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Astragaloside IV possesses antiarthritic effect by preventing
interleukin 1b-induced joint inflammation and cartilage damage
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Abstract The saponin astragaloside IV (AST) is one of

major active components purified from Astragalus mem-

branaceus (Fisch) Bge, which has been used in traditional

Chinese medicine to treat immune disorders including

rheumatoid arthritis (RA). The effects of AST on the

suppression of experimental arthritis and its possible

mechanisms are unknown. We measured the paw swelling

of ankle joints, splenocyte proliferation, interleukin 1b (IL-

1b), tumor necrosis factor a (TNFa) and nitric oxide (NO)

formation by macrophages in rat adjuvant-induced arthritis

(AIA). Intraarticular injection of IL-1b to rat knee joint for

inducing the edema and in vitro IL-1b-stimulated cartilage

impairment were examined. The results showed that oral

treatment of AST (100 mg/kg/day) suppressed the joint

inflammation and inhibited IL-1b, TNFa and NO produc-

tion in macrophages from AIA rats. Macrophages were one

of AST targeted cells, and mediated the reduced splenocyte

proliferation in AIA rats. In addition, AST reduced the

swelling induced by intraarticular injection of IL-1b, and

protected against IL-1b-induced damage of cartilage pro-

teoglycan synthesis and chondrocyte proliferation. We

conclude that AST possesses antiarthritic effect and pre-

vents IL-1b-induced joint inflammation and cartilage

destruction. These findings suggest that AST may be used

for the treatment of RA and other inflammatory joint

diseases.

Keywords Astragaloside IV � Adjuvant-induced

arthritis � Macrophage � Cartilage � Interleukin 1b

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune

inflammatory disease characterized by synovial inflamma-

tion, articular cartilage impairment and extra-articular

manifestations (Davignon et al. 2013; Walter et al. 2013).

Many different cell components are involved in the RA

development, including neutrophils, T and B lymphocytes,

and monocytes/macrophages (Walter et al. 2013; Jova-

novic et al. 2011). Activation of these cells leads to the

production of cytokines and mediators responsible for

inflammation. The important roles of inflammatory cyto-

kines and mediators, such as tumor necrosis factor a
(TNFa), interleukin 1 (IL-1), and nitric oxide (NO) were

well documented in the pathogenesis of RA (Davignon

et al. 2013; Prati et al. 2012; Bao et al. 2012). Recent

findings show that keeping an adequate balance between

regulatory T cells (Treg) and T helper type 17 (Th17) cells

is critical for preventing the development of RA and other

inflammatory diseases (Ju et al. 2012; Nistala and Wed-

derburn 2009). IL-17 synergizes with TNFa in the induc-

tion of proinflammatory cytokines and destruction of

cartilage and bone (Van Bezooijen et al. 2002). IL-1b plays

a critical role in the conversion of human Treg cells into

IL-17-producing cells in vitro (Walter et al. 2013; De-

knuydt et al. 2009). Treatment with TNFa receptor

antagonist has led to successful control of RA, but there are

some inadequate responses in a proportion of RA patients
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(Zivojinovic et al. 2012; Chen et al. 2011). In addition,

inactivation of TNFa may interfere with innate immune

defense and predispose a risk of pathogenic infection.

Therefore, therapy on modulating the function of mono-

cytes/macrophages and lymphocytes is a complementary

strategy that may be useful for the treatment of RA and

other inflammatory joint diseases.

Astragalus membranaceus (Fisch) Bge is one of the most

widely used traditional Chinese tonic herbs presented either as

a single herb or as a collection of herbs in a complex pre-

scription. It possesses many biological functions including

immunomodulating effects, which has long been used in tra-

ditional Chinese medicine to treat autoimmune diseases

including RA (Yu et al. 2007; Cho and Leung 2007; Lei et al.

2003; Wang et al. 2002). The extracts of Astragalus mem-

branaceus (Fisch) Bge contain various saponins, polysac-

charides, and flavonoids (Yu et al. 2007; Ma et al. 2002). Li

and colleagues reported that therapeutic effects of astragalus

polysaccharides were related to their inhibition of TNFa and

IL-1b production and synovial apoptosis in rats with adjuvant-

induced arthritis (Jiang et al. 2010; Li et al. 2009; Yang et al.

