot-
ed and stored at –80°C.

Electrophoretic mobility shift assay. The Bandshift kit
(Promega Corp.) was used according to the manufac-
turer’s instructions. Consensus and control oligonu-
cleotides (Santa Cruz Biotechnology Inc.) were labeled
by polynucleotide kinase incorporation of γ[32P]-
dATP. Oligonucleotides sequences included the AP-1
consensus (5′ to 3′) (CGCTTGATGACTTGGCCGGAA)
(CGCTTGATGACTTGGCCGGAA). After the oligonu-
cleotide was radiolabeled, the nuclear extracts (4 µg of
protein in 2 µl of nuclear extract) were mixed with 20
pmol of the appropriate γ[32P]-ATP–labeled consensus
or mutant oligonucleotide in a total volume of 20 µl
for 30 minutes at room temperature. The samples were
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Table 1
Inhibitory activity of SP600125 on various enzymes

Enzyme IC50 (µM) Enzyme IC50 (µM)

JNK1 0.11 Phospholipase A2 >10
JNK2 0.11 Adenylate cyclase >10
JNK3 0.15 Guanylate cyclase >10
ERK2 >30 ATPase (Na/K) >10
p38β >30 Protein kinase C >10
IkB kinase-2 >30 HIV-1 protease >10
Acetylcholine esterase >10 Monoamine oxidase >10
Cycloxygenase-2 >10 Tyrosine hydrolase >10
5′-lipoxygenase >10 Elastase >10
PDE I, III, IV, V >10 Cathepsin B, G >10
PDE IV 7 EGF tyrosine kinase >10
iNOS >10 Cathepsin B, G >10



then resolved on a 4% polyacrylamide gel. The gel was
transferred to Whatman paper, dried, and visualized
by autoradiography. Controls were performed in each
case with mutant oligonucleotides or cold oligonu-
cleotides to compete with labeled sequences.

Adjuvant arthritis model. Male Lewis rats (150–200 g)
were immunized with complete Freund’s adjuvant on
day 0 (16). In this model, arthritis typically begins on
day 10 and reaches a plateau from day 16 to 20. Treat-
ment with subcutaneous SP600125 or vehicle (40%
polyethylene glycol [PEG] 400 in PBS) was begun on day
8 and was continued daily. Paw swelling was determined
by water displacement plethysmography. Roentgeno-
grams were obtained of the right hind paw to assess
bone changes using a semiquantitative scoring system:
demineralization (0–2+); ankle and mid-foot erosions
(0–2+); calcaneal erosion (0–1+); heterotopic bone for-
mation (0–1+), with a maximum possible score of 6. A
histologic scoring system was used to evaluate joint
inflammation and damage: synovial inflammation
(0–4+), cartilage integrity (0–4+), bone erosions (0–4+),
marrow infiltration (0–4+), and extra-articular inflam-
mation (0–4+), with a maximum score of 16.

Statistics. Data were compared using Student’s t test,
and a P value less than 0.05 was considered significant.
Data are presented as mean plus or minus SEM.

Results
Effect of MAPK inhibitors on JNK activity in RA FLS. Initial
studies were performed to determine the effect of the
MAPK inhibitors on phosphorylation of transcription
factors c-Jun and ATF2 using in vitro kinase assays. To
compare the activity of the different MAPK and
MAPKK inhibitors, RA FLS were incubated with the
novel JNK inhibitor SP600125 (see Figure 1 for struc-
ture and Table 1 for a profile of activity on various
enzymes), the MEK inhibitor PD98059 (which blocks
ERK activation), or the p38α/β inhibitor SB203580 for
30 minutes and then stimulated with IL-1. IL-1–stim-
ulated JNK activity measured with a GST-Jun substrate
was blocked by 20 µM of SP600125 (Figure 2). It is of

interest that 100 µM of PD98059 partially inhibited
this activity, but SB203580 was inactive at concentra-
tions that completely blocked p38. Both the JNK
inhibitor and the p38α/β inhibitor blocked phospho-
rylation of GST-ATF2 by the extracts, consistent with
the ability of both JNK and p38 to phosphorylate ATF2
(17). No cytotoxicity was observed at the concentra-
tions of SP600125 tested in these assays.

