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A B S T R A C T

Methotrexate (MTX) is widely used for rheumatoid arthritis (RA) treatment with frequently serious adverse
effects. Therefore, combination of low-dose MTX with other drugs is often used in clinic. In this study, we
investigated the improvement of astilbin and low-dose MTX combination on collagen-induced arthritis in DBA/
1J mice. Results showed that the clinic score, incidence rate, paw swelling, pathological changes of joints and
rheumatoid factors were more alleviated in combination therapy than MTX or astilbin alone group. Elevated
antibodies (IgG, IgG1, IgG2a, IgM and anti-collagen IgG) and pro-inflammatory cytokines (IL-1β, IL-6, TNF-α,
IFN-γ and IL-17A) in serum were significantly inhibited, while anti-inflammatory cytokine, IL-10, was enhanced
by combination therapy. Further studies indicated that combination therapy significantly decreased Th1 and
Th17 cell differentiation and increased Treg cell differentiation. Mechanisms analysis demonstrated combination
therapy greatly inhibited Con A-activated MAPK and inflammatory transcriptional signals. Moreover, MTX ac-
tivated adenosine release and astilbin specifically up-regulated A2A adenosine receptor (A2AAR) expression si-
multaneously, which most probably contributed to the synergistic efficacy of combination therapy. ZM241385, a
specific antagonist of A2AAR, greatly blocked the effects of combination therapy on T cell functions and
downstream pathways. All these findings suggest that astilbin is a valuable candidate for low-dose MTX com-
bined therapy in RA via increasing A2AAR/adenosine system and decreasing ERK/NFκB/STATs signals.

1. Introduction

Rheumatoid arthritis (RA) is characterized as activating many in-
flammatory pathways that finally lead to cartilage destruction and bony
erosions. The conventional treatment of RA includes disease-modifying
antirheumatic drugs (DMARDs), nonsteroidal anti-inflammatory drugs
(NSAIDs) and corticosteroids. In the management of early and estab-
lished RA, MTX is recommended as the first-line drug by the European
League Against Rheumatism (EULAR) and the American College of
Rheumatology (ACR). However, as an anti-metabolic agent, MTX may
cause serious adverse events such as cytopenia, serious infections, liver
damage [1–5], mucocutaneous problems and hypersensitivity pneu-
monitis [6]. Therefore, the clinic application of MTX in RA is limited,

and combination with other medications are often used in order to
reduce side effects [4,7]. However, while receiving low-dose MTX
owing to its side effects, patients with active RA exhibit an incomplete
response or flare of disease activity [8]. Therefore, we hope to find
novel DMARDs to make patients complete response to low-dose MTX in
combination therapy.

In our previous study, astilbin, the flavonoid compound isolated
from Rhizoma Smilacis Glabrae, shows strong immunomodulatory ac-
tivity without any obvious toxicity [9–13]. Huang has reported that
astilbin exhibits the anti-inflammatory activity in macrophage [14].
Especially, we have found that astilbin can alleviate collagen-induced
arthritis (CIA) in Kunming mice via suppressing MMP and NO pro-
duction of lymphocytes [10]. Other researchers also reported that
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astilbin attenuated complete freund’s adjuvant-induced arthritis in rats
[15]. Here, we continue to study the potential of astilbin and low-dose
MTX combination therapy and the underlying mechanism of astilbin in
complement effects.

Th1 and Th17 cells are pro-inflammatory phenotypes of CD4+ T
cells by secreting IFN-γ and IL-17A, respectively. While, Th2 and Treg
cells are anti-inflammatory phenotypes through generating IL-4 and IL-
10. MTX and other DMARDs ameliorates RA is partially owing to their
capability to reverse Th1/Th2, Th17/Treg imbalance [16,17]. There-
fore, T cell differentiation is the central event for RA therapy.

Furthermore, MTX is reported to exert the anti-inflammatory effects
by promoting the release of endogenous anti-inflammatory mediator,
adenosine [18,19]. Adenosine is a purine nucleoside that binds four
specific adenosine receptors, A1AR, A2AAR, A2BAR and A3AR [19].
Different receptors exert diverse effects in immunoregulation, and
A2AAR and A3AR are more important in RA progression [20]. As ligand
and receptor system, adenosine and its receptors supply the possibilities
to seek appropriate drug combination for RA treatment.

In this study, we first reveal that combination therapy of astilbin
and low-dose MTX is more efficient than single use in RA, without
obvious toxic effects. Further mechanism study demonstrates that as-
tilbin and low-dose MTX regulates T cells functions via adenosine re-
lease and A2AAR expression respectively, which is different from other
MTX combination medicine.

2. Materials and methods

2.1. Animals

Specific-pathogen-free, eight-week-old male DBA/1J mice were
purchased from the Shanghai Experimental Animal Center, the Chinese
Academy of Sciences. Eight-week-old C57BL/6 mice were purchased
from Model Animal Genetics Research Center of Nanjing University
(Nanjing, China). They were maintained with free access to pellet food
and water in plastic cages at 21 ± 2 °C and kept on a 12 h light-dark
cycle. Animal welfare and experimental were carried out strictly in
accordance with the Guide for the Care and Use of Laboratory Animals
(Ministry of Science and Technology of China, 2006) and the related
ethical regulations of our university. All efforts were made to minimize
animals’ suffering and to reduce the number of animals used.