2009). In addition, astragalus polysaccharides were shown to

induce the differentiation of splenic dendritic cells by shifting

of Th2 to Th1 with enhancement of T lymphocyte immune

function in vitro (Liu et al. 2011). Studies on pharmacology

have demonstrated that the saponin Astragaloside IV (AST) is

one of major active components purified from Astragalus

membranaceus (Fisch) Bge (Ma et al. 2002; Lei et al. 2003;

Wang et al. 2002). In the present studies, we evaluated AST

effects on the suppression of experimental arthritis and

inflammatory mediator-induced cartilage destruction.

Materials and methods

Animals

Male Sprague-Dawley rats (2–3 months old, 160 ± 20 g)

and Male New Zealand White rabbits (2.2–2.8 kg) were

provided by the Animal Center of Anhui Institute of Medical

Sciences. Animals were kept under a 12:12 h light:dark

cycle and allowed free access to food and water. Animals

were acclimated to this environment for 7 days prior to

treatments. All procedures used in these animal studies were

approved by local Administration Office Committee of

Laboratory Animal.

Induction of rat adjuvant-induced arthritis (AIA)

Arthritis was induced as previous described (Hu et al.

2012). Briefly, the rats were immunized by a single intra-

dermal injection into the left hind foot pad with 1 mg heat-

inactive BCG (Shanghai Biochemical Factory, Shanghai,

China) suspended in 0.1 ml paraffin oil (Freund’s complete

adjuvant). After immunization, arthritic rats were randomly

divided into different groups as indicated. The hind paw

volume in both injected and non-injected side was mea-

sured by a MK-550 volume meter (Muromachi-Kikai Co,

Japan) before and after immunization.

Drug preparation

AST was provided by Jiangsu Institute of Materia Medica,

Nanjing, China (purity above 98 % by high-performance

liquid chromatography analysis). The chemical structure of

AST (C41H68O14, molecular weight = 784.9) was descri-

bed in Fig. 1. AST was dissolved in 1 % sodium car-

boxymethylcellulose (CMC-Na) for oral administration.

Dosing regimen

After rats were immunized by injection of Freund’s com-

plete adjuvant on day 0, the AIA rats were orally treated

with 0.5 ml of vehicle (CMC-Na), AST (100 mg/kg/day),

L-NAME (180 mg/kg/day) and/or L-arginine (540 mg/kg/

day) once a day from day 0 to day 27 as indicated to

determine the effect of AST and other reagents on the

primary and secondary inflammation, respectively.

Intraarticular injection of IL-1b-induced swelling of rat

knee joints

The hind legs of rat were shaved and prepared using routine

aseptic techniques. All intraarticular injections were per-

formed under ether anesthesia. The rats were given 50 ll

recombinant human IL-1b (rhIL-1b) by intraarticular

Fig. 1 Chemical structure of Astragaloside IV (C41H68O14, molec-

ular weight = 784)
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injection to the right hind knee joint (1 lg/knee) on days 0, 2

and 4 to elicit an inflammatory response. An equal volume of

sterile physiological saline was injected into the left knee as a

control. At the end of the experiment (day 5), the animals

were sacrificed and the volume of both knee joints in each rat

was measured as described previously (Presle et al. 1999).

Isolation of nonadherent splenocytes and peritoneal

macrophages

Spleen was removed aseptically from each rats and trans-

ferred to six-well culture plates containing RPMI 1640

medium supplemented with 10 % newborn bovine serum

and penicillin (100 units/ml)–streptomycin (100 lg/ml)

(Wang and Chen 1998; Wang et al. 1998). The spleen was

minced and passed through stainless steel mesh to obtain

single cell suspensions. The erythrocytes were lysed with

distilled water. The remaining cell pellet was resuspended

in medium, which represented the total splenic mononu-

clear cell population. The nonadherent splenocytes were

prepared by incubating the whole splenic mononuclear cell

preparation (107 cells/ml) in 10-cm culture dishes at 37 �C

in an atmosphere of 5 % CO2 for 24 h to facilitate cell

adherence. The nonadherent lymphocyte population was

harvested, washed, and resuspended in fresh medium.

Rat peritoneal lavage with cold Hanks’ solution (calcium

and magnesium free) was collected and resuspened in RPMI

1640 medium at a concentration of 2 9 106 cells/ml. The

cell suspension was seeded in 10-cm culture dishes. After

incubation at 37 �C in 5 % CO2 for 3 h, nonadherent cells

were removed by gently washing twice with RPMI 1640

medium. The resultant cells were peritoneal macrophages.

