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SPA0355, a thiourea
analogue, inhibits
inflammatory responses
and joint destruction in
fibroblast-like synoviocytes
and mice with collagen-
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BACKGROUND AND PURPOSE
NF-kB has been implicated as a therapeutic target for the treatment of rheumatoid arthritis. We previously synthesized a
thiourea analogue, SPA0355, which suppressed NF-kB activity. Here we have assessed the anti-inflammatory and anti-arthritic
effects of SPA0355.

EXPERIMENTAL APPROACH
We evaluated the effects of SPA0355 on human rheumatoid fibroblast-like synoviocytes in vitro and on collagen-induced
arthritis (CIA) in mice in vivo.

KEY RESULTS
In vitro experiments demonstrated that SPA0355 suppressed chemokine production, matrix metalloproteinase secretion
and cell proliferation induced by TNF-a in rheumatoid fibroblast-like synoviocytes. In addition, SPA0355 inhibited osteoclast
differentiation induced by macrophage colony-stimulating factor and the receptor activator of NF-kB ligand, in bone marrow
macrophages. Mice with CIA that were pretreated with SPA0355 had a lower cumulative disease incidence and severity of
arthritis, based on hind paw thickness, radiological and histopathological findings, and inflammatory cytokine levels, than
mice treated with vehicle. Mice treated with SPA0355, after the onset of CIA, also showed significantly decreased disease
incidence and joint oedema. The in vitro and in vivo protective effects of SPA0355 were mediated by inhibition of the NF-kB
signalling pathway.

CONCLUSION AND IMPLICATIONS
Taken together, these results suggested that using SPA0355 to block the NF-kB pathway in rheumatoid joints reduced both
the inflammatory responses and tissue destruction. Therefore, SPA0355 may have therapeutic value in preventing or delaying
joint destruction in patients with rheumatoid arthritis.
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Abbreviations
BMM, bone marrow-derived macrophage; BrdU, bromo-2-deoxyuridine; CIA, collagen-induced arthritis; FLS,
fibroblast-like synoviocytes; IKK, IkB kinase; M-CSF, macrophage colony-stimulating factor; RA, rheumatoid arthritis;
RANKL, receptor activator of NF-kB ligand; TRAP, tartrate-resistant acid phosphatase

Introduction

Rheumatoid arthritis (RA) is a chronic destructive disease of
the joints that is characterized by proliferative synovitis, infil-
tration of inflammatory cells into synovial tissue and joint
destruction (Smolen et al., 2007). One of the major transcrip-
tional circuits implicated in joint inflammation is the NF-kB
pathway (McInnes and Schett, 2007). Within the joints,
fibroblast-like synoviocytes (FLS) and inflammatory cells
produce proinflammatory cytokines such as IL-1b and TNF-a.
These cytokines activate NF-kB and can also be induced by it,
and this positive regulatory loop leads to the expression of
mediators of inflammation. Examples of proinflammatory
mediators include cytokines, chemokines such as CCL5
(RANTES) and CXCL5 (ENA-78), and adhesion molecules
(Koch, 2005; McInnes and Schett, 2007). NF-kB activation in
FLS also contributes to the pathogenesis of RA by activating
the transcription of matrix metalloproteinases (MMPs) (Vin-
centi et al., 1998). The MMP family includes over 20 members
that differentially mediate the degradation of each compo-
nent of the extracellular matrix, including MMP-1 and
MMP-3, thought to be the major enzymes involved in tissue
destruction (Pretzel et al., 2009; Rooney et al., 2010).

NF-kB activity is increased in synovial tissue from RA
patients (Handel et al., 1995) and in mice with collagen-
induced arthritis (CIA) (Hah et al., 2010) compared with syn-
ovium from normal controls. Mice that lack the p50 subunit
of NF-kB do not show joint destruction (Campbell et al.,
2000). Activation of NF-kB is inhibited by several antirheu-
matic drugs currently in clinical use, including glucocorti-
coids (Auphan et al., 1995), aspirin (Yin et al., 1998), gold
salts (Jeon et al., 2000), leflunomide (Manna et al., 2000) and
methotrexate (Majumdar and Aggarwal, 2001). In addition,
intraarticular injection of NF-kB decoy oligonucleotides or
adenoviral gene transfer of dominant negative IkB kinaseb
(IKKb) suppresses CIA in mice (Tomita et al., 1999). We
recently demonstrated that adenoviral gene transfer of A20, a
universal NF-kB inhibitor, attenuated CIA in mice (Hah et al.,
2010). Furthermore, in vitro overexpression of IkBa super-
repressor in FLS from patients with RA (RA-FLS) inhibits the
expression of proinflammatory mediators (Lee et al., 2009).
Taken together, these studies confirm the importance of
NF-kB activation in the development of RA.

We have synthesized a series of thiourea analogues and
evaluated them with respect to their NF-kB-suppressing
activities (Cheon et al., 2010). These molecules were com-
posed of a thiourea moiety as a core structure, with hetero-
cycles such as indole, phenoxazine or carbazole. Among
them, SPA0355 (Fig 1A) was found to be the most potent
NF-kB suppressor in the macrophage cell line RAW264.7,
stimulated with LPS. These observations suggested that
SPA0355 could be used to treat NF-kB-related inflammatory
diseases including RA. Here we investigated the effects of

SPA0355 on cultured human RA-FLS and mice with CIA. We
found that SPA0355 was effective at suppressing the expres-
sion of proinflammatory mediators in vitro. Furthermore,
prophylactic and therapeutic administration of SPA0355 sig-
nificantly reduced the severity of CIA in mice.