Effect of MAPK inhibitors on c-Jun phosphorylation in RA FLS.
Having demonstrated that c-Jun phosphorylating activi-
ty was inhibited in vitro by SP600125 in RA FLS extracts,
we then examined effect of the JNK inhibitor on accumu-
lation of phospho-c-Jun in IL-1–stimulated FLS. Western
blot analysis showed that SP600125 and, to a lesser extent
PD98059, interfered with JNK activity, while SB203580
had no effect (n = 5) (Figure 3). Additional studies showed
that SP600125 blocked c-Jun phosphorylation at both ser-
ine 63 and serine 73 (data not shown). While SP600125 is
known to inhibit JNK, it was possible that its effect on 
c-Jun phosphorylation could result from nonspecific inhi-
bition of the upstream kinases JNKK1/MKK4 or
JNKK2/MKK7. However, SP600125, PD98059, and
SB203580 did not block phosphorylation of JNK in 
IL-1–stimulated RA FLS (n = 3; data not shown). There-
fore, SP600125 functions by directly inhibiting JNK.

Gene expression of c-jun and c-fos in RA FLS. MAPKs are
thought to be involved in regulation of c-jun and c-fos
genes (18). The role of JNK in c-jun and c-fos gene regu-
lation in FLSs was therefore determined using the three
MAP kinase inhibitors. We observed that SP600125
blocked c-jun mRNA accumulation in IL-1–treated cells,
while PD98059 primarily blocked c-fos expression (Fig-
ure 4). SB203580 had no effect on c-fos or c-jun expres-
sion at a concentration that completely inhibits p38
function. Nonspecific toxicity of the JNK inhibitor is
not likely since the compound had little effect on either
c-fos or GAPDH expression.

Collagenase and AP-1 expression in RA synoviocytes. Colla-
genase (MMP1) plays a critical role in irreversible matrix
degradation in RA by cleaving native type II collagen
(19). AP-1 is an important IL-1–inducible transcription
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Figure 2
Effect of SP600125 on c-Jun phosphorylating activity. Cultured FLS
were stimulated with medium (Med) or 2 ng/ml of IL-1 for 15 min-
utes in the presence of increasing concentrations of SP600125 (0–20
µM; JNK inhibitor), PD98059 (0–100 µM; MEK/ERK inhibitor), or
SB203580 (0–3 µM; p38 inhibitor). The ability of cell lysates to phos-
phorylate GST-c-Jun or GST-ATF2 was determined. SP600125 inhib-
ited c-Jun and ATF2 phosphorylation in vitro.

Figure 3
Effect of MAP kinase inhibitors on phospho-c-Jun (P-c-Jun) levels.
Cultured FLSs were stimulated with medium or 2 ng/ml of IL-1 for 15
minutes in the presence of SP600125 (20 µM), PD98059 (100 µM),
or SB203580 (3 µM). Phospho-c-Jun and total c-Jun protein levels
were determined by Western blot analysis. SP600125 inhibited intra-
cellular c-Jun phosphorylation. The phospho-c-Jun/total Jun protein
ratios were medium = 0.18, IL-1 = 1.00, IL-1 + SP600125 = 0.23, 
IL-1 + PD98059 = 0.73, IL-1 + SB203580 = 1.09.