The toxicity of AST on macrophages was measured by col-

orimetric MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) assay (Wang and Chen 1998).

Splenocyte proliferation

The splenocytes were reconstituted by adding 5 9 106/ml

nonadherent lymphocytes and 1.25 9 105 peritoneal mac-

rophages into 96-well plates (Wang and Chen 1998). The

cultures were then incubated at 37 �C for 48 h. [3H]-

labeled thymidine (3H-TdR) (0.4 lCi/well) was added for

additional 6 h before the termination of incubation. The

cells were harvested onto glass fiber paper by a multiwall

cell harvester. The radioactivity was measured by FJ-2107

liquid scintillation counter (Xian 262 Factory, China). The

results were expressed as means of cpm of triplicate wells.

Preparation of cell culture supernatants

The peritoneal macrophages in 1 ml RPMI 1640 medium

containing lipopolysaccharide (10 lg/ml) and/or different

concentrations of AST as indicated were seeded in 24-well

culture plates. The plate was incubated at 37 �C in an

atmosphere of 5 % CO2 for 48 h. The cell culture super-

natants containing IL-1b, TNFa and NO2
- were collected

and stored at -80 �C until assay.

IL-1b assay

The measurement of IL-1b activity in different samples was

conducted by thymocyte proliferation assay as described

previously (Wang et al. 2002). IL-1b activity was deter-

mined by comparison with the recombinant human IL-1b
(rhIL-1b) curves of serial dilutions (Palmer et al. 2003).

TNFa assay

TNFa activity in different samples was measured by using

the cytotoxicity assay against L929 cells as described

previously (Wang and Chen 1998). One unit of TNFa
(equivalent to 25 ng/L of recombinant human TNFa) was

defined as the reciprocal of the dilution producing 50 %

maximal killing of L929 cells.

Nitrite (NO2
-) assay

NO production was evaluated by measuring NO2
- content

in culture supernatants described previously (Wang et al.

2004). NO2
- content was measured by adding 100 ll of

freshly prepared Griess reagent (equal volume of 0.2 %

naphthylethylenediamine and 2 % sulfanilamide in 5 %

phosphoric acid) to 100 ll of samples in 96-well plates and

reading the optical density (OD) at 540 nm. The concen-

tration of nitrite was determined by comparison with the

OD curves of serial dilutions of sodium nitrite.

Examination of proteoglycan synthesis

Rabbit cartilages were isolated as described previously

(Thirion and Berenbaum 2004; Wang et al. 1998). New

Zealand white rabbits were sacrificed, and hind legs were

prepared using routine aseptic techniques. The articular

cartilages of the knee joints were removed and cut into

3 mm approximately in length. Cartilage pieces per well

(30–40 mg) were added into 24-well plate with 1 ml of

DMEM medium supplemented with 20 % newborn calf

serum. The cultures were then incubated in the presence or

absence of hrIL-1b (5 ng/ml) and/or AST (1 lM) at 37 �C

in an atmosphere of 5 % CO2 for 16 h. Proteoglycan

synthesis was measured by the incorporation of Na2
35SO4

(40 lCi/well) into glycosaminoglycan for additional 2 h.

The 35S labeled cartilage tissues were extracted with 1 ml

NaOH (0.5 M) for 48 h at room temperature and 0.5 ml

aliquots applied to Sephadex G-25 P-10 columns. The
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eluent was counted for radioactivity. The results were

expressed as cpm per mg tissue.

Chondrocyte isolation and proliferation assay

Rabbit cartilages were isolated and digested with 0.1 %

hyaluronidase for 15 min followed by 0.25 % trypsin for

30 min and 0.2 % collagenase for 3 h (Thirion and Beren-

baum 2004). The digested cartilage media were passed

through stainless steel mesh to obtain single cell suspen-

sions. The chondrocytes were distributed into 96-well plates

(104 cells/well) in a total volume of 200 ll of DMEM

medium containing 10 % newborn calf serum, penicillin

(100 units/ml), streptomycin (100 lg/ml), and glutamine

(2 mM) in the presence or absence of hrIL-1b (5 ng/ml)

and/or AST (1 lM) for 12 h. The cultures were pulsed with
3H-TdR (1 lCi/well) for addition 6 h. The cells were

digested with 0.05 % trypsin and 0.02 % ethylenediami-

netetraacetic acid (EDTA) for 10 min at room temperature,

and harvested on a glass fiber paper. Total radioactivity was

quantified by liquid scintillation counting.