Methods

Isolation and culture of RA-FLS from patients
Human tissue was obtained with informed consent from all
patients, and the study protocol was approved by the
Chonbuk National University Hospital Ethics Committee.
RA-FLS were isolated from primary synovial tissue obtained
from 12 patients with RA who met the revised criteria of the
American College of Rheumatology and had undergone total
joint replacement surgery or synovectomy, as previously
described (Lee et al., 2008). Cells were used at passages four to
eight, at which time they consisted of a homogeneous popu-
lation. Cells were grown at 37°C under a humidified atmo-
sphere containing 5% CO2, in high glucose-containing
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 2 mM glutamine, 100 units·mL-1 penicil-
lin, 100 mg·mL-1 streptomycin and 2.5 mg·mL-1 amphotericin
B. All treatments were performed in serum-free medium.

Animals
All animal care and experimental procedures in this study
complied with the protocol approved by the Institutional
Animal Care and Use Committee at Chonbuk National Uni-
versity. Pathogen-free male DBA/1 mice were purchased from
Orient Bio (Seoul, Korea). Mice were housed in a laminar flow
cabinet with a 12 h light/dark cycle and maintained on stan-
dard laboratory chow ad libitum.

Preparation of SPA0355
Preparation of SPA0355 was performed as previously
described (Cheon et al., 2010). Briefly, N-hydroxyethylation
of phenoxazine and mesylation of the resulting alcohol gave
the corresponding mesylate. The alkylation of p-nitrophenol
with the mesylate in the presence of base, reduction of the
obtained nitro compound to amine and subsequent conden-
sation of the amine with methyl isothiocyanate provided
SPA0355. The product was purified by column chromatogra-
phy on SiO2 to afford pure SPA0355 as a pale yellow solid. The
structure and purity of SPA0355 were identified by 1H NMR,
13C NMR, FT-IR and HRMS. The spectral data for SPA0355
were as follows: IR (neat, cm-1) 3387, 3211, 1540, 1508, 1490,
1464, 1376, 1273, 1042; 1H NMR (400 MHz, CDCl3) d 7.78 (br
s, 1H), 7.07 (d, 2H, J = 8.8 Hz), 6.85 (d, 2H, J = 8.8 Hz), 6.76
(td, 2H, J = 7.6, 1.6 Hz), 6.64 (td, 2H, J = 7.6, 1.6 Hz), 6.59–
6.00 (m, 4H), 5.83 (br s, 1H), 4.17 (t, 2H, J = 6.4 Hz), 3.94
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(t, 2H, J = 6.4 Hz), 3.06 (s, 3H); 13C NMR (100 MHz, CDCl3) d
182.3, 158.0, 145.0, 133.2, 129.2, 128.1, 123.8, 121.6, 116.1,
115.8, 111.9, 64.3, 44.0, 32.3; MS (FAB) m/z 392.14 [M + H]+;
HRMS (FAB) Calculated for C22H22N3O2S [M + H]+ 392.1433,
Found 392.1400. Stock solutions of SPA0355 were prepared in
dimethyl sulphoxide at 50 mM.

Bromo-2-deoxyuridine (BrdU)-labelling cell
proliferation assay
A cell proliferation ELISA (BrdU kit; Amersham Biosciences,
Piscataway, NJ, USA) was used to measure the incorporation
of BrdU during DNA synthesis, following the manufacturer’s
protocols. Briefly, after treatment with TNF-a for 72 h, BrdU
(10 mM) was added to the culture medium for 2 h, the BrdU-
labelled cells were fixed, and the DNA was denatured in
fixative solution for 30 min at room temperature. The cells
were then incubated with peroxidase-conjugated anti-BrdU
antibody for 2 h at room temperature, followed by washing
three times with washing solution. The immune complex was

detected using a 3,3′,5,5′-tetramethylbenzidine substrate
reaction and absorbance was measured at 405 nm.

Osteoclast differentiation
Bone marrow cells from 5-week-old ICR mice were isolated by
flushing the long bones with a-minimum essential medium
and suspended in a-minimum essential medium supple-
mented with 10% fetal bovine serum. Cells were plated and
cultured overnight in the presence of macrophage colony-
stimulating factor (M-CSF, 10 ng·mL-1). Non-adherent cells
were collected and cultured for 3 days in the presence of M-CSF
(30 ng·mL-1). Floating cells were removed and adherent cells
were used as bone marrow-derived macrophages (BMMs).
BMMs were seeded at 3.5 ¥ 104 cells per well in 48-well plates
and cultured with M-CSF (30 ng·mL-1) and the receptor acti-
vator of NF-kB ligand (RANKL, 50 ng·mL-1) for 4 days in the
presence or absence of SPA0355. Osteoclasts were visualized by
staining for tartrate-resistant acid phosphatase (TRAP) activity.
TRAP-positive cells were counted as osteoclasts.

