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ARTICLE INFO ABSTRACT
Keywords: Background: Xuelian injection (XI), a classic preparation extracted from Saussureae Involucratae
Xuelian injection Herba, has been clinically used to manage rheumatoid arthritis (RA) for nearly twenty years in

Rheumatoid arthritis
RAW264.7 macrophages
TLR4 signaling pathways

China. However, the underlying anti-RA mechanism of XI remains unclear. In this study, complete
Freund’s adjuvant (CFA)-induced acute arthritic model was used to examine the anti-RA effects of
XI in vivo. The molecular mechanisms of this action were further investigated using lipopoly-
saccharide (LPS)-stimulated RAW 264.7 macrophages.

Methods: XI and XI freeze dried powder were characterized by UPLC analysis. CD68 and TLR4
expression in the ankle joints was measured by immunohistochemistry. The secretion of in-
flammatory mediators was detected by ELISA. The expression levels of TLR4 involved compo-
nents were measured by Western blotting. The localization of transcription factors was measured
by immunofluorescence assay.

Results: XI treatment ameliorated arthritic symptoms induced by CFA in the ankle joints of rats.
The serum levels of inflammatory mediators, including TNF-a, MCP-1, and Rantes were decreased
by XI treatment. The elevation of CD68 and TLR4 levels in ankle joints caused by CFA was
suppressed by XI treatment. Moreover, XI treatment inhibited the secretion of nitric oxide and
prostaglandin E2 in LPS-treated RAW264.7 macrophages. The expression of their enzymes iNOS
and COX-2 was also decreased after XI treatment. The production of inflammatory mediators,
including TNF-a, IL-6, IL-1p, MCP-1, MIP-1a, and Rantes was reduced by XI treatment in LPS-
stimulated RAW264.7 cells. The phosphorylation of p38, JNK, ERK, TBK1, IKKa/p, IkB, p65, c-
Jun, and IRF3 was reduced after XI treatment. Additionally, the expression levels of nuclear
proteins of p65, c-Jun, and IRF3 were inhibited by XI treatment.

Conclusions: Taken together, XI possesses potential anti-RA effect and the underlying mechanism
may be closely associated with the inhibition of TLR4 signaling. Our findings provide further
pharmacological justifications for the clinical use of XI in RA treatment.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic, progressive, and disabling autoimmune disease that may affect many tissues and organs and
primarily cause permanent joint destruction and deformity [1]. RA is prevalent in about 0.46 % of the world population and shortens
the lifespans of patients, imposing a huge clinical and economic burden on the society [2,3]. Until now, in addition to methotrexate as a
conventional synthetic disease-modifying anti-rheumatic drug, glucocorticoids are used in RA for “bridging” therapy during episodes
of high disease activity considering their rapid onset of action and efficacy in relieving pain and stiffness [4]. However, these drug
treatment options may not bring satisfactory efficacy because of their serious side effects due to long-term administration [5,6].
Therefore, seeking safety and effective agents is urgently needed for RA treatment.

The pathogenesis of RA is complex and closely related to the inflamed synovial joints which are enriched with activated macro-
phages [7]. They are the main source of pro-inflammatory cytokines, chemokines, and tissue-destructive enzymes, which cause
cartilage and bone erosion in RA patients [8]. Molecular evidences showed that TLR4 signaling affects macrophages which mediate
adaptive immune responses [9]. Initiation of TLR4 signaling cascades leads to the activation of three transcription factors, including
NF-xB, AP-1 and IRF3, which in turn promotes the release of inflammatory mediators, such as TNF-a, IL-6, MCP-1 and Rantes,
contributing to RA development [10,11]. Therefore, inhibition of the activation of intermediary proteins downstream of TLR4
signaling can mitigate TLR4-triggered inflammatory responses in macrophages and benefit for RA management.

Saussureae involucratae (Kar. et Kir.) Sch.-Bip (Tian-Shan-Xue-Lian in Chinese) is a rare and beneficial traditional Chinese medicinal
herb. Xuelian injection (XI), a pharmaceutical product composed of the extract of overground part of Saussurea involucrata, is officially
used in hospitals in China for treatment of RA for nearly twenty years [12]. Previous studies reported that XI treatment inhibited the
production of cerebral TNF-a, IL-1f, and MMP-9 in ischemia/reperfusion rat model [13]. However, there are few studies issued on the
anti-RA property of XI and the underlying mechanism of this action remains unclear. To further provide pharmacological justification
for the application of XI in treating RA, in this study, we employed complete Freund’s adjuvant (CFA)-induced acute arthritic (AA) rat
model to investigate the anti-RA effect of XI. LPS-stimulated RAW264.7 macrophages, a classic inflammatory cell model, was also used
to explore the underlying molecular mechanism.