2.2. Reagents and antibodies

Astilbin, 3, 3, 4′, 5, 7-pentahydroxyflavanone 3–6[-deoxy-([alpha]-
L-mannopyranoside)], was isolated from the rhizome of Smilax glabra
and purified in our laboratory as previously described [21]. The purity
was determined by HPLC to be above 99%. Bovine type II collagen (CII)
and complete freund’s adjuvant (CFA) were purchased from Chondrex
(WA, USA). Concanavalin A (Con A), MTT, MTX, incomplete freund’s
adjuvant (IFA) phorbol 12-myristate13-aceate (PMA) and ionomycin
were obtained from Sigma (MO, USA). ZM241385 and SCH772984
were from Selleck Chemicals (Texas, USA). Mouse anti-CD25-APC,
mouse anti-CD4-FITC, mouse anti-IFN-γ-PE, mouse anti-IL-4-APC,
mouse anti-IL-17A-APC and mouse anti-Foxp3-PE were from
ebioscience Inc. (CA, USA).TNF-α, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-10,
IL-17A Elisa kits were from Dakewe Biotech Co., Ltd. (Beijing, China).
IgG, IgG1, IgG2a, IgG2b and IgM ELISA kit was from Bai Aotong Ex-
perimental Materials Center (Luoyang, China). Recombinant murine IL-
12, IL-4, IL-6 and TGF-β were purchased from PeproTech (NJ, USA).
Fetal bovine serum (FBS), RPMI 1640, penicillin, streptomycin, phos-
phate buffered saline (PBS) and 0.25% trypsin, protease inhibitor
cocktail, BCATM protein assay kit were purchased from Thermo Fisher
Scientific Inc. (MA, USA). WB/IP lysate buffer were purchased from
Beyotime Biotechnology (Shanghai, China). a polyvinylidene difluoride
membrane were from Millipore (MA, USA) Monensin and Cytometric
bead array (CBA) cytokine assay kit was purchased from BD Biosciences

(CA, USA). The Real Envision Detection kit was purchased from Gene
Tech (Shanghai, China). The antibodies used in this study were as fol-
lows: MCP-1, MMP3, RANKL, OB-cadherin, STAT1 and STAT6 were
purchased from Santa Cruz Biotechnology (CA, USA); p-ERK, ERK, p-
P38, P38, p-JNK, JNK, p-STAT1, p-STAT3, STAT3 and p-STAT6 were
purchased from Cell Signaling Technology (MA, USA); Anti-Adenosine
Receptor A2a antibody was from Abcam company (MA, USA). Anti-β-
actin was from Abmart (Shanghai, China).

2.3. Induction and assessment of collagen-induced arthritis (CIA) and drug
administration

Eight-week-old male DBA/1J mice were immunized on day 0, at the
base of the tail, with an intradermal injection of 100 μg CII emulsified in
CFA. On day 21, mice were boosted with an injection of 100 μg CII
dissolved in IFA. Mice were examined daily and scored for arthritis
severity, with each paw assigned a clinical score as follows: 0, no
swelling or redness; 1, swelling or redness in one joint; 2, involvement
of> 2 joints; and 3, severe arthritis affecting all paws and joints
(maximum score= 12). According to our previous results, treatment
with 10mg/kg methotrexate showed excellent antirheumatic proper-
ties, but with severe adverse events [22]. In this case, we chose 1.5mg/
kg methotrexate which could be well tolerated and 5, 10 or 20mg/kg
astilbin for combination therapy. From day 21, for treatment, astilbin in
0.5% methylcellulose was administered intragastrically (i.g.) at 5, 10,
or 20mg/kg/d; MTX in 0.5% methylcellulose was administered i.g. at
1.5 mg/kg/2d; combination of astilbin and MTX was administered i.g.
at the same dose as single use. Vehicle was administered i.g with 0.5%
methylcellulose only. On day 42, all the mice were sacrificed.

2.4. Cell culture

Mouse splenocytes or T cells isolated from mice were cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 U/ml penicillin,
and 100 μg/ml streptomycin at 37 °C in a 5% (v/v) humidified CO2

incubator.

2.5. Splenocyte purification and intracellular staining of cytokines

Mouse splenocytes were isolated from spleen of every group of
DBA/1J mice on the day 42 post immunization. Cells were stimulated
for 4 h with PMA (50 ng /ml) and ionomycin (1 µg/ ml) and a protein-
transport inhibitor containing monensin before detection by staining
with antibodies. Surface markers were stained for 15–20min in room
temperature in PBS with 1% FCS, then were fixed in Cytofix and per-
meabilized with Perm/Wash Buffer using Fixation Permeabilization
Solution kit (BD Biosciences, CA, USA) and stained anti-IFN-γ-PE, anti-
IL-4-APC, anti-IL-17A-APC, anti-Foxp3-PE antibody diluted in Perm/
Wash buffer as described [23]. The cells were analyzed by flow cyto-
metry using a FACSVerse (BD Biosciences).

