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BACKGROUND AND PURPOSE
Pro-inflammatory cytokines are important in rheumatoid arthritis (RA) and their production is mainly regulated by NF-κB and
inflammasomes. Carboxyamidotriazole (CAI) exhibits potent anti-inflammatory activities by decreasing cytokines. Here, we
have investigated NACHT, LRR and PYD domains-containing protein (NALP) inflammasomes in a rat model of RA and
explored the therapeutic effects of CAI in this model and the involvement of NF-κB and inflammasomes in the actions of CAI.

EXPERIMENTAL APPROACH
The anti-arthritic effects of CAI were assessed in the adjuvant arthritis (AA) model in rats, using radiological and histological
techniques. NALP1 and NALP3 inflammasomes, NF-κB pathway and pro-inflammatory cytokines levels were measured with
Western blots, immunohistochemistry and ELISA.

KEY RESULTS
CAI decreased the arthritis index, improved radiological and histological changes, and reduced synovial IL-1β, IL-6, IL-18 and
TNF-α levels in rats with AA. Compared with normal rats, the 70 kDa NALP1 isoform was up-regulated, NALP3 was
down-regulated, and levels of the 165 kDa NALP1 isoform and the adaptor protein ASC were unchanged in synovial tissue
from AA rats. CAI reduced the 70 kDa NALP1 isoform and restored NALP3 levels in AA rats; CAI inhibited caspase-1 activation
in AA synovial tissue, but not its enzymic activity in vitro. In addition, CAI reduced expression of p65 NF-κB subunit and IκBα
phosphorylation and degradation in AA rats.

CONCLUSION AND IMPLICATIONS
NALP1 inflammasomes were activated in synovial tissues from AA rats and appeared to be a novel therapeutic target for RA.
CAI could have therapeutic value in RA by inhibiting activation of NF-κB and NALP1 inflammasomes and by decreasing
pro-inflammatory cytokines.
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Abbreviations
AA, adjuvant arthritis; ASC, apoptosis-associated speck-like protein; CAI, carboxyamidotriazole; CARD, caspase
activation and recruitment domain; CFA, complete Freund’s adjuvant; DSS, dextran sodium sulphate; PEG 400,
polyethylene glycol 400; NLR, NOD-like receptor; N.S., normal saline; RA, rheumatoid arthritis.

Introduction
Rheumatoid arthritis (RA) is a chronic and autoimmune
inflammatory disease characterized by persistent synovitis in
many joints, eventually leading to articular destruction and
functional disability. Overproduction of pro-inflammatory
cytokines particularly IL-1β, TNF-α and IL-6, is known to play
a major role in RA pathogenesis by initiating and propagating
the synovitis, and driving joint damage (Choy and Panayi,
2001; Feldmann, 2001). Therefore, the pathways regulating
the production of cytokines, including those involved with
NF-κB and the inflammasomes, may be important therapeu-
tic targets in RA.

The inflammasomes are the multi-protein complexes
formed in the cytoplasm upon stimulation and are responsi-
ble for the maturation and activation of pro-inflammatory
IL-1β, IL-18 and IL-33 (Schroder and Tschopp, 2010). In
general, inflammasomes comprise the NOD-like receptors
(NLRs), apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain (CARD) (ASC)
and caspase-1. In addition, caspase-5 is found only in NALP1
inflammasomes. Upon detecting the stimuli, the receptor
recruits the caspase-1 precursor (pro-caspase-1) either directly
or through the adaptor molecule ASC and the inflammasome
is formed, enabling the proteolytic activation of pro-
caspase-1. The activated caspase-1 subsequently cleaves inac-
tive pro-IL-1β, pro-IL-18 and pro-IL-33 into their active forms,
leading to their secretion from the cells. To date, four inflam-
masomes have been identified, which are defined by the
receptor they contain: NALP1 (NLRP1), NALP3 (NLRP3), IPAF
(NLRC4) and AIM2 (Latz, 2010; Franchi et al., 2012). Diverse
microbial and endogenous stimuli activate the different
inflammasomes. The IPAF inflammasome senses the bacterial
flagellin, and AIM2 inflammasome senses foreign double-
stranded DNA. The NALP3 inflammasome is the best-known
inflammasome and activated by diverse signals including
bacteria, viruses, purified microbial products, endogenous

danger signals released from damaged or dying cells, low MW
immune activators, and crystalline or aggregated materials
(Schroder and Tschopp, 2010; Schroder et al., 2010). Recent
studies have implicated the inappropriate activation of
NALP3 inflammasomes in the pathogenesis of a number of
human diseases including type 2 diabetes, gout, silicosis and
neurodegeneration (Martinon et al., 2006; Cassel et al., 2008;
Halle et al., 2008; Masters et al., 2010). Although the NALP1
inflammasome was the first inflammasome to be identified,
the mechanism of activation and its exact function remain
relatively unclear. It has been proposed that muramyl dipep-
tide and ATP may stimulate its assembly (de Zoete and Flavell,
2012).