2. Materials and methods
2.1. Reagents

CFA, modified Griess reagent, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT), lipopolysaccharide (LPS,
Escherichia coli 055:B5) were purchased from Sigma Chemical Co. (St. Louis MO, USA). Dulbecco’s Modified Eagle Medium (DMEM)
was acquired from Corning Cellgro (Manassas, VA, USA). Penicillin-streptomycin solution was obtained from Caisson labs (Smithfield,
UT, USA). Fetal bovine serum (FBS) was bought from Biological Industries Co. (Beth-Haemek, Israel). Dexamethasone sodium
phosphate injection was bought from Tianjin Jinyao Pharmaceutical Co Ltd. (Lot number: 2004232, China). Tumor necrosis factor o
(TNF-a, cat. # 88-7324-22 and 88-7340-22 for mouse and rat, respectively), interleukin 6 (IL-6, cat. # 88-7064-22), interleukin 1p (IL-
1B, cat. # 88-7013-22), macrophage inflammatory protein 1o (MIP-1a, cat. # 88-56013-22), monocyte chemoattractant protein 1
(MCP-1, cat. # 88-7391-22 and BMS631INST for mouse and rat, respectively), and regulated upon activation normal T cell expressed
and secreted factor (Rantes, cat. # KMC1031 and KRC1031 for mouse and rat, respectively) ELISA kits were purchased from Thermo
Fisher Scientific (San Diego, CA). Prostaglandin E2 (PGE2) ELISA kit (cat. # ADI-900-001) was provided by Enzo Life Sciences (Exeter,
UK). Antibody against CD68 (cat. # sc-20060) was supplied by Santa Cruz Biotechnology (CA, USA). Anti-IKKf (cat. # 15649-1-AP)
and Spl (cat. # 21962-1-AP) antibodies were from Proteintech (Rosemont, USA). Anti-interferon regulatory factor 3 (IRF3, cat. #
ab68481) and anti-inducible nitric oxide synthase (iNOS, cat. # ab3523) antibodies were purchased from Abcam (Cambridge, UK).
Anti-phospho-IRF3 (Ser396, cat. # PAB31634) antibody was provided by ABNOVA (Taiwan, China). Antibodies against phos-
pho-NF—«B p65 (Ser536, cat. # 3033), NF-xB p65 (cat. # 8242), phospho-c-Jun (Ser73, cat. # 9164), c-Jun (cat. # 9165),
cyclooxygenase-2 (COX-2, cat. # 12282), phospho-IkBa (Ser32, cat. # 2859), IkBa (cat. # 4812), phospho-IKKo/f (Ser176/177, cat. #
2078), extracellular signal-regulated kinase (ERK, cat. # 4695), phospho-ERK (Thr202/Tyr204, cat. # 4370), c-Jun N-terminal kinase
(JINK, cat. # 9252), phospho-JNK (Thr183/Tyr185, cat. # 4668), p38 mitogen-activated protein kinase (p38, cat. # 8690), phospho-
p38 (Thr180/Tyr182, cat. # 4511), TANK-binding kinase 1 (TBK1, cat. # 3013), phospho-TBK1 (Ser172. cat. # 5483), p-actin (cat. #
4970), anti-rabbit IgG HRP linked antibody (cat. # 7074), and Alexa Fluor 488-conjugated secondary antibody (cat. # 4412) were
bought from Cell Signaling Technology (Boston, MA, USA). Antibody against TLR4 was obtained from Wuhan Servicebio Technology
Co., Ltd. (cat. # Gb12186, Wuhan, China). Chlorogenic acid (Lot number: A22GB158496) was purchased from Shanghai Yuanye
biotechnology Co., Ltd. (Shanghai, China). Rutin (Lot number: 100080-201811) was obtained from National Institutes for Food and
Drug Control (Beijing, China). Acetonitrile was obtained from Thermo Fisher Scientific (Waltham, Massachusetts, USA).