2.6. T Cells isolation and CD4+ T-cell differentiation in vitro

CD4+ T cells and naive T cells from spleen and lymph node were
isolated from C57BL/6 mice using CD4+T cell isolation kit and
CD4+CD62+ naive T cell isolation kit from Miltenyi Biotec (CA, USA),
according to the manufacturer’s instructions. For activation, CD4+ T
cells were stimulated with Con A (1 μM) for 24 h. For Th1, Th2 and
Th17 differentiation, naive T cells were incubated with plate-bound
mAbs of anti-CD3 and anti-CD28 in the presence of ThN condition (non-
skewing cytokines), Th1 condition (10 ng/ml IL-12 and 5 μg/ml anti-IL-
4 mAb), Th2 condition (10 ng/ml IL-4, 5 μg/ml anti-IFN-γ mAb and
5 μg/ml anti-IL-12 mAb), Th17 condition (20 ng/ml IL-6, 1 ng/ml re-
combinant human (rh) TGF-β1, 5 μg/ml anti-IFN-γ mAb and 5 μg/ml
anti-IL-4 mAb) or Treg condition (1 ng/ml rhTGFβ1 and 60 IU/ml IL-2)
for 4 days.
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2.7. Measurement of cytokines, IgG, IgG1, IgG2a, IgG2b and IgM

Serum was collected from every group of DBA/1J mice on the day
42 post immunization. The content of IL-2, IL-6, IL-4, IL-10, IL-17A,
TNF-α and IFN-γ cytokines in serum was measured by CBA cytokine
assay kit, according to the manufacturer’s instruction. Serum IL-1β, IgG,
IgG1, IgG2a, IgG2b and IgM content was measured by ELISA kits, ac-
cording to the manufacturer’s instruction.

Splenocytes obtained from spleen of every group of DBA/1J mice
42 days after immunization were cultured with Con A (1 μM) for 48 h
and supernatants were collected. T cells isolation and activation was the
same as above description in 2.6, and treated with different drugs as
description in corresponding figure legends. Supernatants were col-
lected. Cytokines measurement was measured by ELISA kits.

2.8. Analysis of anti-CII IgG antibody production

Serum samples were collected on day 42 after post-immunization,
and the anti-CII IgG titer was measured using ELISA. Briefly, ELISA
microtiter plates (Termo Fisher Scientific) were coated with CII (10 μg/
ml in PBS) at 4 °C overnight, followed by a blocking step with 3% bo-
vine serum albumin (BSA) in Tris bufer for 1 h at room temperature.
Tested sera were then serially diluted in Tris-bufered saline (pH, 8.0)
containing 1% BSA and 0.5% tween-20 and added to a well at 4 °C
overnight. After washing for five to seven times, bounded IgG was de-
tected using an HRP-conjugated sheep anti-mouse IgG as secondary
antibodies (Abs). After washing, the plate was developed using ABTS
(Roche Diagnostic Systems) as a substrate, and the reaction was stopped
with H2SO4. The optical density (OD) was determined at 450 nm with
an ELISA reader (Tecan Sunrise).

Fig. 1. Combination of astilbin and low-dose of MTX alleviates symptoms of CIA in DBA/1J mice. (A) The arthritis clinical scores of CIA. (B) Incidence of arthritis. (C) Body weight
change. (D) Representative photographs of hindpaws from each group. (E and F) Radiographs of representative hindpaws of the CIA mice, and score of radiographs. (G–J) Arthritic joints
from CIA mice were harvested on day 42 post immunization. Joints sections were stained by H&E (200×). Representative images (G), inflammatory infiltration scores (H), cartilage
damage (I) and bone damage (J) were shown. Error bars are means ± SEM of each CIA group (n≥ 8). *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus model (black histogram). #P≤ 0.05,
##P≤ 0.01 versus MTX alone (grey histogram). $P≤ 0.05 versus corresponding astilbin alone (red histogram).
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2.9. Western blotting

Harvested cells were lysed in WB/IP lysate buffer containing pro-
tease inhibitor cocktail. Total extracted proteins were determined by
BCA™ protein assay kit. Equal amounts of protein lysates were sepa-
rated by 10% SDS-PAGE and subsequently electrotransferred by
Electrophoresis and Blotting Apparatus (Bio-Rad, CA, USA) onto poly-
vinylidene difluoride membranes. Following, the membranes were
blocked with 5% nonfat milk for 1 h at room temperature. The blocked
membrane was incubated with the indicated primary antibodies, and

then with a horseradish peroxidase-conjugated secondary antibody.
Finally, Protein bands were visualized using the Western blotting de-
tection system according to the manufacturer’s instructions (Cell
Signaling Technology, MA, USA). The denaitometric analysis was
conducted via the software Quantity One-4.6.5 (Bio-Rad Laboratories,
CA, USA).