factor that regulates collagenase gene expression (20).
Figure 5a shows that SP600125 suppressed AP-1 bind-
ing in IL-1–stimulated FLS. The ERK/MEK inhibitor
also had a modest effect, but the p38 inhibitor did not
alter AP-1 binding. Because SP600125 inhibits AP-1 acti-
vation, its effect on collagenase gene expression was
examined. Northern blot analysis indicated that the JNK
inhibitor blocked IL-1–induced collagenase expression
in RA FLS, although SP600125 (20 µM) did not reduce
levels of MMP1 gene expression below baseline (see Fig-
ure 5b). This is consistent with the Western blot experi-
ments (Figure 3), indicating that the JNK inhibitor
decreased IL-1–induced phospho-c-Jun levels to baseline.
SP600125 also inhibited IL-1–induced MMP3 expres-
sion in FLS (data not shown). Weak inhibition was
observed in cells treated with high concentrations of
PD98059, but SB203580 had no effect. Therefore, JNK
blockade interferes with transcription factor activation
and collagenase gene expression in cultured RA FLS.

MMP13 and MMP3 expression and regulation in JNK1
and JNK2 knockout synoviocytes. To prove a direct role of
JNK in the regulation of collagenase gene expression,

a genetic approach to evaluate the role of JNK in regu-
lation of collagenase gene expression was taken. FLS
were isolated from mice with homozygous disruption
of the jnk1 or jnk2 locus. We examined IL-1–induced
MMP3 and MMP13 (collagenase 3) expression instead
of MMP1 because mice do not express the MMP1
gene. IL-1 induced significant accumulation of
MMP13 and MMP3 mRNA in wild-type FLS. Howev-
er, MMP13 and MMP3 gene induction was suppressed
in FLS isolated from JNK1 and JNK2 knockout mice
(n = 3) (Figure 6a). Both the JNK1- and JNK2-deficient
cells had lower levels of AP-1 binding activity than
wild-type cells (Figure 6b).

Effect of SP600125 on JNK function in vivo. To determine if
SP600125 inhibits JNK function in vivo, adjuvant arthri-
tis was induced in Lewis rats. Beginning on day 8, rats
were treated subcutaneously with either 30 mg/kg/d or
vehicle. The rats were sacrificed after the onset of arthri-
tis (day 14) 2 hours after drug administration. Ankle joint
extracts were subsequently prepared for in vitro kinase
assays to determine JNK activity. As seen in Figure 7, the
extracts from vehicle-treated rats were able to phospho-
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Figure 4
Effect of MAP kinase inhibitors on c-jun and c-fos gene expression.
Cultured FLS were stimulated with medium or 2 ng/ml of IL-1 for 15
minutes in the presence of SP600125 (20 µM), PD98059 (100 µM),
or SB203580 (3 µM). The figure is representative of four FLS lines
examined. The c-jun and c-fos mRNA levels were determined by North-
ern blot analysis. RNA loading is shown in the bottom row with
GAPDH. JNK inhibition decreased c-jun expression, while ERK inhi-
bition decreased c-fos expression.

Figure 5
Effect of MAP kinase inhibitors on
AP-1 expression and collagenase
gene. Cultured FLS were stimulated
with medium or 2 ng/ml of IL-1 for
18 hours (Northern blot analysis)
and 1 hour (electrophoretic mobil-
ity shift assay [EMSA]) in the 
presence of medium, SP600125,
PD98059, or SB203580. In EMSA
experiments (a), SP600125 (20
µM), PD98059 (100 µM), or
SB203580 (3 µM) were tested 
(n = 3; two separate experiments
are shown). Note that the JNK
inhibitor SP600125 decreased 
AP-1 binding in nuclear extracts of
IL-1–stimulated FLS. The ERK/MEK
inhibitor had a modest effect, and
the p38 inhibitor did not alter 
AP-1 binding. (b) Northern blot
analysis in which increasing concentrations of the inhibitors were tested for the ability to inhibit collagenase gene expression: SP600125 (0–20
µM; JNK inhibitor), PD98059 (0–100 µM; MEK/ERK inhibitor), or SB203580 (0–3 µM; p38 inhibitor) (n = 3). SP600125 and, to a lesser
extent, PD98059 decreased MMP1 gene expression. GAPDH shows equal loading of RNA in each lane. Here, 20 µM of SP600125 inhibited
IL-1–induced MMP1 induction (GAPDH-normalized MMP1 gene expression for medium = 0.66; IL-1 = 1.70; IL-1 + SP600125 10 µM = 1.28;
IL-1 + SP600125 20 µM = 0.63; IL-1 + SP600125 50 µM = 0.49). However, PD98059 did not decrease MMP1 expression to baseline (GAPDH-
normalized MMP1 gene expression for medium = 0.43; IL-1 = 1.40; IL-1 + PD98059 10 µM = 1.15; IL-1 + PD 98059 100 µM = 0.86).