Statistical analysis

Data are presented as the mean ± SD. Comparison between

groups was assessed by two-way analysis of variance

(ANOVA) followed by Bonferroni’s test (Prism; GraphPad). A

p value of 0.05 or less was considered statistically significant.

Results

AST suppressed joint inflammation in rat adjuvant-

induced arthritis

Rat adjuvant-induced arthritis (AIA) is an experimental

immunopathologic model that is thought to share many

features of RA (Bendele 2001). After the rats were immu-

nized by injection of Freund’s complete adjuvant into the

left hind foot pad, the animals developed the primary and

acute inflammation in the joint of injected side during

1–5 days (Fig. 2a). The secondary and chronic inflamma-

tion occurred in the contralateral (non-injected) legs and

became progressively severe during 7–28 days with peak

response on day 21 (Fig. 2b). Recent findings show that the

inflamed synovium is a major source of nitric oxide (NO)

production in RA patients, and blockade of TNFa inhibits

NO synthase in human peripheral blood mononuclear cells

(Nagy et al. 2010; Schett et al. 2011). Treatment with NO

synthase inhibitor suppresses the AIA inflammation

(Stefanovic-Racic et al. 1994; Prati et al. 2012). We first

tested if AST suppressed the development of AIA and NO

production was involved in the effect of AST. The arthritic

rats were randomly divided into AIA group, AIA treated

with NO synthase inhibitor Nx-nitro-L-arginine methyl ester

(L-NAME) (180 mg/kg/day), L-NAME with L-arginine

(540 mg/kg/day), AST (100 mg/kg/day), and AST with L-

arginine, respectively. Untreated AIA rats received an equal

volume of vehicle daily. Both AST and L-NAME admin-

istrations for five consecutive days significantly inhibited

primary inflammation in AIA rats (Fig. 2a). L-arginine,

which is a substrate of NO synthase and inhibits the specific

activity of NO synthase inhibitor, completely suppressed L-

NAME effect on the paw swelling, but partially blocked

AST effect on joint inflammation (Fig. 2a), suggesting that

AST is not identical to NO synthase inhibitor. We then

examined the effects of AST and L-NAME on the secondary

inflammation in AIA rats. The data in Fig. 2b showed that

both AST and L-NAME treatments for 28 days significantly

suppressed the development of the chronic inflammation in

AIA rats. Taken together, AST profoundly reduced both

acute and chronic inflammation in AIA rats.

AST targeted the macrophages to modulate splenocyte

proliferation in AIA rats

Many different cell components are involved in the RA

development (Davignon et al. 2013; Jovanovic et al. 2011).

Our data showed that the proliferation of splenocytes from

AIA rats was reduced (Fig. 3a), consistent with previous

reports (Albina et al. 1991; Wang and Chen 1998). Spleno-

cytes consist of nonadherent lymphocytes and adherent

monocytes/macrophages. In order to identify which cell type

was AST-targeted cell, we isolated splenocytes, peritoneal

macrophages and nonadherent lymphocytes (macrophages-

depleted splenocytes) from normal rats, AIA rats and AIA

rats treated with AST (100 mg/kg/day for 21 days). We then

reconstituted cell cocultures with nonadherent splenocytes

(5 9 106/ml) and peritoneal macrophages (1.25 9 105/ml).

The lymphocyte proliferation in the cocultures was exam-

ined when concanavalin A (3 lg/ml) was used as the mito-

genic stimulus to induce T lymphocyte proliferation (Wang

and Chen 1998). The addition of macrophages from normal

(Nor) rats to nonadherent lymphocytes (Lym) from AIA rats

failed to reduce lymphocyte proliferation compared with

both macrophages and lymphocytes from normal rats

(Fig. 3b). However, addition of macrophages from AIA rats

to nonadherent lymphocytes from normal or AIA rats sup-

pressed the lymphocyte proliferation (Fig. 3b). Reconsti-

tuted cell cocultures with macrophages from AIA rats treated

with AST and nonadherent lymphocytes from AIA rats

restored the reduced lymphocyte proliferation, whereas

addition of macrophages from AIA rats to nonadherent

lymphocytes from AIA rats treated with AST failed to

reverse the lymphocyte proliferation (Fig. 3b). Taken toge-

ther, these data demonstrated that macrophage in
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splenocytes mediated the reduced lymphocyte proliferation

in AIA rats. AST treatment restored the reduced lymphocyte

proliferation in AIA rats through the modulation of macro-

phage function (Fig. 3).