2.10. Real-time PCR (RT-PCR)

Total RNA was extracted from the cells with trizol reagent and

Fig. 2. Combination therapy decreases the expression of pro-inflammatory factors in joints. Hindpaw sections obtained from each group of mice with CIA on day 42 post immunization
were stained with (A) anti-MCP-1, (B) anti-RANKL, (C) anti-MMP3, (D) anti-OB-cadherin in an immunohistochemical (IHC) assay (200×). Representative images of IHC were shown.
(E–H) Corresponding quantification of positive cells was shown. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus model (black histogram). #P≤ 0.05, ##P≤ 0.01 versus MTX alone (grey
histogram). $P≤ 0.05, $$P≤ 0.05 versus corresponding astilbin alone (red histogram).
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reversed to cDNA and subjected to quantitative PCR, which was per-
formed with the BioRad CFX96 Touch™ Real-Time PCR Detection
System (BioRad, CA, USA) using iQTMSYBR®Green Supermix. And
threshold cycle numbers were obtained using BioRad CFX Manager
Software. The program was described as following: 1 cycle of 95 °C for
2min, and 40 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s.
The primer sequences used in this study were: Adora1a, 5′-TGTGCCC
GGAAATGTACTGG-3′ (forward) and 5′-TCTGTGGCCCAATGTTGAT
AAG-3′(reverse); Adora2a, 5′-GCCATCCCATTCGCCATCA-3′ (forward)
and 5′-GCAATAGCCAAGAGGCTGAAGA-3′ (reverse); Adora2b, 5′- AGC
TAGAGACGCAAGACGC-3′ (forward) and 5′- GTGGGGGTCTGTAATG
CAC-3′ (reverse); Adora3a, 5′- AAGGTGAAATCAGGTGTTGAGC-3′
(forward), and 5′- AGGCAATAATGTTGCACGAGT-3′ (reverse).

2.11. Histopathology

Paws for histological analysis were removed from mice and im-
mediately fixed in 4% paraformaldehyde. The paws were decalcified in
EDTA, embeded in paraffin, sectioned, and stained with H&E. The
sections were scored to assess joint inflammation, on a scale of 0–4
under blinded conditions, according to the degree of hyperplasia in the
synovial lining, mononuclear cell infiltration, and pannus formation.
Cartilage damage was graded as: 1, normal appearance; 2, mild ar-
ticular cartilage damage; 3, moderate cartilage damage with abnormal
formations consisting of dead chondrocytes (abnormal osteochon-
drodysplasia); 4, joint ankylosis, complete loss of cartilage, and marked
osteochondrodysplasia. For bone resorption grading: 1, normal

appearance; 2, bone resorption at the bone margins; 3, bone resorption
involving the subchondral bone but sparing the cartilage and bone in-
terface; 4, marked bone resorption involving the cartilage and bone
interface. The score for each mouse was the sum of the scores for the
four limbs. (maximum score= 16).

2.12. Immunohistochemistry

Deparaffinized joint sections were subjected to Ag retrieval in
0.01M citrate buffer solution. After blocking endogenous peroxidase
activity in 3% H2O2, the sections were incubated with anti-MMP3 mAb,
anti-RANKL mAb, anti-MCP-1 mAb, anti-OB-cadherin mAb, or normal
mouse IgG overnight at 4 °C. Then the sections were rinsed and visua-
lized by immunoperoxidase staining with a Real Envision Detection kit,
according to the manufacturer’s instructions.

2.13. Radiological examinations

At day 42, all the DBA/1J mice were anesthetized and radiographs
of the hind paws were obtained with a lumina XR system (Caliper IVIS
Spectrum) before sacrifice. Images were read independently in a
blinded fashion, and radiologic score was assessed according to the
following criteria: 0) no radiologic changes were observed; 1) mild
changes, with tissue swelling and edema; 2) moderate changes, with
joint erosion and disfiguration; and 3) severe changes, with bone ero-
sion and osteophyte formation. The total radiologic scores were cal-
culated from the sum of four paws of each mouse; the maximum value

Fig. 3. Combination therapy reduces the levels of inflammation-related antibodies and cytokines in serum. The serum was collected on day 42 post immunization from each CIA group.
(A) Levels of total IgG and isotype-specific IgG1, IgG2a, IgG2b, and levels of IgM were detected by specific ELISA kit. (B) Anti-Collagen IgG level in serum was assessed by ELISA. (C)
Cytokines (IL-2, IL-4, IL-6, IL-10, IL17A, TNF-α, IFN-γ) in the serum were measured by CBA assay. Error bars are means ± SEM of each CIA group (n≥ 8). *P≤ 0.05, **P≤ 0.01, versus
model (black histogram). #P≤ 0.05, ##P≤ 0.01 versus MTX alone (grey histogram). $P≤ 0.05 versus corresponding astilbin alone (red histogram).
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was 12.