2.2. Preparation and characterization of XI and XI freeze dried powder

XI (Lot number: 180703) was bought from Sinopharm Xinjiang pharmaceutical Co., Ltd. XI was concentrated by rotary evaporation
under reduced pressure to remove the solvent. The concentrated extracts were rapidly frozen at —80 °C, and then dried in a freeze-
dryer (FD-1D-80, Biocool, Beijing, China) to produce freeze dried powder. XI was shaken and filtered through a Millipore mem-
brane filter with an average pore diameter of 0.22 pm for UPLC analysis. To characterize the XI freeze dried powder, 0.0589 g powder
was dissolved in 50 % methanol and diluted to a final volume of 10 mL. After being filtered through a 0.22 pm pore-size membrane
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filter, the subsequent filtrate was used for UPLC analysis. The contents of chlorogenic acid and rutin in XI and XI powder were
quantitated by an Acquity UPLC system (Waters, Milford, Massachusetts, USA). The separation was performed on an ACQUITY
UPLC®HSS T3 column (1.8 pm, 100 mm x 2.1 mm) with a Van Guard™ Pre-Column (1.8 pm). The gradient mobile phase was
consisted of solvent A (acetonitrile) and solvent B (0.1 % formic acid in water). The UPLC elution profile was set as follows: 5-9% A for
0-6 min, 9-13 % A for 6-12 min, 13-16 % A for 12-19 min, 16-17 % A for 19-28 min, 17-28 % A for 28—-40 min. The flow rate was
maintained at 0.3 mL-min~! and the column temperature was set at 30 °C. The chromatograms were monitored with the variable
wavelength detector at wavelength of 340 nm to detect chlorogenic acid and rutin.

2.3. Animal treatments

Male Sprague-Dawley rats (Grade SPF), weighing 180-220 g, were purchased from Beijing Sibei Fu Biotechnology Co., Ltd.
(Beijing, China; certificate no. SCXK [jing] 2019-0010). The animals were maintained in the animal facility at the Department of
Pharmacology, School of Chinese Materia Medica, Beijing University of Chinese Medicine. All the animal studies were in accordance
with ethics standards of the Animal Care and Welfare Committee of Beijing University of Chinese Medicine [Certificate No. BUCM-4-
2021110803-4040]. Rats were maintained at 22-23 °C with a relative humidity of 50-55 % and had free access to water and food. Rats
were randomly divided into 6 groups of 10 animals in each, including control, model, positive control drug (dexamethasone, Dex, 0.5
mg/kg), XI (low dose, 0.45 mL/kg), XI (medium dose, 0.9 mL/kg) and XI (high dose, 1.8 mL/kg) groups. In each group, 5 rats were
housed in one cage. On the 1st day, 0.1 mL CFA was injected intradermally into the left hind paw of each rat except rats in the control
group. The rats in the control group were injected with the same amount of saline. On the 7th day, the rats (except the control rats)
were received a booster injection of 0.1 mL CFA and were then once daily intraperitoneally treated with XI at doses of 0.45, 0.9, and
1.8 mL/kg or 0.5 mg/kg dexamethasone or saline (0.9 mL/kg), respectively. Rats in control group were treated with saline (0.9 mL/
kg). After 13-day treatment, rats were fasted for 12 h (from 00:00 to 12:00). The hind paw volume was determined with a water
displacement plethysmometer (YLS-7B; Yiyan Technology Co, Jinan, China) and the perimeter of hind paw was also measured. The
swelling ratio of hind paw volume/perimeter was calculated as (%)=(left hind paw-right hind paw)/right hind paw x 100 %. The
blood and left hind paws were obtained from pentobarbital sodium-anesthetized animals. Serum samples were prepared by centri-
fuging the whole blood collected from the orbital vein for 15 min at 2000xg and 4 °C, and then stored at —80 °C until use.

2.4. Hematoxylin and eosin staining

The left ankle joints were fixed in 10 % neutral formalin solution for 72 h, and then washed with distilled water and decalcified with
EDTA decalcification fluid (G1105, Wuhan Servicebio Technology, China). The tissue samples were embedded in paraffin and cut into
4 pm thick slices. The sections were stained with hematoxylin and eosin (H&E) and observed under Nikon Eclipse 80i microscope
(Tokyo, Japan) by an observer that was blinded to the experimental design to identify the presence of (1) inflammatory cell infiltration,
(2) synovial hyperplasia/pannus formation, (3) bone erosions, and (4) cartilage destruction. The severity of acute arthritis was
assessed by summaries of the four lesion scores ranging from 0 to 3 [14].