Figure 1
Suppression of TNF-a-induced NF-kB activation in human RA-FLS by SPA0355. (A) Chemical structure of SPA0355. FLS (2 ¥ 106 cells) from RA
patients were pretreated with 10 mM SPA0355 for 1 h and then treated with TNF-a (10 ng·mL-1). Following 3 h of incubation, binding of NF-kB
to DNA was analysed by EMSA (B), and the translocation of p65 and p50 to the nucleus and IkBa degradation in the cytoplasm were determined
by Western blotting (C). b-Actin and PCNA were used as loading controls for cytoplasmic and nuclear proteins respectively. Protein levels and
phosphorylation of IKKa and IKKb were determined by Western blotting (D). Results are representative of three independent experiments.
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Collagen-induced arthritis
Male DBA/1 mice (7–9 weeks old) were immunized with
150 mg of bovine type II collagen emulsified with an equal
volume of complete Freund’s adjuvant (Chondrex, Redmond,
WA, USA). The day of the first immunization was defined as
day 0. The mice were then boosted by an equal amount of
bovine type II collagen emulsified in Freund’s incomplete
adjuvant on day 21. A single i.p. injection of SPA0355
(10 mg·kg-1 body weight in 100 mL of corn oil) or vehicle was
administered on day 20. To examine the therapeutic effect,
arthritic mice (mean arthritis score of 3 on day 27) were
injected with the same doses of SPA0355 on days 27 and 30.
Clinical arthritis scores were evaluated using a scale of 0–3 for
each limb: grade 0, no swelling; grade 1, slight swelling and
erythema; grade 2, pronounced swelling; grade 3, severe
swelling and/or joint rigidity. Hind paw thickness was mea-
sured with an electric caliper placed across the ankle joint at
the widest point. The increase in diameter of the arthritic
ankle at specific time points over that on day 0 was defined as
the paw thickness index, and this value is presented as a
percentage. On day 45, the mice were killed and synovial
tissues were harvested from each animal for end-point
histology.

Chemokine, MMP and cytokine analyses
Following TNF-a treatment, levels of the chemokines CCL5
(RANTES) and CXCL5 (ENA-78) and of MMP-3 in the cell
culture supernatants were determined using Quantikine ELISA

kits (R&D Systems, Minneapolis, MN, USA). MMP-1 was
quantified by a fluorescent assay using the Fluorokine E
human active MMP-1 fluorescent assay kit (R&D Systems)
according to the manufacturer’s protocol. For determination
of cytokine levels in mice with CIA, serum and ankle joint
samples were obtained on day 45. Protein extracts of ankle
joints were prepared by homogenization of joints (50 mg
tissue·mL-1) in lysis buffer (T-PER Tissue protein extraction
reagent; Thermo) containing a proteinase inhibitor cocktail.
TNF-a, IL-1b, IL-17 (all from Invitrogen, Carlsbad, CA, USA),
IL-10 (BD Biosciences, Franklin Lakes, NJ, USA) and RANKL
(PeproTech, Rocky Hill, NJ, USA) were measured by specific
ELISA kits. Serum alanine aminotransferase, aspartate ami-
notransferase, creatine phosphokinase, lactate dehydroge-
nase (LDH) and creatinine levels were measured using a
commercial kit from Asan Pharm (Seoul, Korea).

Preparation of cytoplasmic and nuclear
protein extracts
The RA-FLS (2 ¥ 106 cells) or synovial tissue pieces (1 mm3)
were washed twice by centrifugation in PBS, and then pel-
leted at 500¥ g for 5 min. The pellets were then lysed in
CytoBuster protein extraction buffer (Novagen, Madison, WI,
USA). Cytoplasmic and nuclear extracts were prepared from
cells or tissues using the NE-PER nuclear and cytoplasmic
extraction reagents (Pierce, Rockford, IL, USA).

EMSA
Nuclear extracts prepared from the RA-FLS or from joint
tissues were incubated with a proteinase inhibitor cocktail
(Thermo, San Diego, CA, USA) to inhibit endogenous pro-
tease activity. Oligonucleotides corresponding NF-kB and

AP-1 sites (5′-CCGGTTAACAGAGGGGGCTTTCCGAG-3′ and
5′-CGCTTGATGAGTCAGCCGGAA-3′ respectively) were syn-
thesized and used as a probe for a gel retardation assay. The
two complementary strands were then annealed and labelled
with a-32P-dCTP. Labelled oligonucleotides (10 000
counts·min-1), 10 mg of nuclear extracts and binding buffer
(10 mM Tris-HCl, pH 7.6, 500 mM KCl, 10 mM EDTA, 50%
glycerol, 100 ng poly[dI·dC], 1 mM dithiothreitol) were then
incubated for 30 min at room temperature in a final volume
of 20 mL. Next, the reaction mixtures were analysed by elec-
trophoresis on 4% polyacrylamide gels in a 0.5 ¥ Tris-borate
buffer. The gels were dried and examined by autoradiography.
The specificity of the DNA–protein interactions for NF-kB and
AP-1 was confirmed by competition assays using a 50-fold
excess of unlabelled oligonucleotide.

