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Summary

In this study, we investigated the roles of serum amyloid A (SAA) in T helper
17 (Th17)-related cytokine induction in rheumatoid arthritis (RA)
synoviocytes. Synoviocytes isolated from rheumatoid arthritis (RA) patients
were stimulated with recombinant SAA and IL-23 expression was investigated
using reverse transcriptase-polymerase chain reaction and Western blot. The
involvement of mitogen-activated protein kineases (MAPKs) and nuclear
factor (NF)-kB in SAA-induced interleukin (IL)-23 p19 expression was inves-
tigated using pharmacological inhibitors. In RA synoviocytes, SAA induced
the expression of IL-23 p19 and p40 mRNA expression. The SAA-stimulated
expression of p19 was rapid (< 3 h), and insensitive to polymyxin B
treatment. This SAA-stimulated expression of IL-23 p19 was inhibited com-
pletely by inhibitors of NF-kB, p38MAPK and dexamethasone. Interestingly,
the SAA-induced IL-23, p19 and p40 production was accompanied by
enhanced expression of IL-1b, but not transforming growth factor-b. These
results indicate that SAA is a significant inducer of IL-23 and IL-1b in RA
synoviocytes and potentially activates the IL-23/IL-17 pathway in the RA
synovium. Our data present a novel interaction between inflammation and
autoimmunity by an acute-phase protein.
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Introduction

A large number of cytokines are active in the joints of
rheumatoid arthritis (RA) patients [1]. A new subset of
interleukin (IL)-17-producing T helper type 17 (Th17)
cells has been thought to play a critical role in chronic
inflammatory diseases [2]. Increased expression of IL-17
has been reported in RA patients, suggesting a role of Th17
cells in the development of RA [3,4]. Recent studies have
identified an important role for IL-23 in the differentiation
of Th17 cells [5]. IL-23 overexpression has also been dem-
onstrated in rheumatoid synovium from RA patients [6,7].
However, the mechanisms related to this aberrant expres-
sion of IL-23 in the rheumatoid synovium need to be
investigated.

The acute phase protein, serum amyloid A (SAA), is regu-
lated by inflammatory cytokines and abundant levels of SAA
have been demonstrated in RA sera and synovium [8,9]. In
view of these inflammatory properties of SAA, the mecha-

nism by which SAA exacerbates the inflammatory responses
under autoimmune conditions remains elusive. Although
IL-23, like IL-12, is thought to play an important role in
autoimmune disease [10,11], the mechanism of control of
IL-23 has not been understood fully in RA. IL-1b, tumour
necrosis factor (TNF-a), IL-17, prostaglandin E2 and
lipopolysaccharide (LPS) are known to induce the produc-
tion of IL-23 [12–15]. Several recent studies have shown that
SAA possesses cytokine-like activity and can stimulate the
production of matrix metalloproteinase and cytokines, such
TNF-a, IL-1b and IL-6 [16–20]. These findings have led us
to investigate whether SAA can induce Th17-related
cytokines.

In this study, we examined the effects of SAA on the
induction of Th17-related cytokines in RA synoviocytes.
Our results demonstrate that expression of IL-23 p19 was
induced in RA synoviocytes by SAA stimulation. This sug-
gests a novel role of SAA in promoting synovial inflamma-
tion or autoimmunity via the IL-23/IL-17 pathway.
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Materials and methods

Reagents

Recombinant human SAA was purchased from Peprotech
(Rocky Hills, NJ, USA). Polymyxin B was purchased from
Sigma (St Louis, MO, USA). PD98059, SB203580, SP600125
and BAY11-7082 were obtained from Calbiochem (San
Diego, CA, USA).

Patients

All RA patients fulfilled the American College of Rheuma-
tology criteria for RA. Synovial tissue samples were obtained
from five patients with RA during synovectomy. Synovial
fibroblasts were isolated from the synovial tissues by enzy-
matic digestion. The isolated synovial fibroblasts were used
at the third or fourth passages for subsequent experiments.
All experiments were performed with the protocol approved
by the ethics committee of Nagasaki Medical Center.

Measurement of cytokine secretion

RA synoviocytes (5 ¥ 104) were seeded in 24-well plates con-
taining RPMI plus 10% fetal calf serum (FCS) for 24 h.
Following 24 h of incubation in serum-free RPMI, the cells
were stimulated with SAA (0–5 mg/ml) for 24 h. Cell-free
supernatants were collected by centrifugation at 400 g for
5 min and assayed for IL-23 and IL-12, p40 with enzyme-
linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer’s
instructions.