rylate GST-c-Jun substrate, but no kinase activity was
detected in the animals that received SP600125. There-
fore, systemic administration of SP600125 inhibited JNK
function in the joints of rats with adjuvant arthritis.

Effect of JNK inhibition in adjuvant arthritis. To determine
the effect of JNK inhibition on matrix destruction in an
animal model of arthritis, rats were immunized on day
0 with complete Freund’s adjuvant and treated with
SP600125 (30 mg/kg/d, subcutaneously) or vehicle
beginning on day 8 (n = 8 animals/group). Paw volumes
were measured daily and, as shown in Figure 8a, the JNK

inhibitor modestly decreased swelling in treated rats.
Histologic evaluation of synovial inflammation showed
significant beneficial effect in animals treated with
SP600125 (histologic score for SP600125 = 9.0 ± 2.1;
vehicle = 14.4 ± 0.6; P < 0.05). Most importantly, in
SP600125-treated animals, radiographic analysis at the
conclusion of the study demonstrated a marked decrease
in bone and cartilage damage (Figure 8b; radiographic
score for SP600125 = 1.5 ± 0.7; vehicle = 4.5 ± 0.6; 
P < 0.01). Furthermore, significantly lower amounts of
collagenase mRNA were detected in the joint extracts of
SP600125-treated animals (Figure 8c). AP-1 binding was
also significantly decreased in the joints of SP600125-
treated animals compared with vehicle-treated controls
(Figure 8d). Therefore, JNK inhibition had a modest
anti-inflammatory effect but had a marked protective
effect on joint destruction.

Discussion
Based on the importance of metalloproteinases in RA
(5, 16, 19), we hypothesized that MAPKs serve as key
regulators of matrix remodeling in this disease through
their effects on AP-1. Of the three MAPK families, JNK
likely plays a central role in this process by virtue of its
ability to activate AP-1–mediated transcription (21).
AP-1 function is regulated both through changes in the
abundance of its Jun and Fos components and post-
translational modification by protein phosphorylation
(22, 23). The various JNK isoforms, including JNK1,
JNK2, and JNK3, phosphorylate two N-terminal serines
(amino acids 63 and 73) on c-Jun and subsequently
enhance transcriptional activity. In addition to c-Jun,
JNK can regulate the expression of other genes through
the phosphorylation of ATF2 and Elk1 (24). JNK2
binds c-Jun with greater avidity than the other JNKs
and may be the most physiologically relevant isoform,
especially in FLS where it is the dominant JNK protein.
Our focus on JNK was stimulated by previous studies
demonstrating that JNK phosphorylation is greater in
RA than osteoarthritis synoviocytes and correlated
with increased MMP expression (9, 25). Furthermore,
phospho-JNK has also been observed in intact RA syn-
ovium using both immunohistochemistry and West-
ern blot analysis (9, 26).