Western blot analysis
The RA-FLS (2 ¥ 106 cells) or joint tissues were homogenized
with protease and phosphatase inhibitors in protein extrac-
tion solution (Pro-Prep, Intron Biotechnology, Sungnam,
Korea). The homogenates, which contained 30 mg of protein,
were separated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, and transferred to poly-
vinylidene difluoride membranes. The blot was probed with
1 mg·mL-1 of primary antibody against p50, p65, IkBa, PCNA,
and b-actin (all from Santa Cruz Biotechnology, Santa Cruz,
CA, USA), IKKa, IKKb, phosphorylated-IKKa (p-IKKa),
p-IKKb, p38, p-p38, JNK, p-JNK, ERK, and p-ERK (all from Cell
Signaling, Beverly, MA, USA), or MMP-1 and MMP-3 (both
from R&D Systems). Horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG (Santa Cruz Biotechnology) was
used as a secondary antibody.

Histopathological assessment
Joint tissues were fixed with 10% formalin, decalcified for 3
weeks in 10% EDTA, dehydrated and embedded in paraffin.
Sections (5 mm) were stained with haematoxylin and eosin or
Safranin O for light microscopy. To investigate osteoclast
bone resorption activity in mice with CIA, sections were
stained with a TRAP staining kit (Sigma, St. Louis, MO, USA).
Histopathological assessment of arthritis was carried out,
using a scoring system as follows: 0, normal; 1, minimal
synovitis without cartilage and bone erosion; 2, synovitis
with some marginal erosion but joint architecture main-
tained; 3, severe synovitis and erosion with loss of normal
joint architecture. For inflammation, scores were as follows:
0, no infiltration; 1, mild infiltration; 2, moderate infiltration;
3, severe infiltration of inflammatory cells.

Radiographic evaluations
Plain radiographs of paws were obtained using a mammo-
graphic imager based on a direct detection flat panel array
design (Mammomat NovationDR, Siemens Medical Solu-
tions, Erlangen, Germany), using exposure settings of 30 kVp
and 90 mA. All images were scored according to a previously
described scoring system (Joosten et al., 1999). The degree of
joint destruction and bone erosion was scored on a scale of
0–5, where 0, no damage; 1, minor bone destruction observed
in one enlightened spot; 2, moderate changes, with 2–4 spots
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in one area; 3, marked changes with 2–4 spots in more areas;
4, severe erosions afflicting the joint; and 5, complete destruc-
tion of the joints.

Statistical analysis
Data are expressed as the mean � SEM. Statistical compari-
sons were performed using one-way ANOVA, followed by the
Fisher’s post hoc analysis. The significance of differences
between groups was determined using Student’s unpaired
t-test. A P-value of less than 0.05 was considered significant.

Results

Effects of SPA0355 on TNF-a-induced NF-kB
activity in RA-FLS
The chemical structure of SPA0355 (1-methyl-3-[4-(2-
phenoxazin-10-ylethoxy)phenyl]thiourea) is presented in
Figure 1A. To determine the effects of SPA0355 on RA, we first
investigated whether SPA0355 could affect the NF-kB

signalling pathway in cultured human RA-FLS. Nuclear
extracts prepared from these cells, 3 h after TNF-a treatment,
were used to analyse NF-kB-DNA binding activity and cyto-
plasmic IkBa degradation. The DNA-bound p65 subunit of
NF-kB was resolved by supershift (Figure 1B, lane 6).

Binding activity of the p65 subunit to an NF-kB consensus
sequence was increased in TNF-a-stimulated RA-FLS, com-
pared with unstimulated cells (Figure 1B), and nuclear levels
of p65 and p50 subunits were increased (Figure 1C). In con-
trast, nuclear extracts prepared from SPA0355-treated RA-FLS
revealed markedly suppressed nuclear translocation and DNA
binding of NF-kB.

We previously reported that IkBa, but not IkBb, is the
major participant in cytokine-induced NF-kB activation in
RA-FLS (Lee et al., 2009). We therefore investigated IkBa
protein levels in the cytoplasmic fraction following TNF-a
treatment. TNF-a-treated RA-FLS showed decreased levels of
IkBa protein in the cytoplasm due to IkBa degradation, com-
pared with a similar fraction from unstimulated cells, but
IkBa degradation was markedly suppressed by SPA0355
(Figure 1C).

Figure 2
Inhibition of TNF-a-induced MMP and chemokine production by RA-FLS by SPA0355. FLS from RA patients were pretreated with 10 mM SPA0355
for 1 h and exposed to TNF-a (10 ng·mL-1) for 24 h. The presence of MMP-1 and MMP-3 (A) and CXCL5 and CCL5 (C) in the cell-free culture
supernatants were then evaluated by ELISA. The expression levels of MMP-1 and MMP-3 in the total cell lysates were evaluated by Western blotting
(B). Values are the mean � SEM of three independent experiments. ##P < 0.01 versus untreated control; **P < 0.01, significantly different from
TNF-a.
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Next we tested the effect of SPA0355 on IKK activation,
which is required for IkB phosphorylation. SPA0355 had no
effect on IKKa and IKKb protein levels, but suppressed TNF-
a-induced IKK activity, as shown by decreased levels of phos-
phorylated forms of IKKa and IKKb (Figure 1D). Together,
these results suggested that SPA0355 inhibited the degrada-
tion of IkBa by reducing IKK activities, thereby preventing
subsequent NF-kB activation.