AST suppressed IL-1b, TNFa, and NO formation

in macrophages from AIA rats

Macrophages play a pivotal role in RA pathogenesis

because they largely locate in the inflamed synovium and at

the cartilage-pannus junction (Kinne et al. 2000). The

inflammatory mediators secreted by macrophages cause

pathological changes in RA patients and AIA rats (Kinne

et al. 2000; Bendele 2001). We asked if the suppression of

rat AIA development by AST was involved in the inhibi-

tion of inflammatory mediators produced by macrophages.

AIA rats were treated with vehicle or AST (100 mg/kg/

day) for 21 days. A group of untreated non-arthritic and

age-matched rats was used as normal control. After ter-

mination of AST or vehicle treatment, the rats were

Fig. 2 AST treatment inhibited primary and secondary inflammation

in adjuvant-induced arthritis (AIA) rats. Rat AIA was induced by

injection of 0.1 ml of Freund’s complete adjuvant into left hind foot

pad on day 0. The animals were orally treated with vehicle, AST

(100 mg/kg/day), L-NAME (180 mg/kg/day) and/or L-arginine

(540 mg/kg/day) for different times indicated. The magnitude of the

inflammatory response of injected hind paw during 1–5 days (a) and

non-injected hind paw during 7–28 days (b) in each rat was evaluated

described in ‘‘Materials and methods’’ section. Data are summarized

as the mean ± SD, n = 8. *p \ 0.05; **p \ 0.01, compared with

AIA control, AST treatment control or L-NAME treatment control

Fig. 3 AST targeted the macrophages and restored the reduced

splenocyte proliferation in AIA rats. Rat AIA were induced as

described in Fig. 2. The normal rats or AIA rats were treated with

vehicle or AST (100 mg/kg/day) for 21 days. On day 22, the

peritoneal macrophages, splenocytes and nonadherent lymphocytes in

each group (five animals) were prepared as described in ‘‘Materials

and methods’’ section. The splenocyte proliferation in coculture of

nonadherent lymphocytes (5 9 106/ml) with adherent macrophages

(1.25 9 105/ml) from the animal in the presence of concanavalin A

(3 lg/ml) was measured by [3H]-labeled thymidine incorporation.

Data are summarized as the mean ± SD, n = 5. **p \ 0.01,

compared with normal control. Nor normal, Mu macrophages, Lym

lymphocytes
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sacrificed and peritoneal macrophages were prepared. The

IL-1b, TNFa and NO productions in different groups were

measured. The results in Fig. 4 showed that there were

dramatic increases of IL-1b, TNFa and NO formation in

macrophages from AIA rats compared with that from

normal rats, which were consistent with previous reports

that IL-1b, TNFa and NO participated in the pathogenesis

of RA (Nagy et al. 2010; Jouzeau et al. 1999). AST

treatment markedly inhibited the production of IL-1b,

TNFa and NO in macrophages from AIA rats.

AST inhibited IL-1b-induced knee joint swelling in rats

IL-1b is a potent inflammatory cytokine involved in many

important cellular functions including the induction of

synovitis (Presle et al. 1999). To investigate the effect of

AST on IL-1b-induced joint inflammation, we intraarticu-

larly injected recombinant human IL-1b (rhIL-1b) into the

rat knee joint. The inflammation of knee joint was moni-

tored by assessment of joint swelling. The data in Fig. 5

showed that the knee joints of animals given three injec-

tions of rhIL-1b exhibited a significant increase in joint

volume as a consequence of edema, which was consistent

with previous reports (Presle et al. 1999; Jouzeau et al.

1999) that IL-1b articular injection directly caused joint

inflammation. AST oral administration does-dependently

inhibited rhIL-1b-induced knee joint swelling (Fig. 5).

AST in vitro concentration-dependently inhibited IL-1b
production in macrophages

AST suppressed the inflammation in AIA rats and inhibited

the macrophage activation. We then examined the AST

effects in vitro on IL-1b production in peritoneal macro-

phages from normal rats. Our data showed that AST in the

range of (10-10–10-6 M) concentration-dependently

inhibited IL-1b formation in macrophages in the presence

of lipopolysaccharide (10 lg/ml), which induced macro-

phage activation (Fig. 6a). The IC50 of AST was 0.16 lM.