Clinical and experimental studies point to a key role for
IL-1β and IL-18 in RA pathophysiology. However, the expres-
sion of and changes in the NALP inflammasomes, the key
molecular platforms for IL-1β and IL-18 maturation, are less
well understood in RA. Only the components of NALP1 and
NALP3 inflammasomes were detected at the mRNA and
protein levels in RA synovium, without the change patterns,
in comparison with the normal control (Rosengren et al.,
2005; Kolly et al., 2009), and a recent study found that NALP1
gene polymorphism is a risk factor for RA (Sui et al., 2012).

Carboxyamidotriazole (CAI) is a non-cytotoxic anticancer
drug in development. It inhibits the proliferation and inva-
sive behaviour of a wide array of tumour cell lines in vitro and
in vivo (Kohn et al., 1994; Wasilenko et al., 1996; Moody et al.,
2003). Recently we reported the anti-inflammatory effects of
CAI in several animal models of acute and chronic inflam-
mation, including croton oil-induced ear oedema, cotton-
induced granuloma and dextran sodium sulphate (DSS)-
induced colitis. Another noticeable finding was that CAI
decreased pro-inflammatory cytokines, such as TNF-α and
IL-1β, at the inflammatory sites and in the serum of the
experimental animals (Guo et al., 2008; 2012). We therefore
suggested that such down-regulation of pro-inflammatory
cytokines might make CAI a potential candidate for the
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treatment of RA, a condition in which pro-inflammatory
cytokines play an important pathological role. Our initial
studies showed that CAI inhibited the paw swelling induced
by adjuvant arthritis (AA) in rats and decreased the levels of
TNF-α and IL-1β in homogenates of the inflamed paw (Guo
et al., 2008). However, the therapeutic effects, especially its
effectiveness against joint damage, and related mechanisms
of CAI on RA had not been studied.

The AA model is widely used as an animal model to
investigate the pathogenic mechanisms of RA and to evaluate
anti-arthritic drugs (Whitehouse, 2007). Here we used this
model to detect the expressions and activities of NALP
inflammasomes in the synovial tissue and changes in their
pattern during arthritis. We also investigated whether CAI
could attenuate the joint inflammation and the progressive
joint destruction in the rat model of AA. Moreover, the
effects of CAI on NF-κB and NALP inflammasomes, which are
the crucial pathways regulating the production of pro-
inflammatory cytokines were assessed.

Methods

Animals
All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
Chinese Academy of Medical Science. Studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 98 male Lewis
rats (180–210 g, Beijing Vital River Laboratory Animal Co.,
Beijing, China) were used in this study. They were housed
under controlled environmental conditions (22 ± 2°C tem-
perature, 40–60% humidity, 08:00–20:00 h alternate light–
dark cycles, food and water ad libitum).

AA induction and drug treatment
Rats were randomly divided into seven groups (n = 14 per
group) before the experiment. AA was induced in six groups
on day 0 by injecting 0.1 mL of complete Freund’s adjuvant
(CFA), prepared by suspending heat-killed Mycobacterium
tuberculosis in mineral oil (10 mg·mL−1), s.c. at the base of the
tail. The remaining normal control group received 0.1 mL of
mineral oil alone (Montesinos et al., 2000). Each group of rats
with AA received one of the following treatments once daily
from day 12 when the signs of arthritis began to appear, and
continued to day 26: CAI (10, 20 and 40 mg·kg−1, p.o ), dex-
amethasone (0.2 mg·kg−1, i.p.), vehicle polyethylene glycol
400 (PEG 400, p.o.) and vehicle normal saline (N.S., i.p.).

Arthritis assessment
The arthritic severity in each paw was evaluated by two
observers unaware of the experiment using a semi-
quantitative scoring system: 0 = normal, 1 = erythema or
swelling of one joint, 2 = swelling of two or more joints, 3 =
swelling of all joints, 4 = ankylosis or deformity. The cumu-
lative score for all four paws of each rat was used as arthritis
index with a maximum value of 16.

Radiological assessment
On day 27, rats were anaesthetized with 1% sodium pento-
barbital. The radiographs of both hind limbs were obtained

and evaluated by two observers unaware of the experiment
on a 0∼3 scale (0 = normal, 1 = mild, 2 = moderate, 3 =
severely affected joint), as described previously. The following
three parameters were scored: osteoporosis, cartilage loss and
erosion. Total radiological score was calculated from the sum
of both hind limbs, with a maximum possible score of 6 for
each radiological parameter per rat (Ahmed et al., 2010).