Previous studies of JNK function in vitro and in vivo
have been limited by the lack of a selective inhibitor.
Using a novel inhibitor of JNK (SP600125), we evaluat-
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Figure 6
Metalloproteinase gene and AP-1 expression in JNK1 and JNK2 knock-
out (KO) FLS. Cultured FLS from JNK1 KO FLS lines, JNK2 KO FLS lines,
and wild-type FLS lines were stimulated with medium or 2 ng/ml of 
IL-1 for 18 hours (Northern blot analysis) and 1 hour (EMSA) in the pres-
ence of medium or 20 µM SP600125. (a) MMP3 and MMP13 mRNA
levels were determined by Northern blot analysis in two separate lines for
each strain (line 1 and line 2). JNK1 KO and especially JNK2 KO FLS had
lower MMP expression. Residual MMP expression was further sup-
pressed by 20 µM SP600125 (see MMP3 experiment). The ethidium-
stained gel shows equal loading of RNA in each lane. (b) AP-1 binding
was shown for two JNK2 KO, one wild-type, and one JNK1 KO line. The
far left part of the gel shows a positive control and cold competition of
the positive control (cold oligo). JNK KO FLS lines have decreased basal
and IL-1–stimulated AP-1 activation compared with wild-type cells.

Figure 7
Effect of SP600125 on JNK activity in adjuvant arthritis. Rats with
adjuvant arthritis were treated with SP600125 or vehicle beginning
on day 8 and sacrificed on day 14. The ability of joint lysates to phos-
phorylate GST-c-Jun was determined as described in Methods. Vehi-
cle-treated rats had high levels of JNK kinase activity, while no activ-
ity was detected in the SP600125-treated rats (n = 4 each).



ed JNK biology in cultured synoviocytes and in an ani-
mal model of arthritis. Initial in vitro experiments
showed that SP600125 blocked JNK function in FLS.
The inhibitor suppressed IL-1–induced phospho-c-Jun
accumulation in synoviocytes as well as c-Jun phospho-
rylating activity in cell extracts. SP600125 did not sup-
press c-Jun phosphorylation below baseline, suggesting
that other pathways contribute to basal AP-1 activation.
Inhibitors of the other MAPK pathways were also evalu-
ated to determine the relative contributions of each to c-
Jun phosphorylation and AP-1 activation. Although JNK
played a primary role in c-Jun phosphorylation, ERK
also appeared to contribute. However, p38 had no effect
on any of the JNK-related functions. SP600125 also
inhibited c-jun mRNA accumulation in synoviocytes,
whereas ERK was more important in c-fos regulation.

JNK inhibition also decreased the induction of AP-1
DNA-binding activity in synoviocytes, which is prima-
rily dependent on new Jun and Fos protein synthesis in
synovial fibroblasts. Of particular interest, SP600125
suppressed the induction of collagenase gene expres-
sion, which contains a key AP-1 site in its promoter that
is critical for cytokine-induced transcription (18). As
with c-Jun phosphorylation, the JNK inhibitor reduced
MMP1 to baseline levels. Similar, but less dramatic,
results were produced by knockout of the jnk1 or jnk2
loci. The absence of either gene suppressed MMP
expression in mouse synoviocytes, although JNK2
appeared to be more important. The relatively greater
decrease in the JNK2 knockout mice suggests that this
kinase plays a key role. This is consistent with our pre-
vious observation that the JNK2 is more abundant than
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Figure 8
(a) Effect of SP600125 on adjuvant arthritis in rats. Rats were immunized with complete Freund’s adjuvant on day 0 and treated with vehi-
cle or 30 mg/kg/d of SP600125 subcutaneously beginning on day 8. Significantly less paw swelling was observed in the treated animals. (b)
Effect of SP600125 on radiographic damage in adjuvant arthritis. Representative examples of ankle radiographs demonstrate markedly less
destruction in the rats treated with SP600125 (top) compared with vehicle (bottom). (c) Effect of SP600125 on synovial collagenase gene
expression. Northern blot analysis was performed on joint extracts of vehicle and SP600125-treated rats. Each lane contains the extract of
an ankle joint from a control or treated rat (n = 4 for each). Note the lower levels of MMP13 in the SP600125-treated animals (G3PDH-nor-
malized MMP13 mRNA levels for SP600125 = 0.23 ± 0.086 and vehicle = 0.822 ± 0.131; P < 0.01). (d) Effect of SP600125 on synovial 
AP-1 activation. EMSA analysis was performed on joint extracts of vehicle and SP600125-treated rats with adjuvant arthritis. Positive con-
trol is shown on the far left lane of the gel. Note lower levels of AP-1 binding in the SP600125-treated rats (SP600125 = 2.89 ± 0.43 and
vehicle = 12.6 ± 2.5, P < 0.01; data presented as arbitrary density units).