The toxicity of AST on macrophages was measured by

colorimetric MTT assay, and higher concentrations of AST

had no toxicity on macrophages (Fig. 6b). AST exhibited

similar effects on the production of TNFa and NO in

macrophages (data not shown). Together, these data dem-

onstrated that higher concentrations of AST inhibited IL-

1b production was not due to its toxicity.

AST protected against IL-1b-suppressed chondrocyte

proliferation and cartilage proteoglycan synthesis

in vitro

A large amounts IL-1b was found within the localized

joints of RA patients, which was thought to play a key role

in cartilage damage (Presle et al. 1999). IL-1b in vitro

directly inhibits cartilage proteoglycan synthesis and

chondrocyte proliferation (Jouzeau et al. 1999). We

investigated the effects of AST in vitro on chondrocyte

proliferation. The result in Fig. 7a, b showed that rhIL-1b
(5 ng/ml) significantly suppressed rabbit chondrocyte pro-

liferation and increased NO production. AST (1 lM) pro-

tected against rhIL-1b-induced the impairment of the

chondrocyte proliferation by inhibiting NO production. We

finally observed the AST in vitro on rhIL-1b-suppressed

Fig. 4 AST suppressed IL-1b, TNFa, and NO formation in macro-

phages from AIA rats. AIA rats were induced as described in Fig. 2.

The normal or AIA rats were treated with vehicle or AST (100 mg/

kg/day) for 21 days. On day 22, the peritoneal macrophages were

cultured with lipopolysaccharide (10 lg/ml) in each group. IL-1b,

TNFa and NO formation were measured as described in ‘‘Materials

and methods’’ section. Data are summarized as the mean ± SD,

n = 5. **p \ 0.01, compared with normal control

Fig. 5 AST inhibited IL-1b-induced knee joint swelling in rats. The

rats were given 50 ll rhIL-1b by intraarticular injection to the right

hind knee joint (1 lg/knee) on days 0, 2 and 4. An equal volume of

sterile physiological saline was injected into the left knee as a control.

AST (100 mg/kg/day) or vehicle were orally treated for five

consecutive days. At the end of the experiment (day 5), the animals

were sacrificed and the volume of both knee joints in each rat was

measured. The difference of knee joint volume in each rat was

expressed as knee joint swelling. Data are summarized as the

mean ± SD, n = 6. **p \ 0.01, compared with control
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cartilage proteoglycan synthesis. Again, rhIL-1b signifi-

cantly increased NO formation and suppressed rabbit pro-

teoglycan synthesis (Fig. 7c, d). AST (1 lM) prevented

rhIL-1b-induced damage of cartilage proteoglycan syn-

thesis by inhibiting NO formation in chondrocytes. Taken

together, our data demonstrated that AST regulated the

production and activity of IL-1b, and the antiarthritic effect

of AST was correlated to its preventing the inflammatory

mediator-caused cartilage destruction.

Discussion

The inflamed synovial tissue in RA is characterized by a

complex interplay between multiple immune cells and

inflammatory mediators (Davignon et al. 2013; Zivojinovic

et al. 2012). IL-17 and Th17-associated cytokines could be

crucial in the pathogenesis of RA. Monocytes/macrophages

from inflamed joints have been shown to induce the devel-

opment of Th17, thus contributing to the amplification of

Fig. 6 AST concentration-dependently inhibited IL-1b production in

macrophages in vitro. Rat peritoneal macrophages were prepared and

cultured with AST(10-10 to 10-6 M) in the presence of lipopolysac-

charide (10 lg/ml) for 48 h. The effects of different concentrations of

AST on IL-1b production (a) and on the toxicity of macrophages

(b) were measured described in ‘‘Materials and methods’’ section.

Data are summarized as the mean ± SD of 5 independent experi-

ments, n = 5. *p \ 0.05; **p \ 0.01, compared with vehicle control

Fig. 7 AST protected against

IL-1b-suppressed chondrocyte

proliferation and cartilage

proteoglycan synthesis in vitro.

The rabbit cartilages and

chondrocytes were prepared and

incubated with vehicle, AST

(1 lM) or hrIL-1b (5 ng/ml).