Histological assessment
After the X-ray check, rats were killed with ether anaesthesia
and the ankle joints were removed for histological examina-
tion. For semiquantitative analysis, two sections of every
joint (n = 4 per group) were taken at different depths, with six
fields in each section. Histological changes were scored on a
0∼3 scale (0 = normal, 1 = mild, 2 = moderate, 3 = severely
affected joint) for each of the following parameters: cartilage
destruction, bone erosion and synovial inflammation
(Ahmed et al., 2010).

Immunohistochemistry
Immunohistochemistry was performed as described previ-
ously (Ahmed et al., 2010). Six fields in each section from four
rats of each group were inspected. Immunohistochemical
score was calculated based on the sum of a proportion score
(percent of positive-stained cells: 0, none; 1, <30%; 2,
30–70%; and 3, >70%) and intensity score (0, none; 1, weak;
2, intermediate; and 3, strong). And the numerical rating
score were as follows: 0, negative; 2–3, weak positive; 4, posi-
tive; 5–6, strong positive (Allred et al., 1998).

Determination of cytokines in
synovium homogenates
Synovial tissues were isolated from rat joints and homog-
enized in ice-cold saline solution. The levels of IL-1β, IL-6,
IL-18 and TNF-α were measured using the appropriate ELISA

kits according to the manufacturer’s instructions.

Western blot analysis
Synovial tissues were homogenized in ice-cold RIPA lysis
buffer. Equivalent amounts of protein (60 μg) were separated
on SDS-PAGE and were then transferred to PVDF membranes.
Membranes were incubated with individual primary antibod-
ies at 4°C overnight and then incubated with HRP-coupled
secondary antibody. The immunoreactive proteins were
detected with Immobilon Western Chemiluminescent HRP
Substrate and quantified using Kodak 1D image analysis soft-
ware (Eastman Kodak Company, Rochester, NY, USA).

Caspase-1 activity assay
The direct effects of CAI on caspase-1 activity in vitro were
determined by a caspase-1 inhibitor drug screening kit. The
assay utilized the synthetic caspase-1-specific peptide sub-
strate YVAD-AFC. Active caspase-1 cleaved the substrate
YVAD-AFC to release free AFC which can be quantified by
fluorometry. The specific caspase-1 inhibitor Z-VAD-FMK pro-
vided by the kit was used as the positive control.

In addition, caspase-1 activity was measured in synovial
tissues of rats from different groups using a caspase-1 fluoro-
metric assay kit. Synovial tissues were homogenized and the
peptide substrate YVAD-AFC was added to the lysates.
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Caspase-1 activity was measured by detecting fluorescent AFC
and expressed as fluorescence intensity per mg protein.

Data analysis
Results are presented as mean ± SEM. Statistical significance
was determined by one-way ANOVA for multiple comparisons
with Bonferroni’s post hoc test; P < 0.05 was considered sta-
tistically significant.

Materials
CAI was synthesized by the Institute of Materia Medica,
Chinese Academy of Medical Sciences. It was dissolved in
PEG 400. Dexamethasone sodium phosphate injection was
purchased from Tianjin Jinyao Amino Acid Company (Tian-
jing, China) and was diluted in N.S. M. tuberculosis was from
the National Vaccine and Serum Institute (China). TNF-α,
IL-1β, IL-6 and IL-18 ELISA kits were from R&D Systems (Min-
neapolis, MN, USA). Caspase-1 fluorometric assay kit and
caspase-1 inhibitor drug screening kit were from Biovision
(Mountain View, CA, USA). The following antibodies were
used: NALP1 (Cell Signaling Technology, Beverly, MA, USA);
IL-1β (Abcam, Cambridge, MA, USA); IL-18 (R&D Systems);
NALP3, ASC, p65, p-IkBα, IkBα, caspase-1 and β-actin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); caspase-5 (Santa
Cruz Biotechnology; BioVision, Mountain View, CA, USA).

Results

CAI suppressed adjuvant-induced arthritis
in rats
In rats inoculated with CFA, signs of inflammation, including
paw swelling, redness and warmth, appeared on about day
12, then gradually increased and reached a peak on day 22,
with a maximum value of the arthritis index. The adminis-
tration of CAI (10, 20, 40 mg·kg−1) dose-dependently
decreased the arthritis index. Meanwhile, dexamethasone as
the positive control almost completely inhibited the devel-
opment of the arthritis from day 14 (Figure 1A).