Effect of SPA0355 on TNF-a-induced
activation of MMPs and chemokines
production in RA-FLS
The effects of SPA0355 on TNF-a-induced MMP secretion
were investigated by ELISA. Incubation of RA-FLS with TNF-a
resulted in a 3.4-fold increase in the production of MMP-1
and a 3.5-fold increase in the production of MMP-3 in culture
supernatants (Figure 2A). However, pretreatment with
SPA0355 significantly diminished TNF-a-mediated MMP-1
and MMP-3 production in a concentration-dependent
manner. The effect of SPA0355 on TNF-a-induced MMP acti-
vation was further confirmed by Western blotting. As shown

in Figure 2B, TNF-a treatment led to an increase in MMP-1
and MMP-3 protein levels in total cell lysates, whereas pre-
treatment with SPA0355 blocked the activity of TNF-a and
resulted in a decrease in MMP-1 and MMP-3 levels.

To determine the effects of SPA0355 on chemokine pro-
duction, RA-FLS were incubated for 24 h with TNF-a, at
which time the levels of chemokines present in the culture
supernatants were determined using an ELISA kit. TNF-a treat-
ment led to a 5.1-fold increase in the production of CCL5 and
a 13.3-fold increase in the production of CXCL5 (Figure 2C).
In contrast, pretreatment with SPA0355 significantly
diminished TNF-a-mediated chemokine production in a
concentration-dependent manner.

Suppression of synovial inflammation and
joint destruction in mice with CIA by
pretreatment with SPA0355
We next assessed the anti-inflammatory role of SPA0355 in
mice with CIA. Vehicle-treated mice had an increased inci-
dence of disease and developed severe swelling, erythema and
joint rigidity of the hind paws (Figure 3A and B). In contrast,

Figure 3
Prevention of CIA in mice pretreated with SPA0355. Mice were injected with vehicle or indicated concentrations of SPA0355 on day 20 (1 day
before booster immunization on day 21). (A) Representative photographs of the hind paws of CIA mice on day 45. The cumulative incidence of
arthritis (B), the mean clinical scores (C) and the hind paw thicknesses (D) were determined on the indicated days after the primary immunization.
(E) The presence of MMP-1 and MMP-3 in the joint tissues was evaluated by Western blotting. Values in (B)–(D) are the mean � SEM of three
independent experiments (n = 8–9 mice per group). *P < 0.05, **P < 0.01, significantly different from untreated CIA.
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in mice treated with SPA0355, the incidence and severity of
CIA were attenuated in a dose-dependent manner. Further-
more, we observed significant differences in the clinical
scores in SPA0355-treated mice (Figure 3C). Hind paw swell-
ing was measured and these results correlated with those of
the clinical scores (Figure 3D). Consistent with in vitro results,
SPA0355 treatment also resulted in a decrease in MMP-1 and
MMP-3 levels in joint tissues (Figure 3E).

Radiographs of hind paws of vehicle-treated mice showed
changes typical of CIA, with articular destruction, joint dis-
placement and irregular bony proliferation covering the
entire ankle region (Figure 4A). However, radiographic find-
ings in the hind paws and the mean radiologic scores showed
markedly less bone destruction in SPA0355-treated mice
(Figure 4A and B).

Histopathological assessment revealed synovial prolifera-
tion, cartilage damage, inflammatory cell infiltration and
bone erosion in the ankle joints of vehicle-treated mice. In
contrast, ankle joints from the SPA0355-treated mice showed
a remarkable improvement in inflammation and joint
destruction (Figure 5A and B).

Inhibition of osteoclast differentiation
by SPA0355
Recent studies suggest that bone-resorbing osteoclasts in the
synovium play an important role in bone destruction in RA
(Boyle et al., 2003). We therefore stained the mouse joint
tissues with TRAP. As shown in Figure 5A, there were more
TRAP-positive cells in the joint tissues of vehicle-treated mice
compared with the SPA0355-treated mice.

Osteoclasts were generated from mouse BMMs in the pres-
ence of M-CSF and RANKL to verify the effects of SPA0355 in

osteoclastogenesis. The BMMs of the control group differen-
tiated into mature TRAP-positive multinucleated osteoclasts
while SPA0355 reduced the formation and numbers of TRAP-
positive multinucleated cells in a concentration-dependent
manner (Figure 6).

Inhibition of NF-kB signal pathway in mice
with CIA by pretreatment with SPA0355
To clarify the mechanism underlying the in vivo protective
effect of SPA0355, we investigated the NF-kB signalling
pathway in nuclear extracts prepared 3 days after booster
injection. An increase in binding activity of nuclear extracts
to a NF-kB consensus sequence (Figure 7A), nuclear translo-
cation of NF-kB subunits and cytoplasmic degradation of
IkBa (Figure 7B) were observed compared with nuclear
extracts from control mice. However, pretreatment with
SPA0355 completely inhibited NF-kB activation, suggesting
that SPA0355 induced a protective effect in mice with CIA
through suppression of NF-kB activation.