2.14. Adenosine analysis

Serum was obtained from every group of DBA/1J mice on the day
42 post immunization. T cells isolated from C57BL/6 mice were treated
with MTX (0.1 μM), astilbin (3, 10, 50 μM) or combination of them, and
then stimulated by Con A (1 μM) for 24 h. Adenosine concentration in
serum and T cells was measured by HPLC as previously described[24],
with simple modification. In brief, 100 µl serum or T cells of three mice
was added to 100 µl 0.6M cold perchloric acid on ice, vortexed, and
subsequently sonicated for 10 s with output 6. The homogenate was
centrifuged at 12,000×g for 10min at 4 °C. The supernatant (113 µl)
was transferred to a new tube and neutralized with 8.2 µl 3M KHCO3/
3.6 M KOH. Phenol red (0.4 µl of 0.2mg/ml) was added as indicator.
The sample was acidified with 1.14 µl of 1.8M ammonium dihydrogen
phosphate (pH 5.1) and 2.64 µl phosphoric acid (30%). Finally, the
sample was centrifuged at 12,000×g for 5min and the supernatant was
transferred to a new tube and stored at −20 °C. The supernatant was
transferred to a new tube for HPLC analysis as described previously
[24]. Adenosine content was normalized to volume. Adenosine con-
centration in T cell culture supernatant also was measured as above.

2.15. Statistical analysis

All results were expressed as means ± SEM of three independent
experiments with each experiment including triplicate sets in vitro, or
of eight animals per group in vivo. Student’s t test was used to test the
difference between two groups. One-way ANOVA and post hoc tests
were applied when there were more than two groups in the in-
dependent variable. Kruskal-Wallis test was used for clinical score, X-
ray score, histological score and immunohistochemical score assay.

P < 0.05 was considered to be significant.

3. Result

3.1. Astilbin and low-dose MTX combination therapy alleviate the
symptoms of CIA in DBA/1J mice, which is more effectively than alone
group

All the DBA/1J mice were measured for the severity of arthritis by
clinical score, incidence rate and body weight from day 28 to day 42.
Compared with model group, astilbin and low-dose MTX combination
therapy significantly alleviated the symptoms of CIA in clinic score,
incidence rate and paw welling (Fig. 1A, B and D). Meanwhile, symp-
toms of bone erosion, articular destruction, joint displacement, synovial
hyperplasia, inflammatory cell infiltration, angiogenesis in the inflamed
synovium and destruction of cartilage, observed in CIA group, were
reduced by combination therapy (Fig. 1E–J). Compared with single use,
combination therapy showed better effect in most above indexes,
without no extra side effect, even slightly improved the body change
induced by low-dose MTX (Fig. 1A–J). Besides, expression of OB-cad-
herin, MCP-1, RANKL and MMP3 assayed by immunohistochemistry
was consistent with the above symptoms (Fig. 2). Serum was harvested
from all groups at the end of experiment at day 42. ELISA assay were
used to determine the rheumatoid factors. Compared with model group,
the levels of IgG, IgG1, IgG2a, IgG2b, IgM, were significantly decreased
by combination therapy (Fig. 3A). Combination therapy showed better
effect than single use in IgG, IgG1, IgG2a (Fig. 3A). Of note, we detected
the anti-collagen IgG, and the results was in accordance with symptoms
in clinical score (Fig. 3B). These data suggested the combination of
astilbin and low-dose MTX was a more effective strategy to alleviate
CIA than separate use.

Fig. 4. Combination therapy induces a shift in systemic cytokine profiles from pro-inflammation to anti-inflammation. Splenocytes obtained from DBA/1 mice 42 days after immunization
were cultured with Con A for 48 h. Supernatants were collected and analyzed for cytokine production by ELISA kits. (A-H) Levels of IL-1β, IL-6, TNF-α, IFN-γ, IL-17A, IL-2, IL-10, IL-4.
*P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus model (black histogram). #P≤ 0.05, ##P≤ 0.01, ###P≤ 0.01 versus MTX alone (grey histogram). $P≤ 0.05 versus corresponding astilbin
alone (red histogram).
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3.2. Combination therapy regulates the balance of Th1/Th2 and Th17/Treg

Pro-inflammatory cytokines, including IL-1β, IL-6, IFN-γ, TNF-α, IL-
17A, were reduced, while the anti-inflammatory cytokine, IL-10, was
obviously increased by combination treatment (Fig. 3B). Other cyto-
kines were also tested, including IL-2 and IL-4. However, no significant
changes were observed (Fig. 3B).

In order to confirm the results of serum, splenocytes were isolated
from each group and activated with Con A for 48 h, then ELISA assay
was used to detect the levels of supernatant cytokines related to the
immune response. Similar result was observed that combination of as-
tilbin and low-dose MTX showed more effective in IL-1β, IL-6, TNF-α,
IFN-γ, IL-17A and IL-10 production than single use (Fig. 4A–H).

Flow cytometer was used to assess the percentage of CD4+IFN-γ+,
CD4+IL17A+, CD4+Foxp3+ and CD4+IL4+ cells, which were isolated
from lymph nodes of CIA mice and incubated with PMA/Ionomycine/
Monensin for 5 h. Statistical results showed that astilbin inhibited Th1
and Th17 cell differentiation and enhanced Treg cell differentiation in
dose-dependent manner, and the effects of combination groups were
more remarkable under the dose of 20mg/kg (Fig. 5A–C). However, the
percent of Th2 cells almost had no change under astilbin, MTX or
combination therapy (data not show).