As AA is a systemic disease, body weight loss is a major
clinical finding. Changes in body weight were measured
during the period of drug treatment. In comparison with the
normal rats, which showed a progressive increase of body
weight, the AA rats started to lose body weight on day 12, and
this trend continued throughout day 26. Treatment with CAI
(20 mg·kg−1) increased the body weight of AA rats on days 22,
24 and 26, and, at the higher dose (40 mg·kg−1), did so from
days 18 to 26. However, dexamethasone had no effect on the
body weight of AA rats (Figure 1B).

CAI reduced the radiological signs of joint
destruction in AA rats
The radiographic results from the vehicle-treated AA rats
manifested soft tissue swelling around the joint and almost
complete loss of the normal joint architecture. The increased
radiological scores resulted from osteoporosis, joint space
narrowing and bone erosion, in contrast to the normal rats.
Administration of CAI (20 or 40 mg·kg−1) ameliorated the
joint destruction and reduced all three radiological scores.

However, the positive control dexamethasone failed to affect
osteoporosis, and only decreased the joint space narrowing
score and the bone erosion score (Figure 2).

CAI improved histopathological damage in
AA rats
Histological analysis confirmed the clinical and radiological
findings. In contrast to normal rats, the sections from vehicle-
treated AA rats revealed markedly thickened and expanded
synovium with intense infiltration of inflammatory cells,
pannus formation, prominent cartilage and bone erosion.
Treatment with CAI (20 mg·kg−1) diminished the infiltration
of inflammatory cells, synovial hyperplasia, pannus forma-
tion, and cartilage and bone degradation. In AA rats treated
with the higher dose of CAI (40 mg·kg−1) or dexamethasone,
the joint architecture remained clear with little cartilage and
bone erosion, with only a low level of inflammatory cell
infiltration and synovial thickening (Figure 3A–F). These his-
topathological findings matched the results of histological
scoring (Figure 3G).

Figure 1
Anti-arthritis effects of CAI in rat model of AA . AA was induced by a
single s.c. injection of 0.1 mL of CFA at the base of the tail on day 0.
CAI (10, 20, 40 mg·kg−1) and dexamethasone (Dex; 0.2 mg·kg−1)
were given from days 12 to 26. (A) Arthritis index was evaluated as
described. (B) The body weight of each rat was measured over 26
days after injection of CFA. Data shown are means ± SEM of 14 rats.
##P < 0.01 versus normal group, *P < 0.05, **P < 0.01 versus vehicle-
treated AA group. N.S., normal saline.

BJPCarboxyamidotrizole attenuates adjuvant arthritis

British Journal of Pharmacology (2015) 172 3446–3459 3449



CAI decreased pro-inflammatory cytokines in
AA rats
The pro-inflammatory cytokines play an important role in RA
pathogenesis and we therefore measured the effects of CAI on
these mediators. The concentrations of IL-1β, IL-6, IL-18
and TNF-α in synovial homogenates from the vehicle-treated
AA rats were significantly higher than those in normal
rats. CAI (20, 40 mg·kg−1) and dexamethasone clearly
decreased all these cytokines. Particularly, CAI at the lowest
dose (10 mg·kg−1) also attenuated IL-1β, IL-18 and TNF-α
levels in AA rats (Figure 4A–D).

IL-1β and IL-18 are synthesized as the inactive precursor
molecules. They must be cleaved into their biologically active
mature forms by inflammasomes before they are released.
Both the precursor and mature forms of IL-1β and IL-18 were
detected in extracts of synovial tissues by Western blot. The
expressions of pro-IL-1β, mature IL-1β p17, pro-IL-18 and
mature IL-18 p18 in the synovial tissues of the vehicle-treated

AA rats were all markedly increased, compared with those in
the samples from normal rats. Treatment with CAI (20,
40 mg·kg−1) suppressed the expression of pro-IL-1β and pro-
IL-18, and CAI at all three doses (10, 20, 40 mg·kg−1)
decreased the mature forms of IL-1β p17 and IL-18 p18.
Dexamethasone also inhibited levels of both
the precursor and mature forms of IL-1β and IL-18
(Figure 4E,F).

CAI inhibited NF-κB activation in AA rats
Given the importance of NF-κB in the transcription of the
cytokines and the results observed in Figure 4 that the pro-
IL-1β, pro-IL-18, IL-6 and TNF-α were up-regulated in AA
synovium and profoundly decreased by CAI treatment, the
effect of CAI on the activation state of NF-κB in the synovium
of AA rats was investigated. The p65 subunit of NF-κB was
expressed at a very low level in normal synovium and was
mainly located in the cytoplasm, as detected by immunohis-