Suppression of proinflammatory cytokine
production involved in the pathophysiology
of CIA by pretreatment with SPA0355
It is well known that proinflammatory cytokines play key
roles in the pathogenesis of RA. Cytokine levels were there-
fore measured by ELISA using joint tissues and serum obtained
on day 45. Compared with vehicle-treated mice with CIA,
significant decreases of TNF-a, IL-1b, RANKL and IL-17 were
observed in the joint tissues of SPA0355-treated mice
(Figure 8A). Because RA is a systemic autoimmune disease,
cytokine levels were also measured in the serum (Figure 8B).

Figure 4
Reduced severity of radiological changes in mice with CIA and pretreated with SPA0355. Mice were injected with vehicle or SPA0355 (10 mg·kg-1)
on day 20. (A) Representative radiographs of the hind paws of CIA mice on day 45. Note the enhanced bone erosion and joint damage (arrows).
(B) Radiological scores were determined as described. Values are the mean � SEM of three independent experiments (n = 8–9 mice per group).
##P < 0.01, significantly different from normal; **P < 0.01, significantly different from untreated CIA.
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Consistent with the tissue ELISA results, SPA0355 led to a
decrease in serum levels of cytokines, suggesting SPA0355
might provide beneficial effects by down-regulating the syn-
thesis of a number of cytokines.

Therapeutic effect of SPA0355 in mice
with CIA
To test the possible therapeutic effect of SPA0355 on the CIA
animal model, we included only those mice that had appar-
ently begun to develop arthritis and injected SPA0355 twice.
Significant differences in the clinical score and hind paw
thickness were observed between SPA0355-treated mice and
vehicle-treated mice (Figure 9A and B).

Inhibition of cell proliferation in RA-FLS
Synovial hyperplasia is believed to play a central role in the
development of pannus, a thickening of synovial tissue
responsible for the cartilage and bone erosion seen in RA, and

such synovial hyperplasia is probably caused by an increased
rate of proliferation of RA-FLS. TNF-a stimulates the prolif-
eration of RA-FLS in vitro and is known to act via signal
transduction pathways including NF-kB (Youn et al., 2002).
To investigate whether SPA0355 could affect the proliferation
of TNF-a-stimulated RA-FLS, cellular proliferation was mea-
sured using the BrdU incorporation assay (Figure 10). Treat-
ment with TNF-a for 72 h significantly increased the cell
proliferative potential (P < 0.01) and SPA0355 reduced this
increased proliferation of TNF-a-treated RA-FLS. Incubation
with SPA0355 in the absence of TNF-a did not affect
proliferation.

Discussion

In this study, we demonstrated that SPA0355 effectively
suppressed inflammatory responses and joint destruction in

Figure 5
Reduced severity of histopathological changes in mice with CIA and pretreated with SPA0355. Mice were injected with vehicle or SPA0355
(10 mg·kg-1) on day 20. (A) Hind paws from mice with CIA were obtained on day 45, sectioned and stained with haematoxylin and eosin (H&E),
Safranin O or TRAP. The boxed area in each Safranin O-stained section is shown at higher magnification in the TRAP-stained sections. TB, tibia;
TL, talus. Photomicrographs are representative of three independent experiments. (Original magnification ¥100 for H&E- and Safranin O-stained
sections; ¥200 for TRAP-stained sections.) (B) Inflammatory and lesion scores were determined as described in Methods. Values are the mean �

SEM of three independent experiments (n = 8–9 mice per group). ##P < 0.01, significantly different from normal; **P < 0.01, significantly different
from untreated CIA.
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both in vitro and in vivo RA models. We found that the i.p.
administration of SPA0355 suppressed joint destruction in
collagen-induced arthritic mice. In addition, SPA0355 sup-
pressed TNF-a-induced cytokine and chemokine production,
MMP secretion and cell proliferation in cultured human
RA-FLS. Several mechanisms may account for these effects.
First, SPA0355 inhibited local and systemic levels of proin-

flammatory cytokines and chemokines. Second, SPA0355
suppressed production of MMP. Finally, SPA0355 impaired
osteoclastogenesis and reduced the number of osteoclasts in
SPA0355-treated mice. These beneficial effects of SPA0355
correlated with decreased activity of NF-kB.

NF-kB is a pleiotropic transcription factor that plays
an important role in regulating the expression of many

Figure 6
Effect of SPA0355 on RANKL-induced osteoclast differentiation. (A) BMMs were cultured for 4 days with M-CSF (30 ng·mL-1) and RANKL
(50 ng·mL-1) in the presence of the indicated concentrations of SPA0355. Cells were fixed with 3.7% formalin, permeabilized with 0.1% Triton
X-100 and stained with TRAP solution. (B) TRAP-positive cells were counted as osteoclasts. Each value represents the mean � SEM of the three
independent experiments. **P < 0.01, significantly different from untreated control.