Reverse transcription–polymerase chain reaction
(RT–PCR)

Total cellular RNA was extracted with Trizol (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s
protocol. First-strand cDNA was synthesized from 1 mg of
total cellular RNA using an RNA PCR kit (Takara Bio Inc.,
Otsu, Japan) with random primers. Thereafter, cDNA was
amplified using 28 cycles for IL-23 p19 and b-actin,
respectively. The specific primers used were as follows –
IL-23 p19: forward primer 5′-GCA GAT TCC AAG CCT
CAG TC-3′, reverse primer 5′-TTC AAC ATA TGC AGG
TCC CA-3′; b-actin: forward primer 5′-GTGGGGCGCCCC
AGGCACCA-3′, reverse primer 5′-CTCCTTAATGTCACGC
ACGATTTC-3′.

The product sizes were 276 base pairs (bp) for IL-23 p19
and 234 bp for b-actin. The thermocycling conditions for the
targets were as follows: 94°C for 30 s and 60°C for 60 s and
72°C for 30 s. The PCR products were electrophoresed on
2% agarose gels and visualized by ethidium bromide
staining.

Amplification of the IL-23 p19, p40, IL-12 p35, IL-1b and
transforming growth factor (TGF)-b transcripts was also
accomplished on a Light Cycler (Roche Diagnostics, Man-
nheim, Germany) using specific primers. The housekeeping
gene fragment of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used for verification of equal loading.

Western blot analysis

For measurement of IL-23 p19 protein expression by
Western blot analysis, serum-starved RA–fibroblast-like syn-
oviocytes (RA-FLS) seeded in six-well plates were stimulated
with SAA for 24 h, and the cells were washed by ice-cold
phosphate-buffered saline (PBS) and lysed with a lysis buffer
[1% Nonidet P 40, 50 mM Tris, pH 7·5, 100 mM NaCl,
50 mM NaF, 5 mM ethylenediamine tetraacetic acid
(EDTA), 20 mM b-glycerophosphate, 1·0 m, sodium ortho-
vanadate, 10 mg/ml aprotinin and 10 mg/ml leupeptin] for
20 min at 4°C. Insoluble material was removed by centrifu-
gation at 15 000 g for 15 min at 4°C. The supernatant was
saved and the protein concentration was determined using
the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA).
An identical amount of protein (50 mg) for each lysate was
subjected to 12% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis, and then transferred to a nitrocellulose
membrane. Western blot analysis using the primary mono-
clonal antibodies against IL-23 p19 (BioLegend, San Diego,
CA, USA) and b-actin (Sigma) was performed with an ECL
Western blotting kit (Amersham, Little Chalfont, UK).

Statistical analysis

Differences between groups were examined for statistical sig-
nificance using Wilcoxon’s signed-rank test.

Results

SAA stimulates IL-23 p19 mRNA expression

We first evaluated the mRNA expression of IL-23, which is
involved in Th17 immune responses, in SAA-stimulated RA
synoviocytes. As shown in Fig. 1, a marked and significant
increase in IL-23 p19 transcript was observed in SAA-
stimulated synoviocytes compared with unstimulated
synoviocytes. We next evaluated the mRNA expression
quantitatively using real-time PCR. SAA stimulated IL-23
p19 mRNA expression in synoviocytes and polymyxin B did
not alter SAA-induced IL-23 p19 mRNA expression
(Fig. 2a). Although SAA induced IL-23 p40 mRNA expres-
sion, SAA stimulation did not elicit any significant increase
in the mRNA levels of IL-12 p35 in the same treated syn-
oviocytes (Fig. 2b,c). IL-23 p19 and p40 mRNA expression in
synoviocytes was increased at 3 h post-stimulation with
SAA. SAA stimulation of RA synoviocytes induced maximal
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expression of p19 and p40 at 6 and 9 h post-stimulation,
respectively (Fig. 2d).

Activation of nuclear factor (NF)-kB and p38
mitogen-activated protein kinease (MAPK) are
required for SAA-induced expression of p19

We have demonstrated previously that the SAA-induced
expression of cytokines was accompanied by activation of
the NF-kB and MAPK signalling pathways and that dex-
amethasone inhibited the expression of these cytokines,
probably by transrepressing NF-kB in RA synoviocytes
[19]. We examined the effects of dexamethasone on SAA-
stimulated induction of these cytokines (IL-23, p19, p40) in