Figure 2
Effects of CAI on the radiological joint damage in AA rats. A–F: representative radiographs of the ankle joints of normal rats (A), vehicle PEG
400-treated AA rats (B), vehicle N.S.-treated AA rats (C), CAI 20 mg·kg−1-treated AA rats (D), CAI 40 mg·kg−1-treated AA rats (E), dexamethasone
(Dex)-treated AA rats (F). (G) Three radiographical parameters – osteoporosis, joint space narrowing and bone erosion – were scored separately.
Data shown are means ± SEM of 14 rats. *P < 0.05, **P < 0.01 versus vehicle-treated AA group.
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tochemistry (Figure 5A). In the vehicle-treated AA rats, the
synovium was hyperplastic and the expression of p65 NF-κB
subunit was much higher than that of the normal control.
Furthermore, the p65 staining was particularly located in
the cell nucleus (Figure 5B, C). Treatment with CAI (20,
40 mg·kg−1) decreased the inflammatory reaction in AA syn-
ovium and, at the same time, decreased p65 staining
(Figure 5D, E). Dexamethasone also significantly decreased
immunohistochemical staining for the p65 subunit
(Figure 5F).

As NF-κB activity is regulated by the phosphorylation of
IκBα, the levels of IκBα and its phosphorylated form p-IκBα
were analysed by Western blot. Levels of p-IκBα were mark-
edly increased and those of IκBα were significantly decreased
in the synovial tissue from vehicle-treated AA rats, compared
with the normal rats. CAI treatment (20, 40 mg·kg−1) inhib-
ited the phosphorylation and degradation of IκBα in AA rats,
with an efficacy similar to that of dexamethasone (Figure 5H,
I). These findings indicated that CAI inhibited the activation
of NF-κB in arthritic synovium.

Detection of components of NALP
inflammasomes in the synovium and the
effects of CAI
Precursors of IL-1β and IL-18 have to be cleaved by the
inflammasomes before they were released as mature
cytokines (Franchi et al., 2009). As the inflammsome-
dependent active forms of IL-1β and IL-18 in AA synovium
were up-regulated and significantly decreased by CAI treat-
ment (Figure 4), we postulated that the NALP inflammasomes
in the synovial tissues might be activated in AA rats. The
expression of the inflammasome component proteins,
NALP1, NALP3, ASC, caspase-1 and caspase-5, in the syn-
ovium were analysed by Western blot. As shown in Figure 6,
two NALP1 isoforms with apparent molecular sizes of
165 kDa and 70 kDa were detected, but they were expressed
in very low levels in the synovium of normal rats. In the
vehicle-treated AA rats, the 165 kDa isoform protein level did
not differ from that in normal rats, while the 70 kDa isoform
was significantly increased. In the synovium of AA rats, treat-
ment with CAI (20, 40 mg·kg−1) or dexamethasone had no

Figure 3
Effects of CAI on histopathology of AA rats. A–F: representative photomicrographs of haematoxylin and eosin staining sections from normal rats
(A), vehicle PEG 400-treated AA rats (B), vehicle N.S.-treated AA rats (C), CAI 20 mg·kg−1-treated AA rats (D), CAI 40 mg·kg−1-treated AA rats (E),
dexamethasone (Dex)-treated AA rats (F). Note the changes of synovial membrane (s), articular cartilage (c), subchondral bone (b). Black arrow
shows cartilage and bone erosions by pannus invasion. (G) Histopathological changes were scored for three parameters – cartilage destruction,
bone erosion and synovial inflammation. Data shown are means ± SEM of four rats. **P < 0.05 vs. vehicle-treated AA group.
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Figure 4
Effects of CAI on the levels of pro-inflammatory cytokines in AA rats. The concentrations of IL-1β (A), IL-6 (B), IL-18 (C) and TNF-α (D) in
homogenates of synovial tissue were measured by ELISA. Data shown are means ± SEM of four rats. (E) Pro-IL-1β, mature IL-1β p17, pro-IL-18 and
mature IL-18 p18 in extracts of synovial tissue were detected by Western blot analysis. (F) Densitometric analysis of immunoblot bands. β-actin
was used as the internal control. Data shown are means ± SEM of three rats. ##P < 0.01 versus normal group, *P < 0.05, **P < 0.01 versus
vehicle-treated AA group.
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effects on the level of the 165 kDa isoform,but clearly
decreased levels of the 70 kDa isoform (Figure 6A, B).