2.5. Immunohistochemical analysis of the ankle joints

Immunohistochemical staining was performed by Servicebio Technology Co., Ltd (Wuhan, China). Briefly, the paraffin sections of
left ankle joints were deparaffinized and rehydrated. The antigen was heat-repaired with citric acid for 45 min. Subsequently, the
sections were blocked with hydrogen peroxide solution (3 %) for 25 min and washed with PBS for 3 times. The slides were then blocked
by BSA (3 %) for 30 min at room temperature (RT) and incubated with primary antibody against CD68 or TLR4 overnight at 4 °C. After
washing three times with PBS, the slides were incubated with HRP goat anti-mouse IgG secondary antibody (GB23301, Wuhan
Servicebio Technology, China) for 50 min at RT. Next, the slides were stained with DAB color developing solution (G1212, Wuhan
Servicebio Technology, China) for about 25 min and washed with distilled water for 3 times. The slides were then counterstained with
hematoxylin for 3 min, dehydrated and mounted. Images were taken using a Nikon Eclipse 80i microscope. For quantitative analysis of
the expression levels of CD68 and TLR4, the positive staining area of each image was measured by Image-Pro Plus 5.1 (Media Cy-
bernetics, Rockville, MD, USA). Three images for each slice were analyzed. 5-6 animals for each group were used.

2.6. Cell culture

RAW264.7 cells (kindly provided by Prof. Zhi-Xiang Zhu, Beijing University of Chinese Medicine, China) were maintained in
DMEM supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin and 10 % fetal bovine serum in a CO; incubator (Thermo
fisher scientific, under a humidified atmosphere of 5 % CO3 and 95 % air) at 37 °C. XI freeze dried powder was accurately weighted and
dissolved in PBS to prepare the stock solution.

2.7. Cell viability assay
RAW?264.7 cells were seeded (6 x 10° cells/well) and cultured in 96-well plates for 24 h. The cells were then treated with LPS (1 pg/

mL) and various concentrations of XI (6.25-400 pg/mL) for 24 h at 37 °C. Cells were incubated at 37 °C with 10 pL. MTT solution (5
mg/mL) in each well for 3 h. The supernatant was removed and the remaining formazan crystals were dissolved with 100 pL. DMSO in
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each well. Absorbance was detected at 570 nm by using a SPECTROstar Nano microplate reader. The results were compared with the
cell viability in the control group. Six replicate wells were conducted for each group.

2.8. Detection of inflammatory mediators

Cytokine and chemokine levels in the culture medium or serum were quantified by ELISA kits. Briefly, RAW264.7 cells were seeded
into 24 well plates (2 x 10° cells/well) overnight. The cells were pre-treated with XI (50-400 pg/mL) for 1 h and then treated with or
without LPS (1 pg/mL) for 24 h. The culture medium was obtained for the determination of PGE2, IL-6, TNF-a, IL-1p, MCP-1, MIP-1a,
and Rantes using ELISA kits following the manufacturer’s instructions. Levels of nitric oxide (NO) in the culture medium were
determined by Griess assay. Four replicate wells were used for each group. The contents of TNF-a, MCP-1, and Rantes in serum were
detected by using ELISA kits according to the manufacturer’s protocols. Ten serum samples for each group were used.

2.9. Western blotting

The expression levels of proteins were assessed by Western blotting analysis. Briefly, cells (5 x 10°) were seeded into 60 mm culture
dishes, and then treated with XI at two concentrations (200 and 400 pg/mL). LPS (1 pg/mL) was added 1 h after XI pre-treatment, and
the cells were incubated at 37 °C for 30 or 60 min. The cells were lysed with RIPA buffer (Beyotime biotechnology, Beijing, China) or
extracted by using nuclear extraction kit (Solarbio, Beijing, China) following the manufacturer’s protocals. A small aliquot (40 pg) of
the supernatant protein from each sample was heated with sodium dodecyl sulfate (SDS) sample buffer (Lablead, Beijing, China) at
95 °C for 8 min. Protein samples were subjected to SDS-PAGE and then transferred onto polyvinylidene fluoride membrane. The
membrane was blocked with 5 % non-fat milk in TBST and incubated with primary antibodies at 4 °C for 12 h. The membrane was then
washed with TBST for three times and incubated with anti-mouse or anti-rabbit secondary antibody. The immunoreactive protein
bands were detected using enhanced chemiluminescence detection kit (Tanon, Shanghai, China) following the manufacturer’s
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Fig. 1. Characterization of XI and XI freeze dried powder. UPLC chromatogram of chlorogenic acid and rutin (A), XI (B) and XI freeze dried powder
(C). Peak 1 and 2 represent chlorogenic acid and rutin, respectively.
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instruction. The expression of each protein was quantified using the ImageJ software (National Institutes of Health [NIH], Bethesda,

MD, USA). The expression levels of protein were normalized to the matching densitometric value of the internal control p-actin/Sp1.
Three replicates were conducted for each group.