The chondrocyte proliferation

and NO formation (a and b) and

cartilage proteoglycan synthesis

and NO production (c and

d) were measured described in

‘‘Materials and methods’’

section. Data represent the

mean ± SD of 4–5 independent

experiments. **p \ 0.01,

compared with vehicle control
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inflammation (Evans et al. 2009). Recent studies showed that

AST possessed immunomodulating effects on lymphocyte

proliferation and proinflammatory cytokine production (Cho

and Leung 2007; Wang et al. 2002). We therefore investi-

gated the antiarthritic effects of AST in vivo and in vitro. The

effects of AST on the primary and secondary inflammation

were explored in AIA rats. While we examined the antiar-

thritic effects of AST, the similarity and difference with NO

synthase inhibitor were also compared. We found both NO

synthase inhibitor L-NAME and AST suppressed the

inflammation in AIA rats (Fig. 2). L-Arginine completely

reversed the effect of NO synthase inhibitor, but partially

blocked AST effect on inhibiting joint inflammation. These

findings suggest that AST is not identical to NO synthase

inhibitor, and it has other effects on modulating inflamma-

tory cell activation and response.

The defects in suppressor T cell function and reduced

splenocyte proliferation are the features of immune disor-

ders of RA and AIA (Davignon et al. 2013; Kinne et al.

2000). Splenocytes contain both lymphocytes and macro-

phages. In order to identify which cell type is AST tar-

geting cell, we isolated the lymphocytes from spleen by

collecting the nonadherent splenocytes and the peritoneal

macrophages from peritoneal lavage by collecting the

adhesive cells. We then reconstituted the co-culture of

lymphocytes and macrophages. We found that coculture of

lymphocytes from AIA rats with macrophages from normal

rats failed to reduce the splenocyte proliferation, while

assembly of lymphocytes from normal rats with macro-

phages from AIA rats did inhibit the splenocyte prolifera-

tion (Fig. 3). The macrophages from AIA rats treated with

AST could reverse the proliferation of lymphocytes from

AIA rats (Fig. 3). We also found that IL-1b, TNFa and NO

production in macrophages from AIA rats were signifi-

cantly higher than that from normal rats. Treatment of AST

markedly inhibited the production of these inflammatory

mediators in macrophages from AIA rats (Fig. 4). There-

fore, AST restored the reduced splenocyte proliferation,

which was mediated by macrophage activation in AIA rats.

These data not only confirmed previous reported that

macrophage activation caused the reduced the splenocyte

proliferation but also identified that macrophage was one of

AST targeted cell. Further studies are needed to determine

the effects of AST on the function of synoviocytes and

osteoclasts, which are involved in the RA development.

Notably, more fold-stimulation of IL-1b formation was

found in comparison with that of TNFa and NO production

in AIA rats (Fig. 4). IL-1b in the localized joints is thought

to play a key role in cartilage damage by suppressing the

synthesis of the extracellular matrix components and by

promoting their degradation through metalloproteinases

(Presle et al. 1999). We then observed the effect of articular

injection of IL-1b to rat knee joint and found that IL-1b

induced the joint swelling (Fig. 5). AST treatment sup-

pressed IL-1b-induced knee joint edema in rats. Recent

data showed that IL-1b in vitro also stimulated NO pro-

duction in chondrocytes and caused the cartilage damage

(Jouzeau et al. 1999; Stefanovic-Racic et al. 1997). We

performed the experiments of in vitro IL-1b effect on

cartilage destruction in the presence or absence of AST. IL-

1b inhibited both chondrocyte proliferation and cartilage

proteoglycan synthesis in vitro and increased NO formation

(Fig. 7). We found AST protected against IL-1b-induced

cartilage degradation by inhibiting NO production. Th17/

Treg balance controls inflammation of experimental

arthritis (Deng et al. 2010; Yao et al. 2011). The antiar-

thritic effects of AST on the modulation of Th17/Treg

balance in animal model will be investigated in the future

studies.

In summary, macrophages are one of AST targeted cells.

In addition to their central role in inflammation, macro-

phages are at the origin of pathological bone erosion in RA

due to their excessive differentiation into osteoclasts,

which are the only cells specialized in bone resorption

(Davignon et al. 2013; Takayanagi 2007). Macrophage

activation and inflammatory response play an important

role in mediating the joint inflammation and damage in

AIA rats. AST possesses antiarthritic effects by inhibiting

macrophage activation and preventing inflammatory

mediator-elicited cartilage and bone destruction. These

findings provide an important insight that AST may be a

candidate for the treatment of RA and other inflammatory

joint diseases.
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