Immunohistochemical analysis of the synovial sections
for NALP1 showed that this protein was mainly expressed in
the synoviocytes, vascular endothelial cells and adipocytes.
In contrast to the weak expression in samples from normal
rats, NALP1 immunostaining in the synovium of the

vehicle-treated AA rats demonstrated a marked up-regulation,
and these effects were suppressed by treatment with CAI (20,
40 mg·kg−1) or dexamethasone (Figure 7), which was consist-
ent with Western blot data. As for NALP3, its expression level
in AA synovium was significantly down-regulated, compared
with its strong expression in the normal synovium. The
higher dose of CAI (40 mg·kg−1) restored NALP3 expression

Figure 5
Effects of CAI on NF-κB activation in AA rats. Immunohistochemistry of the p65 NF-κB subunit in the synovium of normal rats (A), vehicle PEG
400-treated AA rats (B), vehicle N.S.-treated AA rats (C), CAI 20 mg·kg−1-treated AA rats (D), CAI 40 mg·kg−1-treated AA rats (E), and dexam-
ethasone (Dex)-treated AA rats (F). (G) Semiquantitative analysis of the immunohistochemical p65 NF-κB subunit expression was performed. Data
shown are means ± SEM of four rats. H: IκBα expression and phosphorylation were detected by Western blot analysis. I: Densitometric analysis
of immunoblot bands. β-actin was used as the internal control. Data shown are means ± SEM of three rats. ##P < 0.01 versus normal group,
*P < 0.05, **P < 0.01 versus vehicle-treated AA group.
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Figure 6
Detection of the components of inflammasomes in the synovium and the effects of CAI. (A) Synovial tissues were homogenized and analysed by
Western blot, with the antibodies as indicated. (B and C) Densitometric analysis of immunoblot bands. β-actin was used as the internal control.
Data shown are means ± SEM of three rats. (D) Caspase-1 activity was measured in synovial tissues from rats from different groups. Data shown
are means ± SEM of four rats. ##P < 0.01 versus normal group, *P < 0.05, **P < 0.01 versus vehicle-treated AA group. (E) The direct effects of CAI
on the activity of caspase-1 in vitro were assayed. The specific caspase-1 inhibitor Z-VAD-FMK was used as positive controls. Data shown are means
± SEM from six independent experiments. **P < 0.01 versus the control without drug (0 μM).
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levels in AA synovium. No differences were observed in the
expression of the adaptor protein ASC between any of the
groups (Figure 6).

Caspase-1 processing is the ultimate step in inflamma-
some activation. It is expressed as a proenzyme of 45 kDa and
autocatalytically cleaved into p20 (20 kDa) and p10 (10 kDa)
subunits in the inflammasome, and then assembles into its
active form consisting of two heterodimers with a p20 and
p10 subunit each (Franchi et al., 2009). Although the pro-
caspase-1 levels in the synovium of AA rats did not differ from
those of normal rats, the level of the activated p20 fragment
was significantly higher in AA synovium (Figure 6A, C). In
addition to the protein level, the activity of caspase-1 in the
synovial tissues of AA rats was markedly increased, compared
with those in normal rats (Figure 6D), suggesting that
caspase-1 was activated in the AA rats. Administration of CAI
(10, 20, 40 mg·kg−1) reduced both the level of the activated
p20 fragment and the activity of caspase-1 in AA synovium.
Similar effects were observed in AA rats treated with dexam-
ethasone (Figure 6A, C and D). In order to exclude a direct
inhibitory effect of CAI on the activity of caspase-1, a
caspase-1 inhibitor drug screening kit in vitro was used to
assess whether CAI could inhibit caspase-1. Our results

showed that CAI, over a wide concentration range (1.56–
100 μM) had no effects on caspase-1 activity in vitro, while the
specific caspase-1 inhibitor Z-VAD-FMK significantly sup-
pressed the caspase-1 activity in the same assays (Figure 6E).
For caspase-5, although pro-caspase-5 was detectable in the
synovial tissue and had no differences among all groups, the
activated forms of caspase-5, p10 and p20, could not be
detected (Figure 6A, C). These data suggested that NALP1
inflammasomes were activated in the inflamed synovium
and that CAI treatment inhibited the activation of NALP1
inflammasomes.

Discussion

In the present study, the administration of CAI significantly
suppressed the arthritis index and prevented body weight
loss, as well as reducing the radiological and histological
features of joint destruction in AA rats. These findings imply
that CAI attenuated the arthritis and joint damage in rats
with AA. The effects of CAI may be translated into a potential
clinical benefit for the treatment of RA. What, then, is the
mechanism by which CAI exerted its effects on arthritis?