A B 50

- - Control -e-XI-L
4504 -= Model -e-XI-M
-~ Dex XI-H

Swelling ratio of hind
paw perimeter (%)

Control Model XI-L

Body weight (g)

L 100

i
I~ #o#
\3\#7*########”# __,\#”\#
2504 i x 'y

o
=3
1

200
8 9 10 11 12 13 14 15 16 17 18 19 20 21

Day

Swelling ratio of hind
paw volume (%)

Histopathological score

400 4 6000 -
*%
—~ < 300 o
-
= B E 40001
S ) P 2 s *
e £ 200 = #
= n
=] < Q
w . # € 2000
4 < ]
- = 10 14
0 0-
N O Y N AN
S e AR o e ¥ N R + & SRR R S+
o(\‘" @05 Rl S o o(\‘" §°6 A S o oéé ‘§°b R <
(¢ (¢ (¢

Fig. 2. Effect of XI on clinical arthritic conditions and serum inflammatory mediators in AA rats. CFA (0.1 mL) was injected intradermally into the
left hind paw of each rat on day 1 and 7, respectively. Rats were intraperitoneally injected with XI (0.45, 0.9, and 1.8 mL/kg) or Dex (0.5 mg/kg) for
13 days. Rats were then sacrificed, and serum and left hind paws were obtained. (A) The changes of body weight (n = 10). (B) Representative
morphological images of left hind paw and changes in swelling ratio of hind paw volume/perimeter (n = 10). (C) Representative microscopic images
of H&E staining. Histopathological scores were estimated based upon cellular infiltration (arrowhead), synovial hyperplasia (yellow lines showing
thickening of synovial lining)/pannus formation (P), subchondral bone erosion (black dash lines) and cartilage destruction (arrows) (n = 10). (D)
The release of cytokine (TNF-a) and chemokines (MCP-1 and Rantes) in the serum was detected by ELISA (n = 10). Data are presented as the mean
+ SEM. Statistical differences were compared using one-way ANOVA followed by Dunnett’s post hoc test. **p < 0.01, versus control; *p < 0.05 and
##p < 0.01, versus model.
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2.10. Immunofluorescence staining

Immunofluorescence staining was performed to detect NF-xB, AP-1, and IRF3 localization after XI treatment as previously
described [15]. Briefly, cells (1 x 104) were seeded into chamber slide for 12 h, and then pretreated with XI (200 and 400 pg/mL) for 1
h. The cells were then treated with LPS (1 pg/mL) for 1 h, and fixed with formaldehyde in PBS (w:v, 4 %) for 15 min and washed with
PBS and permeabilized with Triton X-100 (0.25 %) for 30 min at 37 °C. Cells were then blocked for 30 min with BSA (2 %) at RT and
incubated with p65 (1:300), c-Jun (1:300), and IRF3 (1:100) overnight at 4 °C, followed by subsequent PBS rinses. Then, cells were
incubated with fluorescence-labeled goat anti-rabbit secondary antibody (1:500) at RT without exposure to light for 1 h. PBS washing
was repeated, and the nucleus was stained with DAPI fluoromount-GTM (YESEN, Shanghai, China) and then photographed under a
PerkinElmer Ultraview VoX spinning disc confocal microscope (Waltham, MA, USA).

2.11. Statistical analysis

All values are expressed as means + standard error of mean (SEM). Data were analyzed by one-way ANOVA using GraphPad Prism
(version 9.0.0; GraphPad Software, San Diego, CA, USA), and the differences among means were analyzed using Dunnett’s multiple
comparison test. A difference was considered to be significant when p < 0.05.
3. Results

3.1. UPLC determination of chlorogenic acid and rutin in XI and XI freeze dried powder

UPLC analysis showed that chlorogenic acid and rutin were present in XI and XI freeze dried powder (Fig. 1A-C). The contents of
chlorogenic acid and rutin in XI and XI freeze dried powder were 62.44/15.15 pg/mL and 0.09 %/0.021 %, respectively.
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Fig. 3. Effect of XI on CD68 and TLR4 expression in AA rats. Experimental details were as described in Fig. 2. (A) Representative microscopic images
of immunohistochemical staining and the positive staining area of CD68 (n = 5-6). (B) Representative microscopic images of immunohistochemical
staining and the positive staining area of TLR4 (n = 5-6). Data presented in bar charts are mean + SEM values. Statistical differences were compared
using one-way ANOVA followed by Dunnett’s post hoc test. *p < 0.05 and **p < 0.01, versus control; *p < 0.05 and *#p < 0.01, versus model.
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3.2. XI improved arthritic conditions and inhibited inflammatory mediator production in AA rats