3.3. Combination therapy strengthens single actions of astilbin or MTX in
MAPK and inflammatory transcription factor pathways

To clarify the underlying mechanism of combination therapy with
astilbin and MTX in RA, MAPK signals and transcription factors
(NFκBp65, STAT1, STAT3 and STAT6) in T cells were examined. MTX
at 0.1 μM slightly suppressed the Con A-induced activation of ERK1/2,
JNK and P38, whereas astilbin significantly inhibited ERK1/2 activa-
tion (Fig. 6A and B). Combination group further dose-dependently re-
duced ERK1/2 activation, with no obvious effect in JNK and P38 acti-
vation (Fig. 6A and B). Besides, Con A-stimulated NFκBp65, STAT1 and
STAT3 were mildly inhibited by MTX or astilbin alone, but the in-
hibitory action was enhanced by combination therapy (Fig. 6C and D).
And, the anti-inflammatory transcription factor, STAT6, was up-regu-
lated in MTX alone and combination groups, not astilbin groups
(Fig. 6C and D).

3.4. MTX induces adenosine release, while astilbin increases A2AAR
expression respectively

Adenosine has been shown to mediate the anti-inflammatory effect
of MTX. Results from serum collected from every group of DBA/1J mice
on the day 42 after immunization showed that MTX increased

Fig. 5. Combination therapy regulates the balance of Th1/Th2 and Th17/Treg. Splenocytes isolated from DBA/1 mice on day 42 after immunization were cultured in RPMI 1640
containing 10% fetal calf serum with PMA/ionomycin containing monesin for 5 h. (A-C) Th1, TH17 and Treg cells were assessed by flow cytometer for CD4+IFN-γ+, CD4+IL17A+ and
CD4+Foxp3+ cells. Representative data was shown here. Values are means ± SEM of each CIA group (n≥ 8). *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus model (black histogram).
#P≤ 0.05, ##P≤ 0.01 versus MTX alone (grey histogram). $P≤ 0.05 versus corresponding astilbin alone (red histogram).
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adenosine release, whereas astilbin did not (Fig. 7A and B). Moreover,
to confirm the in vivo results, T cells from C57BL/6 mice were activated
with Con A and treated with MTX, astilbin or combination. Then, the
content of adenosine in T cells were determined. In accordance with
serum result, in vitro test showed that MTX increased adenosine ex-
cretion but astilbin did not, and combination therapy showed no more
increase on adenosine excretion (Fig. 7C).

We subsequently analyzed the expression of ARs. Interestingly, as-
tilbin specifically increased the A2AAR mRNA in T cells in a dose de-
pendent manner without influence in other subtypes of ARs, whereas
MTX even slightly decreased the expression of A2AAR (Fig. 7D–G). This
result was confirmed by WB analysis of A2A AR in T cells (Fig. 7H and I).

3.5. Combination therapy mediates the anti-inflammation mainly through
adenosine/A2AAR/ERK axis

To further explore mechanism, T cells from C57BL/6 mice were
activated with Con A and treated with different molecules as indicated
in Fig. 8, and then cytokines were determined by ELISA and associated
signals were analyzed by western blotting. Con A-stimulated pro-in-
flammatory cytokines, such as IFN-γ, IL-1β and TNF-α, were mildly
inhibited by MTX, and the inhibitory effect was enhanced by combi-
nation with astilbin (Fig. 8A–C). IL-17A had the similar trend even
though there was no significance (Fig. 8D). On the other hand, anti-
inflammatory cytokine, IL-10, up-regulated by MTX, was enhanced by
combination therapy (Fig. 8E). The additive effects of astilbin in com-
bination were greatly blocked by ZM241385, a specific antagonist of
A2AAR (Fig. 8A–E). Meanwhile, ZM241385 also blocked the anti-in-
flammatory effects of astilbin and adenosine combination in Con A-