RA synoviocytes. Treatment of cells with dexamethasone
for 2 h prior to stimulation with SAA inhibited significantly
the expression of IL-23 p19 and p40 (Fig. 3). Dexame-
thasone exerts its biological effects by interacting with
transcription factors, such as NF-kB or activator protein-1
(AP-1). To examine the involvement of these pathways in
the SAA-induced IL-23 p19 expression, we used specific
inhibitors for NK-kB and MAPK. Bay11-0073 and
SB203580 inhibited almost completely the SAA-induced
expression of IL-23 p19 transcript, indicating that activa-
tion of NF-kB and p38 MAPK is required for the
SAA-induced expression of p19 (Fig. 4). Meanwhile,
pretreatment with the specific inhibitors, PD98059
[extracellular-regulated 1/2 kinase (ERK1/2)] and

Fig. 1. Semi-quantitative analysis of interleukin

(IL)-23 p19 mRNA expression in rheumatoid

arthritis (RA) synoviocytes. RA synoviocytes

were stimulated by serum amyloid A (SAA)

(5 mg/ml) for 6 h and total RNA was analysed

by reverse transcription–polymerase chain

reaction (RT–PCR) using primers specific for

IL-23 p19 and b-actin, which was used as an

internal control. Three experiments were

performed using different RA synoviocytes and

a representative finding is shown.
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Fig. 2. Serum amyloid A (SAA) stimulates interleukin (IL)-23 p19 and p40 mRNA expressions in rheumatoid arthritis (RA) synoviocytes. (a) RA

synoviocytes were unstimulated or stimulated with SAA (0·5, 5 mg/ml) and lipopolysaccharide (LPS; 100 ng/ml) for 6 h in the presence or absence

of polymyxin B (10 mg/ml). IL-23 p19 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression was determined by real-time

polymerase chain reaction (PCR). (b) RA synoviocytes were stimulated with SAA (0·5, 5 mg/ml) for 6 h. IL-23 p40 and GAPDH mRNA expression

was determined by real-time PCR. (c) RA synoviocytes were stimulated with SAA (0·5, 5 mg/ml) for 6 h. IL-12 p35 and GAPDH mRNA expression

was determined by real-time PCR. (d) RA synoviocytes were stimulated with SAA (5 mg/ml) for 0, 3, 6, 9 and 12 h. IL-23 p19 and p40 mRNA

expressions were determined by real-time PCR. Data are means of three different RA–fibroblast-like synoviocytes run in triplicate � standard

deviation. *P < 0·0001 compared to untreated RA synoviocytes.
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SP600125 [c-Jun N-terminal kinase (JNK)], did not affect
the SAA-induced expression of p19.

SAA stimulates IL-23 p19 protein expression

We next determined whether this induced expression of p19
and p40 mRNA resulted in secretion of IL-23. We could not
detect IL-23 in the supernatants of SAA-stimulated synovio-
cytes using an IL-23-specific ELISA system. However, in the
cellular lysates of SAA-stimulated RA synoviocytes, induc-
tion of p19 was confirmed at the protein level by Western
blot analysis (Fig. 5). Conversely, the IL-23 subunit, p40,
was induced in SAA-stimulated synoviocytes-conditioned
medium, as demonstrated using a p40-specific ELISA system
(Fig. 6).

SAA preferentially stimulated expression of IL-1b but
not TGF-b mRNA

To address the question whether SAA could induce other
Th17-related cytokines, we examined the effects of SAA on
expression of IL-1b and TGF-b mRNA in rheumatoid
synoviocytes. IL-1b mRNA was strongly up-regulated fol-
lowing stimulation with SAA. However, SAA stimulation did
not affect TGF-b mRNA expression in rheumatoid synovio-
cytes (Fig. 7).

Discussion

RA is a common autoimmune condition, characterized by
synovitis and subsequent destruction of the joint [21]. The
IL-23/IL-17 axis has been shown to be a major proinflam-
matory pathway in chronic inflammatory disease, including
RA [22]. IL-23, which is comprised of the IL-12 p40 subunit
and a unique IL-23 p19 subunit, plays a critical role in the
maintenance and expansion of Th17 cells [23]. The impor-
tance of IL-23 has been highlighted in a murine model of
arthritis in which specific absence of the IL-23 gene con-
ferred complete resistance to the development of collagen-
induced arthritis (CIA) in mice [10]. In patients with RA,
serum and synovial fluid concentrations of IL-23 have been
reported to be elevated [24]. Furthermore, IL-23 p19 expres-
sion has been demonstrated in rheumatoid synovium
[6,7,12].

In this study we demonstrated that SAA, which is over-
produced in sera and synovial fluids from RA patients,
up-regulated significantly the expression of IL-23 p19 in
rheumatoid synoviocytes. Our data are consistent with pre-
vious reports demonstrating the induction of IL-23 p19 and
p40 in SAA-stimulated monocytes [25]. IL-23 is composed
of a p19 and p40 heterodimer. Despite the two-log fold
induction of expression of p19 and p40 mRNA and the
detection of their proteins, we did not detect IL-23 in the
supernatant of SAA-stimulated synoviocytes by ELISA. Our
findings are consistent with the abundant expression of p19
protein in the rheumatoid synovium, despite the fact that
heterodimeric IL-23 was barely detectable [7]. The possibil-
ity exists that abnormalities in the dimerization of p19 and
p40 may be implicated in this impaired production of IL-23.