We employed CFA-induced AA rats to assess the anti-RA effect of XI. As shown in Fig. 2A, a significant weight loss was observed
after Dex treatment. When comparing with model group, no observable weight loss was found in XI-treated groups during the entire
experimental period. Representative photographs indicated that the hind paw swelling was significantly elevated after CFA treatment,
and XI treatment dose-dependently ameliorated the hind paw swelling, as evidenced by reduction in the swelling ratios of hind paw
volume and perimeter (Fig. 2B). The similar observation was found in Dex-treated AA rats. To determine whether XI treatment
prevented articular destruction, ankle joints were analyzed histologically. Histopathological examinations showed infiltration of
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Fig. 4. Effect of XI on the secretion of inflammatory mediators in LPS stimulated RAW264.7 cells. Cells were treated with XI (6.25-400 pg/mL) for
1 h and then stimulated with LPS for 24 h. (A) Cell viability was determined by MTT assay (n = 6). (B) The production of NO and PGE2 was detected
by Griess reagent and ELISA, respectively (n = 4). (C) The protein levels of iNOS and COX-2 were detected by Western blotting (n = 3). The original
blot images were provided in the Supplementary Material. (D) The release of inflammatory mediators, including TNF-a, IL-6, IL-1f, MCP-1, MIP-1a,
and Rantes in the culture medium was detected by ELISA (n = 4). Data presented in bar charts are mean + SEM values. Statistical differences were
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Fig. 5. Effect of XI on the nuclear translocation of p65, c-Jun, and IRF3 in LPS-stimulated RAW264.7 cells. Cells were pre-treated with XI (200 and
400 pg/mL) for 1 h and then stimulated with LPS for 60 min. (A) The localization of NF-kB, c-Jun and IRF3 was detected using immunofluorescence
assay, and the images were acquired using the laser confocal fluorescence microscopy. (B) The expression of nuclear and cytoplasmic proteins was
detected by Western blotting (n = 3). The original blot images were provided in the Supplementary Material. Data are presented as mean + SEM.
Statistical differences were compared using one-way ANOVA followed by Dunnett’s post hoc test. *p < 0.05 and **p < 0.01, versus control; *p <
0.05 and ##p < 0.01, versus LPS.

inflammatory cells, synovial hyperplasia, pannus formation, and bone erosion were observed in AA rats. XI treatment ameliorated the
histopathological changes caused by CFA, which was further confirmed by histopathological scores (Fig. 2C). Moreover, CFA treatment
significantly up-regulated the levels of pro-inflammatory mediators, including TNF-a, MCP-1, and Rantes in serum, and XI dose-
dependently lowered the levels of these inflammatory mediators (Fig. 2D). Dex treatment also suppressed the production of these
three inflammatory mediators in serum.

3.3. XI treatment suppressed the expression of CD68 and TLR4 in AA rats

CD68, which is a heavily glycosylated glycoprotein that is highly expressed in macrophages [16], was detected to evaluate the role
of macrophages in the anti-RA effect of XI. Fig. 3A showed that the elevation of CD68 expression in the ankle joint induced by CFA was
suppressed by XI treatment. Furthermore, the expression of TLR4 was increased after CFA treatment in the ankle joint, and XI markedly
suppressed the expression of TLR4 in a dose-dependent manner (Fig. 3B). These results suggested that XI has the potential to inhibit the
activation of macrophages and hinder TLR4 signaling, which may be one of the mechanisms for the anti-RA effects of XI.

3.4. XI treatment inhibited the production of inflammatory mediators in LPS-stimulated RAW264.7 cells

Pro-inflammatory mediators, such as NO and PGE2, were expressed highly in activated macrophages [17,18]. In our present study,
exposure of RAW264.7 cells to LPS significantly elevated the production of NO and PGE2, and the enhanced levels of NO and PGE2
were concentration-dependently down-regulated by XI treatment (Fig. 4B). Moreover, the expression of the key enzymes for the NO
and PGE2 synthesis, including iNOS and COX-2, was also markedly suppressed by XI treatment (Fig. 4C). XI treatment also decreased
LPS-induced secretion of cytokines (IL-6, IL-1p, and TNF-a) and chemokines (MCP-1, MIP-1a, and Rantes) in a concentration
dependent manner (Fig. 4D). Additionally, MTT assay results indicated that the inhibitory effect of these inflammatory mediators by XI
treatment was not caused by its cytotoxicity, because XI at the concentration up to 400 pg/mL showed no obvious effect on cell
viability (Fig. 4A).