Fig. 6. Effects of combination therapy in MAPKs and inflammatory transcriptional factors pathways. T cells isolated from C57BL/6 mice were treated with indicated drugs for 1 h, and
then stimulated by Con A (1 μM) for 24 h. Cell lysate was collected for western blot. MAPKs (A and B) and inflammatory transcriptional factors (C and D) were analyzed. Phospho-protein
levels are expressed as means ± SEM normalized by corresponding total protein. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus control (black histogram). #P≤ 0.05, ##P≤ 0.01 versus
MTX (grey histogram). $P≤ 0.05, $$P≤ 0.01, $$$P≤ 0.001 versus corresponding astilbin alone (red histogram).
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Fig. 7. MTX induces adenosine release, while astilbin increases A2AAR expression respectively. Serum was collected as described in Fig. 3. (A and B) Adenosine levels of serum obtained
from every group of DBA/1J mice on the day 42 post immunization was assessed by HPLC. (C-H) T cells isolated from C57BL/6 mice were pre-treated with indicated concentration of
MTX or astilbin for 1 h, and then stimulated with Con A (1 μM) for 24 h. (C) Adenosine levels of T cells were assessed by HPLC. The mRNA levels of A1R(D), A2AAR(E), A2BAR(F), A3AR (G)
were analyzed by RT-PCR. (H-I) Protein levels of A2AAR were examined by western blot. Values are means ± SEM of each treatment. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 versus model
(black histogram).
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Fig. 8. ZM241385, specific antagonist of A2AAR, blocked the additive effect of astilbin in combination with MTX in Con A-activated T cells. T cells isolated from C57BL/6 mice were
treated with indicated drugs for 1 h, and then stimulated with Con A (1 μM) for 24 h. Supernatants and cells lysate were collected. (A–E) T cells treated with combination of MTX, astilbin
and ZM241385 as shown. Levels of IFN-γ(A), TNF-α(B), IL-1β(C), IL-17A(D), IL-10(E) were analyzed by ELISA kits. (F-H) T cells treated with combination of MTX, adenosine and
ZM241385 as mentioned above. Levels of IFN-γ (F), IL-17A (G), IL-10 (H) were analyzed by ELISA kits. Values are means ± SEM of each treatment. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001
versus black histogram. #P≤ 0.05, ##P≤ 0.01 versus grey histogram. &P≤ 0.05, &&P≤ 0.01 versus green histogram. NS means no statistical significance. (I-M) T cells treated with MTX,
astilbin, ZM241385 and SCH772984 as mentioned above. The levels of p-ERK1/2, p-P65, p-STAT1 and p-STAT3 were analyzed by western blot. Phospho-protein levels are expressed as
means ± SEM normalized by corresponding total protein. #P≤ 0.05 versus MTX alone (grey histogram). &P≤ 0.05, &&P≤ 0.01 versus green histogram. ΦP≤ 0.05, ΦΦP≤ 0.01 versus
pink histogram. NS means no statistical significance. The concentration of drugs was as follows: MTX (0.1 μM), adenosine (0.1 μM), SCH772984 (1 μM), ZM241385 (1 μM).
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Fig. 9. ZM241385 blocked the function of combination therapy in balancing T cells differentiation. Naive CD4± T cells isolated from C57BL/6 mice were pre-treated with indicated
drugs for 1 h, and then exposed to ThN, Th1, Th2, Th17 or Treg inducing conditions, as described in method. Frequency of IFN-γ-, IL-4- and IL-17-producing and Foxp3-expressing CD4+ T
cells was analyzed by flow cytometer. Mean percentage of the indicated T-cell population ± SEM shown as histograms. (A and B) Frequency of IFN-γ- and IL-4-producing CD4+ T cells
under ThN condition. (C and D) Frequency of IFN-γ- and IL-4-producing CD4+ T cells under Th1 condition. (E and F) Frequency of IFN-γ- and IL-4-producing CD4+ T cells under Th2
condition. (G and H) Frequency of IL-17A-producing and Foxp3-expressing CD4+ T cells under Th17 condition. (I and J) Frequency of IL-17A-producing and Foxp3-expressing CD4+ T
cells under Treg condition. #P≤ 0.05, ##P≤ 0.01 versus MTX (grey histogram). &P≤ 0.05, &&P≤ 0.01 versus MTX+Astilbin (green histogram). AST and ZM stands for astilbin and
ZM241385, respectively. The concentration of drugs was as follows: MTX (0.1 μM), astilbin (50 μM) and ZM241385 (1 μM).
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activated T cells (Fig. 8F–H). Results of western blots showed that the
inhibition of combination therapy on ERK1/2, NFκBp65, STAT1 and
STAT3 was prevented by ZM241385 (Fig. 8I–M). SCH772984, a specific
ERK1/2 inhibitor, reversed the effect of ZM241385 on NFκBp65, STAT1
and STAT3 (Fig. 8I–M).

3.6. Astilbin-mediated A2AAR upregulation contributed to balancing
differentiation of T cells

Results showed that combo treatment of astilbin and MTX reduced
the percentage of IFN-γ-producing Th1 cells under ThN/Th1/Th2 con-
ditions, which was significantly blocked by ZM241385 (Fig. 9A–F). The
percentage of IL-4-producing Th2 cells was not changed (Fig. 9A–F),
suggesting that astilbin regulated Th1 and Th2 balance mainly by
down-regulating Th1 cells. As well, under Th17-stimulating conditions,
combination therapy decreased the IL-17A-producing Th17 cells and
increased Foxp3-expressing Treg cells, which were reversed by
ZM241385 (Fig. 9G and H). Under Treg-stimulating conditions, the
percentage of inducible Treg cells was increased by combination
treatment and ZM241385 prevented the effect (Fig. 9I and J).