Figure 7
Suppression of NF-kB activation in mice with CIA and pretreated with SPA0355. Mice were injected with vehicle or SPA0355 (10 mg·kg-1) on day
20. Joint homogenates were prepared at day 24. NF-kB DNA binding activity (A) and nuclear translocation of p65 and p50 and cytoplasmic IkBa
degradation (B) were determined by EMSA and Western blotting, respectively. PCNA and b-actin were used as loading controls for nuclear and
cytoplasmic proteins, respectively.
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genes involved in immune responses, including the
cytokines TNF-a and IL-1b; the chemokines CXCL5 and
CCL5; and MMP-1 and MMP-3, all of which are closely
involved in the pathogenesis of RA. Products of these genes
coordinately enhance inflammatory reactions resulting in
further activation of NF-kB. Indeed, persistent NF-kB activa-
tion has been observed in both human and animal models
of RA (Handel et al., 1995; Hah et al., 2010). It is clear,
therefore, that NF-kB is an important target molecule for RA
therapy.

Some urea and thiourea analogues are known to inhibit
NO production and/or iNOS expression in LPS-activated mac-
rophages (Prabhakar et al., 1997; Goodyer et al., 2003). We
synthesized a series of novel urea and thiourea analogues as
small molecule inhibitors of NF-kB, and found that thioureas
were more potent inhibitors than ureas (Kim et al., 2007; Jin
et al., 2009; Cheon et al., 2010). Our thiourea analogues were

composed of a heterocycle as a lipophilic tail, attached to the
nitrogen (N3) of a thiourea head by two methylene units of
linker. We further investigated the structure–function rela-
tionship of thiourea analogues for the inhibition of NF-kB
activity. Functional activity was affected by the type of het-
erocycle, the linker size and the substituent of the other
nitrogen (N1) (Cheon et al., 2010). Among the prepared com-
pounds, SPA0355 was the most potent inhibitor of the NF-kB
pathway.

As a first step towards application of SPA0355, we tested
the efficacy of SPA0355 as an NF-kB inhibitor. In EMSA and
Western blotting assays, 10 mM SPA0355 almost totally sup-
pressed NF-kB activation in TNF-a-stimulated human RA-FLS
through the inhibition of IKK activity and IkBa degradation.
Furthermore, we demonstrated that NF-kB activation was
mediated through a traditional pathway from IKKa/IKKb
linking to NF-kB in RA-FLS. The effective dose of SPA0355

Figure 8
Inhibition of the production of proinflammatory cytokines in joint tissues and sera from mice with CIA and pretreated with SPA0355. Mice were
injected with vehicle or SPA0355 (10 mg·kg-1) on day 20. Hind paws and sera were collected on day 45 from mice with CIA as well as from normal
mice. Cytokines in joint homogenates (A) and sera (B) were measured by specific ELISA. Values are the mean � SEM of three independent
experiments (n = 8–9 mice per group). *P < 0.05, **P < 0.01 significantly different from untreated CIA.

Figure 9
Therapeutic effects of SPA0355 on established arthritis. Following the development of clinical arthritis (average clinical score of 3) on day 27, CIA
mice were randomized and injected with SPA0355 (10 mg·kg-1) on days 27 and 30. Clinical scores (A) and hind paw thickness (B) were measured.
The results of three independent experiments with 4 mice per group are expressed as mean � SEM. *P < 0.05, **P < 0.01, significantly different
from untreated CIA.
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(10 mg·kg-1) used in the mouse model of CIA was comparable
to those of other NF-kB inhibitors (Wakamatsu et al., 2005;
Rice et al., 2008).

The transcriptional activity of NF-kB can be further
modulated in the nucleus by three MAPK pathways, includ-
ing p42/p44 MAPK, p38 MAPK and JNK. In addition, TNF-a
has been reported to activate all of the pathways (Vanden
Berghe et al., 1998). Concomitant with activation of the
NF-kB pathway, TNF-a activates another transcription factor,
activator protein-1 (AP-1) (Baud and Karin, 2001). The AP-1
transcription factor consists of homodimers or heterodimers
of the Jun and Fos family, and its activity is also regulated by
MAPK-mediated phosphorylation (Yoshizawa et al., 2008). In
this way, an additional level of regulation is created, provid-
ing a basis for the crosstalk with other signalling pathways. In
this respect, we looked for evidence that SPA0355 could affect
MAPKs and AP-1 pathways in addition to NF-kB. Results
revealed that TNF-a-stimulated MAPKs activation (Figure S1)
and AP-1 transcriptional activity (Figure S2) were not inhib-
ited by pretreatment with SPA0355. Thus, it is not likely that
the MAPKs and AP-1 pathways mediated the suppressive
effects of SPA0355. However, we cannot exclude the possibil-
ity that SPA0355 may interfere with other signal transduction
pathways that are independent of NF-kB.

The balance between proinflammatory cytokines and
anti-inflammatory cytokines contributes to the onset and
progression of joint destruction in RA. Proinflammatory
cytokines such as TNF-a, IL-1b and IL-17 activate the NF-kB
pathway, leading to the expression of proinflammatory
mediators. For example, TNF-a and IL-1b induce and/or
enhance the production of MMPs that in turn mediate tissue
destruction (Joosten et al., 1999; Kokkonen et al., 2010). IL-17
interacts with TNF-a and, to a lesser extent, with IL-1b and an
injection of IL-17 alone into a normal knee was sufficient to
induce tissue destruction and bone erosion (Miossec, 2007).
In contrast, anti-inflammatory cytokines such as IL-4 and
IL-10 suppress joint destruction in RA (Juarranz et al., 2005).