Figure 7
Immunohistochemistry for NALP1 in the synovium. A–F: representative images from normal rats (A), vehicle PEG 400-treated AA rats (B), vehicle
N.S.-treated AA rats (C), CAI 20 mg·kg−1-treated AA rats (D), CAI 40 mg·kg−1-treated AA rats (E), and dexamethasone (Dex) -treated AA rats (F).
(G) Semiquantitative analysis of immunohistochemical NALP1 expression was performed and data shown are means ± SEM of four rats. ##P < 0.01
versus normal group, **P < 0.01 versus vehicle-treated AA group.
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CAI has no direct inhibitory effect on the activities of
COX-1 and COX-2 in vitro (data not shown), which indi-
cated that CAI exerted its anti-inflammatory effects through
mechanisms differing from those of COX-inhibiting
NSAIDs. The network of the cytokines is involved in the
development and progression of RA (Choy and Panayi,
2001). Therefore, we focused on the effects of CAI on the
cytokines in arthritis. IL-1β and TNF-α are considered to be
of great importance among the pro-inflammatory factors in
the inflamed synovium. In particular, they seem to initiate
a cytokine cascade to induce the production of other
inflammatory molecules (Tran et al., 2005). Overproduction
of IL-1β and TNF-α in the synovium induces inflammatory
cell infiltration, synovial angiogenesis and hyperplasia, car-
tilage matrix degradation and bone erosions. Anti-IL-1β and
anti-TNF-α therapies have been effective in the treatment of
RA (Szekanecz et al., 2000; Choy and Panayi, 2001). In addi-
tion to IL-1β and TNF-α, IL-6 and IL-18 are two other pleio-
tropic cytokines important in RA pathogenesis. IL-6 and
IL-18 are known to be increased in the synovium, synovial
fluid and serum of RA patients (Dayer and Choy, 2010;
Volin and Koch, 2011). Therefore, blockade of the produc-
tion of the cytokines may be an effective strategy for RA
management. In our study, the levels of IL-1β, TNF-α, IL-6
and IL-18 were markedly elevated in synovial tissues from
rats with AA but were decreased by CAI treatment. We pre-
viously reported that CAI improved DSS-induced colitis in
mice accompanied by a reduction of IL-1β, TNF-α and IL-6
levels both in serum and inflamed colon tissues (Guo et al.,
2012). These data suggested that the inhibition of cytokines
might account for the anti-inflammatory effects of CAI and
its beneficial effects in AA.

NF-κB is a key transcriptional factor consisting of homo-
or heterodimers of Rel-related proteins and activates the gene
expression of inflammatory mediators. Under resting condi-
tions, NF-κB, usually a dimer of p50 and p65 subunits, resides
in the cytoplasm and forms an inactive complex with the
inhibitory protein IκB. In a canonical activating pathway
induced by various stimuli, such as cytokines (e.g. IL-1β,
TNF-α), LPS and oxidants, IκBα is rapidly phosphorylated and
degraded. In turn, the liberated NF-κB enters the nucleus and
activates the gene transcription of a variety of cytokines,
chemokines, angiogenic factors and MMPs (Bonizzi and
Karin, 2004; Oeckinghaus et al., 2011). The positive feedback
regulation between NF-κB and the inflammatory molecules
contributes to the constitutive activation of inflammation as
well as the cartilage and bone erosion in RA. NF-κB activation
has previously been found in several arthritic animal models
and in the synovium of patients with RA (Han et al., 1998).
Consistent with these reports, we observed NF-κB activation
in AA synovium as shown by overexpression of its p65
subunit, increased phosphorylation level and decreased
expression of IκBα. Administration of CAI down-regulated
the expression of the p65 subunit, and inhibited the phos-
phorylation and degradation of IκBα in AA rats. These results
were similar to those showing inhibition of NF-κB activation
by CAI, in the DSS-induced colitis model (Guo et al., 2012).
NF-κB is recognized as a central ‘switch’ in the crucial initial
steps of inflammation as well as in its persistence, in RA and
inhibition of NF-κB reduced the severity of arthritis (He et al.,
2008; Lee et al., 2009). Therefore, our results suggested that

the inhibition of NF-κB activation could be a key mechanism
for the anti-arthritic effects of CAI.

In contrast to the other cytokines, the sequence of events
culminating in IL-1β and IL-18 secretion is complex, but it
can be summarized in two steps: induction of pro-IL-1β and
pro-IL-18, and their subsequent processing into active IL-1β
and IL-18 by the inflammasomes (Schroder and Tschopp,
2010). We found increased levels of both the precursor and
mature forms of IL-1β and IL-18 and the activation of NF-κB
in AA synovium. Next, we detected the NALP inflammasomes
in synovial tissue, which is involved in the key second step in
the production of IL-1β and IL-18. The data presented here
showed that NALP1 inflammasomes were activated in AA
synovium and CAI treatment inhibited this activation, which
might be another mechanism of CAI, in addition to the
suppression of NF-κB activation, underlying its anti-arthritic
effects.