4. Discussion

RA is a chronic aggressive autoimmune disease characterized by
lesions of synovitis, bone damage and perpetuated inflammation in
multiple joints [25]. Drug therapy for RA has evolved from salicylates,
to NSAIDs, CSs, DMARDs, MTX, and finally to biologic response
modifiers. MTX has become the initial drug of choice in most patients
with RA. However, due to the side effects, some patients are unable to
tolerate enough doses of MTX to achieve a clinical benefit [26]. Thus,
low-dose of MTX combination therapy is an increasingly common use in
clinic. In fact, leflunomide (LEF), ciclosporin (CSA), sulfasalazine (SSZ),
intramuscular gold (IM gold) and anti-TNFα biologics have been used
in MTX combined therapies in clinical [27,28]. However, these com-
binations increased the risk of side effects, compared with mono-
therapies [27]. For example, azathioprine [29] or IM gold [30] with
MTX combinations increased the number of total side effects. Sulfasa-
lazine [31–33] and leflunomide [34] in MTX combinations increased
the risk of gastrointestinal (GI) side effects. Beside, leflunomide with
MTX combination increased the risk of an abnormal liver function [34].
Therefore, discovery of new combination medicines with a novel me-
chanism to increase synergy and decrease toxic effects is necessary. We
focused on the studies of astilbin for many years, and it exhibited anti-
inflammatory and liver protective effects. [9,10]. In the present study,
we identified that a co-therapeutic strategy with astilbin and low-dose
MTX would be clinically desirable. Our results demonstrated that
combined therapy of astilbin and low-dose MTX was more effective
than monotherapies in reduction of disease activity (Figs. 1 and 2), and
lower toxicity in liver injury, spleen and thymus index (data not show),
which was extraordinarily different with other MTX-combined medi-
cines and indicated desirable use in clinic.

Evidence showed that T cells differentiation may occur within the
synovial membrane as a result of a favorable cytokine environment
characterized by the presence of IL-1β, IL-6, TNF-α, IL-4, IL-17, IL-23,
IL-10, TGF-β, et al. [35]. The pathogenesis of RA was viewed as the
disregulation of Th1/Th2 or Th17/Treg balance, and the key players in
this paradigm were the pro-inflammatory cytokine TNF-α and IFN-γ,
which produced by Th1 cells [35]. IL-10 in combination with TGF-β can
promote the differentiation of naive T cells to Treg cells, which in turn
exert a nonspecific immunosuppressive effect that can inhibit Th17 and
Th1 cells [36]. Our observations demonstrates that astilbin recovers the
balance of Th1/Th2 and Th17/Treg by up-regulating Treg and down-
regulating Th1 and Th17, which contributes to synergy in MTX-com-
bination therapy (Figs. 1, 5 and 9). Besides, MTX alone at 1.5 mg/kg
showed moderate effect in inflammatory cytokines and T cell differ-
entiation, which were in accordance with clinical data [16]. Taken

together, astilbin plays a better complementary role in low-dose MTX
combination.

It is reported that the anti-inflammatory effect of MTX is due to
adenosine release, which is known to exert potent anti-inflammatory
effect [37,38]. Our findings confirmed that MTX increased adenosine
release in vivo and in vitro (Fig. 7A–C), and astilbin up-regulated
A2AAR expression (Fig. 7D–I). ZM241385, specific antagonist of A2AAR,
greatly blocked effects of astilbin and MTX combination on in-
flammatory cytokines and T cell differentiation (Figs. 8 and 9). Mean-
while, adenosine was used to mimic the action of MTX and examined
the effect of astilbin. Similar results were achieved that astilbin
strengthened the effect of adenosine on cytokines and this synergistic
effect was block by ZM241385 (Fig. 8F–H). Accordingly, we provided a
novel mechanism for drug combination in RA treatment that astilbin-
mediated A2AAR overexpression enhanced the action of MTX-stimu-
lated adenosine. Astilbin and MTX act on different aspect of adenosine
signals and complement each other. This ligand and receptor system
greatly contributes to the synergistic effect of astilbin and MTX com-
bination therapy, which may be more effective than other MTX com-
bination medicine.

Although A2AAR signals involving in T cell differentiation has been
verified, particular signal transduction from A2AAR to inflammatory
cytokines expression is still not clear [39,40]. MAPKs, NFκB and STATs
are the downstream signals of A2AAR [41–44]. Our results indicated
that ERK1/2, NFκB, STAT1 and STAT3 were involved in astilbin and
MTX combination therapy (Fig. 6). And what’s more, SCH772984,
ERK1/2 inhibitor, could prevent the effect of ZM241385 on NFκB,
STAT1 and STAT3 (Fig. 8I-M), indicating that ERK1/2 was the con-
necting point for A2AAR and inflammatory transcriptional factors.

In summary, combination therapy of astilbin and low-dose MTX
ameliorated all symptoms of RA in CIA mice, decreased serum auto-
antibodies and pro-inflammatory cytokines and regulated Th1/Th17/
Treg cell differentiation. In combination therapy, astilbin exerted its
anti-inflammatory effect via enhancing expression of A2AAR, and MTX
simultaneously increased adenosine release, which augmented the sy-
nergistic effects. In addition, there were not obviously toxic effects of
astilbin. Thus, the combination therapy of astilbin and low-dose MTX
may be an effective strategy to control RA disease symptoms.
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