In this study, we confirmed that SPA0355 reduced the con-
centration of TNF-a, IL-1b, sRANKL and IL-17 at local and
systemic levels. However, anti-inflammatory IL-10 was
increased by SPA0355 treatment, suggesting that SPA0355
shifts the cytokine balance towards protecting joint destruc-
tion. Measurement of CCL5 and CXCL5 levels in cultured
RA-FLS further supported the results of the in vivo study.

Over 20 members of the MMP family have been identified
in humans to date. Of these, MMP-1 and MMP-3 are particu-
larly important in RA because they are produced by RA-FLS
and macrophages in the synovium and are known to play a
key role in tissue destruction. The levels of MMP-1 and
MMP-3 are significantly higher in synovial fluid of RA
patients (Rooney et al., 2010). We found that SPA0355 signifi-
cantly interfered with the TNF-a-augmented gene expression
and secretion of MMP-1 and MMP-3 in cultured RA-FLS. In
vivo data also demonstrated that SPA0355 down-regulated the
protein levels of MMP-1 and MMP-3 in CIA mice. This
finding corroborated those of previous studies showing that
NF-kB activation is a necessary step for MMP expression (Vin-
centi et al., 1998; Pretzel et al., 2009). Therefore, it is likely
that SPA0355 may block joint destruction mediated by MMPs
in the inflamed joints of RA.

The most important goal in RA therapy is the prevention
of bone destruction in order to maintain normal joint func-
tion. Studies suggest that bone-resorbing osteoclasts in the
synovium play an important role in bone and cartilage
destruction in RA (Boyle et al., 2003; Cronstein, 2007). Osteo-
clast differentiation and activation is regulated by RANKL and
RANK signalling (Choi et al., 2009). Activation of RANK by its
ligand RANKL leads to activation of various signalling path-
ways in osteoclasts. Among them, the NF-kB signalling
pathway appears to be crucial for osteoclast differentiation
(Boyle et al., 2003). Peripheral blood T cells or NK cells
express RANKL, which triggers osteoclastogenesis and bone
destruction in arthritis (Miranda-Carus et al., 2006; Soder-
strom et al., 2010). Consistent with these reports, we found
here that SPA0355 suppressed the formation and maturation
of osteoclasts induced by M-CSF and RANKL in mouse BMMs.
In addition, SPA0355 treatment led to a decrease in the level
of RANKL and the number of TRAP-positive osteoclasts in
joint tissue of mice with CIA. Given the essential role of
NF-kB in RANK signalling for the expression of genes required
for osteoclastogenesis (Boyle et al., 2003), we suggest that
SPA0355 minimizes joint destruction through suppressing
the NF-kB pathway and decreasing the number and activity
of osteoclasts.

A number of targets are being pursued for the develop-
ment of new therapeutic agents for RA, including pro-
inflammatory cytokines and chemokines, MMPs and
osteoclastogenesis. The fact that many of these molecules are
regulated by the NF-kB pathway makes this signalling
pathway a more effective therapeutic target. Here we have
shown that SPA0355 was a potent NF-kB inhibitor and sig-
nificantly reduced the severity of inflammation and joint
destruction in CIA mice. Although we argue NF-kB suppres-
sion is the principal therapeutic effect of SPA0355, we do not
exclude the possibility of unidentified effects of SPA0355 in
other cell types. Along with efficacy, safety issues need to be
addressed. Throughout the study, SPA0355 was well tolerated
at the given dose with no evidence of drug toxicity (Table 1).

Figure 10
Effect of SPA0355 on TNF-a-induced cell proliferation. RA-FLS (1 ¥
105 cells) were pretreated with 10 mM SPA0355 for 1 h and exposed
to TNF-a (10 ng·mL-1) for 72 h. Cellular proliferation was measured
using the BrdU incorporation assay. Each value represents the mean
� SEM of the three independent experiments. ##P < 0.01, signifi-
cantly different from untreated control; **P < 0.01, significantly
different from TNF-a.
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Additionally, there were no apparent differences in body
weight change among the groups (Figure S3). However,
further safety studies of SPA0355 are warranted. Taken
together, this study suggests that SPA0355 could be used as a
therapeutic agent for the treatment of joint destruction
occurring in arthritis.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effect of SPA0355 on TNF-a-induced MAPKs acti-
vation in RA-FLS. FLS (2 ¥ 106) from RA patients were pre-
treated with 10 mM SPA0355 for 30 min and then treated with
TNF-a (10 ng·mL-1). The phosphorylation levels of MAPKs in
the total cell lysates were evaluated by Western blotting.
Results are representative of three independent experiments.
Figure S2 Effect of SPA0355 on TNF-a-induced AP-1 activa-
tion in RA-FLS. FLS (2 ¥ 106) from RA patients were pretreated
with 10 mM SPA0355 for 1 h and then treated with TNF-a
(10 ng·mL-1). Following 3 h of incubation, AP-1 DNA binding
activity was analysed by EMSA. Results are representative of
three independent experiments.
Figure S3 Effect of SPA0355 administration on the change
in body weight of mice with CIA. Values are the mean and
SEM (n = 8–9 mice per group).
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