3.5. XI treatment hindered the nuclear translocation of NF-xB, AP-1, and IRF3 in LPS-stimulated RAW264.7 cells

Following LPS challenge, NF-kB, AP-1, and IRF3 translocate into the nucleus and activate the transcription of their target genes,
promoting inflammatory responses in macrophages [19]. Fig. 5A-C showed that p65, c-Jun, and IRF3 translocated from cytoplasm into
the nuclear after LPS exposure. XI treatment concentration-dependently inhibited the nuclear translocation of p65, c-Jun, and IRF3
triggered by LPS treatment. Furthermore, LPS treatment elevated the nuclear protein levels of NF-kB/p65, AP-1/c-Jun, and IRF3, and
XI treatment decreased the nuclear protein levels of these three transcription factors. XI also markedly alleviated LPS-induced
reduction of cytoplasmic p65. The cytoplasmic proteins of c-Jun and IRF3 were not changed after XI treatment (Fig. 5D and E).

3.6. XI treatment blocked the TLR4 signaling pathways in LPS-stimulated RAW264.7 cells

To understand the molecular mechanism of XI on the inhibition of inflammatory mediators, we further investigated the effect of XI
treatment on the TLR4 signaling pathways. Fig. 6 showed that exposure of RAW264.7 cells to 1 pg/mL LPS elevated the phosphor-
ylation of IKKa/p, IxkBa, and TBK1 and these effects were significantly prevented by XI pre-treatment in a concentration-dependent
manner. Moreover, LPS stimulation markedly activated the MAPKs, which involve ERK, p38 and JNK in RAW264.7 cells. XI treat-
ment inhibited the phosphorylation of these proteins in a concentration-dependent manner. Moreover, the phosphorylation of p65, c-
Jun, and IRF3 was significantly increased after LPS challenge, whereas XI treatment concentration-dependently reduced the phos-
phorylation of these three proteins (Fig. 6).

4. Discussion

In our study, we found that chlorogenic acid and rutin were present in XI by using UPLC analysis. One study reported that
chlorogenic acid has the potential to inhibit collagen-induced arthritis by modulating the activation of the NF-kB signaling pathway
[20]. It also effectively ameliorated adjuvant-induced RA in rats via regulating Th1/Th2 balance [21]. In addition, rutin exerted strong
ability to protect against RA due to its antioxidant and anti-inflammatory activities [22]. The underlying mechanism of this action may
be associated with the inhibitory effect on NF-xB signaling [23]. Thus, chlorogenic acid and rutin may be the material basis for the
anti-RA effect of XI.

RA, a chronic and progressive autoimmune disease, is characterized by the interactions of various proinflammatory cytokines and
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Fig. 6. Effect of XI on TLR4 signaling in LPS-stimulated RAW264.7 cells. Cells were pre-treated with XI (200 and 400 pg/mL) for 1 h and then
stimulated with LPS for 30 min or 60 min. (A) Levels of p-IKKa/f, IKKp, p-IkBa, IkBa, p-p65, p65, p-ERK, ERK, p-JNK, JNK, p-p38, p38, p-c-Jun, c-
Jun, p-TBK1, TBK1, p-IRF3, and IRF3 were measured by Western blotting. The original blot images were provided in the Supplementary Material.
(B) Bar graphs represent the ratio of p-IKKa/B/IKKf, p-IkBa/IkBa, p-p65/p65, p-ERK/ERK, p-JNK/JNK, p-p38/p38, p-c-Jun/c-Jun, p-TBK1/TBK1,
and p-IRF3/IRF3 (n = 3). Data are presented as the mean + SEM. Statistical differences were compared using one-way ANOVA followed by
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p < 0.01, versus control; *p < 0.05 and *#p < 0.01, versus LPS.
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chemokines released by various immune cells, especially macrophages [24]. Therefore, inhibition of the production of inflammatory
mediators released by macrophages is believed to be one of the novel therapeutic approaches in RA management [25,26]. In our
present study, XI was found to mitigate the hind paw swelling and inhibit the secretion of cytokines and chemokines caused by CFA
without observable adverse effects, suggesting that XI is a potential safe and effective anti-RA traditional Chinese medicinal prepa-
ration. Besides, histopathological investigations of ankle joints also confirmed the anti-RA effects of XI, which were consistent with the
results of its inhibitory effect on hind paw swelling. CD68 is an established macrophages’ marker, which is up-regulated during the
activation of macrophages [27]. Our present data showed that XI could suppress the increased CD68 expression induced by CFA in the
ankle joints, showing that the anti-RA effect of XI is likely attributed to its inhibitory effect on the activation of macrophages.