NALP1 is expressed in long and short forms, both of
which have biological activity (Kummer et al., 2007; Li et al.,
2009). Accordingly, we detected both the two forms of NALP1
in the synovium with apparent molecular sizes of 165 and
70 kDa, which were expressed at very low levels in the
normal rats. Although the protein levels of the 165 kDa long
form did not change, the 70 kDa short form was increased
markedly in AA synovium. Moreover, our immunohisto-
chemical data showed that NALP1 was mainly expressed in
the synoviocytes, vascular endothelial cells and adipocytes,
and that this immunostaining was significantly enhanced in
AA rats. Furthermore, both the protein level of the activated
caspase-1 p20 fragment and the activity of caspase-1 in AA
synovium was markedly increased, compared with the
normal rats. Taken together, our results demonstrated that
NALP1 inflammasomes were activated in AA synovium,
which was further supported by the increased level of acti-
vated IL-1β and IL-18. It seems that the NALP1 inflamma-
some might be a novel, potential target for RA treatment.
Consequently, identification of drugs that inhibit the acti-
vated NALP1 inflammasome is important for understanding
its mechanism of activation and developing effective thera-
pies for inflammation-related diseases such as RA. In this
study, we found that CAI inhibited activation of the NALP1
inflammasome, as shown by decreased expression of the
NALP 70 kDa isoform and of caspase-1 p20, as well as
decreased caspase-1 activity in AA synovium.

In contrast, the evidence for the importance of the NALP3
inflammasome to RA is scant and contradictory. Rosengren
et al. showed that NALP3 mRNA levels were increased in the
synovium of RA, in comparison with osteoarthritis (OA)
(Rosengren et al., 2005). However, Kolly et al. found that there
were no differences in NALP3 protein expression between RA
and OA synovial tissues (Kolly et al., 2009). In this study, we
demonstrated that the synovial tissues from normal rats
expressed a high level of NALP3, which was significantly
down-regulated in synovial tissues from rats with AA. So, at
present, the mechanism(s) whereby NALP1 and NALP3
inflammasomes could be differently regulated in arthritic syn-
ovium are largely unknown. Moreover, how expression of the
components of NALP1 inflammasomes is regulated and how
NALP1 inflammasomes are activated in arthritis are still to be
elucidated. Nevertheless, our results highlight the need for
further investigation of such mechanisms.
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Conventional anti-inflammatory agents including ster-
oids and NSAIDs have long been used as the major therapeu-
tic strategy for RA. However, they have limited use because of
their serious side effects and because they are only partly
effective (Seibert et al., 1994; Kleiman and Tuckermann,
2007). In the last decade, clinical use of biological agents
against cytokines, such as TNF-α and IL-1β, has increased the
therapeutic options for RA patients (Bathon et al., 2000;
Breedveld et al., 2006). However, their therapeutic efficiency
are not ideal (Bathon et al., 2000; Fleischmann et al., 2004;
Rubbert-Roth and Finckh, 2009) with the disadvantages of
high cost, hypersensitivity, administration via repeated injec-
tions and possibility of serious infections (Bongartz et al.,
2006; Wolfe and Michaud, 2007). Based on this situation in
the context of RA, it is proposed that neutralizing the
cytokines already produced is not an ideal strategy but an
inhibition of their production might provide better clinical
results. In addition, a decreased production of TNF-α and
IL-1β might be more effective and have less disadvantages
than a complete inhibition of the effects of TNF-α and IL-1β
(Cascão et al., 2012). Thus, the development of novel thera-
pies with different mode of action and favourable safety and
tolerability profile is currently in high demand. Our results
revealed that CAI could inhibit the dysregulated activation of
both NF-κB and the NALP1 inflammasomes, which are two of
the most important pathways regulating the production
of cytokines. Furhtermore, oral administration of CAI did not
produce systemic toxic effects, as reflected in the fact that the
CAI-treated arthritic rats gained more body weight than did
the vehicle-treated AA rats. In addition, a series of clinical
trials of CAI as an anti-cancer agent showed that the adverse
effects of CAI were slight and most commonly consisted of
grades 1–2 gastrointestinal and neurological side effects such
as nausea, vomiting and dizziness (Figg et al., 1995; Kohn
et al., 1996; Stadler et al., 2005). Taken together, CAI might be
an effective and relatively safe therapeutic strategy for the
treatment of RA.

In conclusion, we have demonstrated that NALP1 inflam-
masomes were activated in synovial tissues of rats with AA,
which could represent a novel therapeutic target for RA treat-
ment and merits further investigation. We also showed that
oral administration of CAI ameliorated the joint inflamma-
tion and destruction in AA rats. Inhibition of the activation
of both NF-κB and NALP1 inflammasomes and subsequent
suppression of the production of pro-inflammatory cytokines
contributed to this anti-inflammatory effect. Collectively, our
data suggested that CAI might serve as a promising therapeu-
tic strategy for RA.
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