either JNK1 or JNK3 in RA synoviocytes (9). SP600125
further decreased MMP expression in the knockout syn-
oviocytes, suggesting that blockade of both JNKs is
needed for complete inhibition of MMP production.
This is especially an important consideration when
assessing murine models of inflammation in JNK
knockout mice where only a single locus can be deleted.

The role of individual MAPKs in MMP expression
varies with cell type and stimulus. For instance, p38
might play an important role in phorbol ester–induced
type IV collagenase production by a squamous cell car-
cinoma cell line as well as in cytokine-stimulated chon-
drocytes (27, 28). ERK and JNK have been implicated in
the regulation of collagenase gene expression in cul-
tured fibroblasts (29). In contrast to FLS, collagenase
and stromelysin gene expression in endothelial cells are
dependent on p38 (30). Using both selective inhibitors
and genetically modified cells, our data indicate that
cytokine-induced MMP1 expression is independent of
p38 in synoviocytes, which are the primary source of
MMPs in the rheumatoid synovial membrane. While
ERK can contribute to collagenase gene expression,
JNK is a key MAPK pathway that regulates this process
in RA synoviocytes.

After demonstrating a key role of JNK in the regulation
of AP-1 and MMP1 expression in vitro, we then evaluat-
ed the effect of the compound in vivo. The JNK inhibitor
markedly decreased JNK functional activity in arthritic
rats treated with the compound. The JNK inhibitor also
had a beneficial effect in rat adjuvant arthritis, which is
a polyarticular, destructive arthritis that serves as a
model for RA (16). SP600125 modestly decreased paw
swelling in this model. However, the most striking ben-
efit was on joint destruction. Radiographic evaluation of
animals treated with the JNK inhibitor showed signifi-
cantly less joint damage and remodeling than vehicle-
treated controls. Hence, JNK activation is a primary
mediator of joint destruction in arthritis.

The mechanism of joint protection in adjuvant
arthritis was investigated by determining MMP and
AP-1 activation in rats treated with SP600125. As with
cultured synoviocytes, the JNK inhibitor suppressed
synovial MMP13 gene expression. It is therefore likely
that JNK blockade interfered with a cascade of events,
beginning with c-Jun phosphorylation and including
c-jun gene expression, AP-1 binding, and MMP1 gene
transcription. These data indicate that the JNK path-
way lies at a critical convergent point in the regulation
of extracellular matrix regulation in arthritis. Alterna-
tively, JNK blockade could potentially alter the
immune responses since these kinases play a role in
Th1/Th2 balance and T cell activation (13, 31, 32).
However, treatment with SP600125 was delayed in
order to minimize its effect on the primary T cell
responses. Anti-inflammatory and matrix protection
actions of therapeutic agents can be readily assessed
with delayed treatment (16).

Based on the modest effects on paw swelling, the
inflammatory components of arthritis appear to be

less dependent on AP-1. This differs somewhat from
NF-κB inhibitors, which have tended to demonstrate
more prominent anti-inflammatory effects (33–35).
We have also observed that suppression of NF-κB acti-
vation in the joints of rats with adjuvant arthritis leads
to decreased joint inflammation but no change in
bone destruction (36). These data suggest that AP-1
and NF-κB might complement each other by primari-
ly regulating destruction or inflammation, respective-
ly. These two aspects of RA are not always linked, and
different mechanisms appear to regulate their pro-
gression in human RA as well as various animal mod-
els (1). Hence, JNK inhibition is a potential therapeu-
tic approach for prevention of matrix destruction. In
combination with approaches that suppress other
pathways such as NF-κB, both inflammation and joint
damage could suppressed in RA.
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