The signalling mechanisms responsible for SAA-induced
cytokine expressions have been studied. A number of pro-
teins have been shown to interact with SAA. Among these
proteins, formyl peptide receptor-like 1 (FPRL1) has been
shown to be a cell surface receptor for SAA [26] and is
expressed in rheumatoid synoviocytes [17]. FPRL1 is a G
protein-coupled receptor that can mediate the activation of
MAPKs and NF-kB [26]. Our results demonstrated that
IL-23 p19 expression was reduced dramatically in response
to impaired activation of NF-kB and p38 MAP kinase sig-
nalling by pharmacological inhibition. While regulation of
IL-23 p19 at the molecular level is not understood fully,
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Fig. 3. Dexamethasone suppressed the serum amyloid A

(SAA)-induced p19 and p40 mRNA expressions. Rheumatoid arthritis

(RA) synoviocytes were incubated with the indicated concentrations

of dexamethasone for 1 h. Cells were then stimulated with 5 mg/ml of

SAA for 6 h and IL-23 p19 (a), p40 (b) and glyceraldehyde-3-

phosphate dehydrogenase mRNA expression was determined by

real-time polymerase chain reaction (PCR). Data are the means of

two different RA synoviocytes run in triplicate � standard deviation.

*P < 0·0001 compared to SAA-treated RA synoviocytes.
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recent studies suggest that NF-kB and AP-1 are important
for p19 gene expression [27–29]. IL-23 p19 expression
induced by IL-17 can be blocked by inhibitors of NF-kB and
p38 MAPK in RA synoviocytes [6,12]. Together, our results
suggest the involvement of p38 MAPK and the NF-kB sig-
nalling pathway in the regulation of IL-23 p19 expression in
rheumatoid synovium.

As reported previously, IL-23 overexpression may not be
associated with a fully developed Th17 response [30]. In this

regard, IL-23 alone is a relatively ineffective inducer of Th17
cells and requires the combination of IL-6 and IL-1b to
induce differentiation of Th17 cells from naive human T
cells [31]. Conversely, we have reported previously that SAA
is a strong inducer of IL-6 in rheumatoid synoviocytes [19].
In this study, we showed that SAA is a potent inducer of
IL-1b. Taken together with these previous findings, SAA

Fig. 4. Nuclear factor (NF)-kB and p38

mitogen-activated protein kinease (MAPK)

inhibition suppressed interleukin (IL)-23 p19

mRNA expression. Rheumatoid arthritis (RA)

synoviocytes were incubated with vehicle

(dimethylsulphoxide, media), BAY11-7082

(a, nuclear factor-kB inhibitor), PD98059

(b, extracellular regulated kinase pathway

inhibitor), SB203580 (c, p38 inhibitor) and

SP600125 (d, c-Jun N-terminal kinase

inhibitor) for 1 h. Cells were then stimulated

with 5 mg/ml of serum amyloid A (SAA)

for 6 h and interleukin (IL)-23 p19 and

glyceraldehyde-3-phosphate dehydrogenase

mRNA expression was determined by real-time

polymerase chain reaction. Data are the means

of two different RA synoviocytes run in

triplicate � standard error of the mean.

*P < 0·0001 compared to SAA-treated RA

synoviocytes.
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could be a potent inducer of rheumatoid synoviocytes in
promoting autoimmunity and chronic inflammation via the
Th17 immune response. The results of this study contribute
towards understanding the immunoregulatory properties of
SAA in rheumatoid inflammation by providing the novel
observation that SAA promotes Th17-related cytokines in
rheumatoid synovium. Maintenance of Th17 cells requires
the presence of IL-23, IL-1b and IL-6 [30], all of which are
induced by SAA. In this study, we demonstrated that SAA
stimulated IL-1b induction, but did not affect TGF-b expres-
sion in RA synoviocytes. Although TGF-b and IL-23 are the
major cytokines that contribute towards Th17 cell differen-
tiation in mice [32], the role of TGF-b in human Th17 cells
is an area of discussion. Recent investigations have indicated
that human T cells could be induced to differentiate into
Th17 cells in response to either IL-1b or IL-23, but not
TGF-b [33]. Therefore, SAA-mediated IL-23 and IL-1b
induction may contribute to the Th17 immune response in
rheumatoid synovium.
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