Since XI could inhibit the activation of macrophages and the release of inflammatory mediators that are potentially regulated by
TLR4 signaling in CFA-induced paw inflammation, we examined whether XI could suppress bacterial LPS-induced TLR4 activation in
RAW264.7 cells. It has been reported that activation of TLR4 signaling affects both innate and adaptive immune responses which are
essential for RA initiation and progression [28,29]. Therefore, attenuation of TLR4 signaling cascades might be a therapeutic approach
for RA treatment. Our present study found that XI could inhibit the secretion of TLR4-related inflammtory mediators, including cy-
tokines (TNF-a, IL-6, and IL-1p) and chemokines (MCP-1, MIP-1a, and Rantes) in LPS-stimulated macrophages. Some studies also
reported that activation of TLR4 signaling promoted iNOS and COX-2 expression, thereby triggering the immune responses [30,31].
Our study found that the release of NO and PGE2 was decreased after XI treatment, which was related to the reduction of iNOS and
COX-2, respectively. Our results suggested that inhibition of the downstream molecules of the TLR4 signaling pathways, such as TNF-a,
IL-6, MCP-1, COX-2 and iNOS, may be a part of the mechanisms of anti-inflammatory action of XI.

Next, the key components involving in TLR4 signaling were further investigated. After LPS binding to TLR4, Akt becomes activated
by phosphorylation and promotes the phosphorylation of IKK complex (IKKa, IKKf and IKKy), which is the core element of the NF-xB
cascade [32]. The activated IKK complex then catalyzes the phosphorylation of IkB, leading to its degradation via ubiquitylation [33].
The removal of IkB promotes the phosphorylation of NF-kB and its translocation into the nucleus, initiating the transcription of
NF-kB-dependent inflammatory genes [34]. Our results showed that the phosphorylation IKKa/p and IkBa was obviously increased
after LPS stimulation, and XI treatment lowered the expression of these two proteins. Meanwhile, XI was found to be able to inhibit the
phosphorylation and nuclear translocation of NF-kB. Besides, MAPK/c-Jun signaling pathway is another important component of
TLR4, which regulates the production of inflammatory mediators and involves in inflammation and tissue destruction in RA [35,36].
Our data showed that after LPS exposure, XI treatment reduced the activation of phosphorylated MAPKs (p38, ERK, and JNK) and
c-Jun. The nuclear translocation of c-Jun was also hindered by XI treatment. In addition, activation of TLR4 signaling leads to the
activation of TBK1 which then promotes the nuclear translocation of IRF3 [37]. This triggers the up-regulation of the expression of its
target genes (e.g. Rantes) [38]. In our study, we found that XI treatment significantly suppressed the phosphorylation of TBK1 and IRF3
in LPS-exposed RAW264.7 macrophages. We also observed that the nuclear translocation of IRF3 was hindered by XI treatment,
revealing that XI treatment inhibited the TBK1/IRF3 signaling transduction. These results demonstrated that XI treatment suppressed
the release of cytokines and chemokines via inhibiting various TLR4 signaling components.

Our present study has two limitations. Firstly, application of UPLC-MS analysis might help to further identify other bioactive
compounds in addition to chlorogenic acid and rutin in XI. Secondly, as macrophage-mediated overactive inflammatory responses
have been implicated in the pathogenesis of RA, we only used LPS-challenged RAW264.7 macrophages to investigate the anti-
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inflammatory effect of XI. In our future study, we will use fibroblast-like synoviocytes, such as MH7A cells, to investigate the sup-
pressive effect of XI on hyperplasia of synovial cells.

5. Conclusions

In conclusion, XI treatment improved the arthritic conditions of AA rats without obvious adverse effects, which was closely related
to the suppression of the activation of macrophages and TLR4 signaling. Moreover, XI treatment inhibited the release of inflammatory
mediators in LPS-primed RAW264.7 macrophages. The underlying molecular mechanism of this action is related to its suppressive
effect on TLR4 signaling (Fig. 7). Our study provide further pharmacological basis for the clinical application of XI in the management
of RA.
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