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Coixol Ameliorates Rheumatoid Arthritis by Regulating
Macrophage Polarization by Suppressing the
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Background: Coixol (COI) is derived from C. lacryma-jobi var. ma-yuen (Rom.Caill.) Stapf and has been shown with protective
effects on rheumatoid arthritis (RA). However, the detailed mechanisms of COI on RA remain unknown. The current study
aimed to assess the therapeutic effect and possible mechanism of COI on RA.

Methods: A collagen-induced arthritis (CIA) rat model was established, and COI was administered to CIA rats orally. The
therapeutic effects of COI on RA were assessed based on arthritis score and paw volume, pathological staining and the levels of
inflammatory factors. Then, the effects of COI on M1 macrophages (M) polarization were evaluated through measuring the
levels of M1M-related factors, detecting the proportion of M1M¢ in spleen and synovium. Furthermore, the inhibitory effect of
COI on M1My polarization was verified in vitro and the changes in toll-like receptor 4 (TLR4)/nuclear factor-kappaB (NF-xB)
pathway in M1Mo after COI treatment was evaluated through detecting the related levels of proteins and genes. Additionally,
the inhibitory effect of COI on NF-<B p6S activation in M1My was assessed through detecting the nucleus transition of NF-<B
p65 and the NF-«<B transcriptional activity.

Results: COI decreased arthritis score and paw volume, improved the pathological changes, and reduced the levels of inflamma-
tory factors in CIA rats (p < 0.01). Besides, COI treatment reduced the proportion of M1My in the spleen and synovium (p <
0.01). In vitro studies suggested that COI decreased the proportion of M1My and reduced the production of pro-inflammatory
cytokines (p < 0.05, p < 0.01, respectively). Besides, COI treatment lowered the protein levels of TLR4/NF-<B pathway-related
factors and downregulated the gene expression of downstream cytokines (p < 0.05, p < 0.01, respectively). Furthermore, COI
treatment inhibited the nucleus transition of NF-<B p65 and diminished the transcriptional activity of NF-xB (p < 0.05).
Conclusions: COI exhibits a significant therapeutic effect on RA. The anti-inflammatory mechanism of COI on RA is associated
with inhibiting TLR4/NF-xB-mediated M1M polarization.
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Introduction crucial role in pathophysiological responses [4]. The ac-

tivated pro-inflammatory M subset known as M1 My pro-

Rheumatoid arthritis (RA) is primarily accompanied
by synovial hyperplasia and persistent synovitis. These can
invade and damage cartilage and bone, causing joint dys-
function and even loss of function [1]. Our understanding
of the complex pathogenesis of RA is continually evolving
[2]. Although the drugs used in current treatment strategies
can alleviate RA symptoms and slow down its progression,
they often require high doses and frequent administration,
leading to adverse side effects [3]. Therefore, there is a
pressing need to develop innovative drugs for the treatment
of RA.

In RA, various inflammatory cells infiltrate synovial
tissues, predominantly macrophages (M), which play a

duces a series of inflammatory cytokines, including tumor
necrosis factor-a (TNF-«), interleukin-15 (IL-15), and
interleukin-6 (IL-6) [5]. Therefore, M1My is a promising
therapeutic target in the symptomatic treatment of RA [6].
Folate-modified silver nanoparticles actively target M1Me,
mediate a synergistic reduction in M1My and polarization
of M2My, and thereby providing an effective treatment al-
ternative [7]. Likewise, punicalagin is also capable of al-
leviating pathologic inflammation by inhibiting both polar-
ization and pyroptosis phenotypes of M1 Mg via the nuclear
factor-kappaB (NF-xB) pathway [8]. The polarization of
Mg involves various molecular mechanisms, one of which
is the toll-like receptor 4 (TLR4)/NF-xB pathway [9,10].
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Berberine has been found to interact with TLR4 to interfere
with the TLR4/NFkB signaling pathway, which may be the
mechanism by which berberine attenuates inflammation in
the early stages [11]. Studies indicated that zanubrutinib
inhibits the activation of TLR4/NF-xB signaling pathway,
thereby suppressing M1My polarization [12—14]. Simi-
larly, Wilforlide A exhibits anti-inflammatory potential on
RA through inhibiting TLR4/NF-xB-mediated M1Mg po-
larization [15].

C. lacryma-jobi var. ma-yuen (Rom.Caill.) Stapfis a
herbal medicine traditionally used in China. One of its main
active ingredients is coixol (COI). Studies have shown that
the extract of C. lacryma-jobi var. ma-yuen (Rom.Caill.)
Stapf has anti-RA effects by inhibiting inflammatory re-
sponse and alleviating oxidative stress [16,17]. COI has
also been found to ameliorate lung injury caused by bac-
terial infection by interfering with the heat shock protein
70-mediated TLR4/NF-xB signal transduction [18]. Ad-
ditionally, COI has been demonstrated to inhibit the pro-
duction of pro-inflammatory factors in lipopolysaccharide
(LPS)-induced marophages [19]. Based on these findings,
the hypothesis is that COI exerts its therapeutic effect on
RA by regulating My polarization. To test this hypothesis,
a collagen-induced arthritis (CIA) model in rats was estab-
lished. The therapeutic effect and the impacts on M polar-
ization in blood, spleen, and synovial joints of COI on CIA
rats were examined. The role of COI in regulating M1 po-
larization in rat bone-marrow-derived My (BMDM) and its
regulatory role in the TLR4/NF-xB pathway in vitro were
also confirmed.

Methods

Basic Information of Animals and Materials Used in
This Study

Male Wistar rats (specific pathogen-free grade), aged
6-8 weeks and weighing 200-220 g, were obtained from

— e |

TLR4/NF-B pathway|

Coixol |

\ IL-1B, IL-6, TNF-a
iNOS, CCL2,

GM-CSF, and M-CSF

HuaFukang Biotechnology Co., Ltd. (Permit No. SCXK
(Beijing) 2020-0004, Beijing, China). The rats were fed
at 22 £ 2 °C with free access to food and water. Detailed
information regarding the reagents and assay kits used in
this experiment was as follows.

COI (S31772), Methotrexate (MTX, S18026), and
lipopolysaccharide (LPS, S11060) were purchased from
YuanYe Biotechnology (Shanghai, China). Resatorvid
(TAK242, 614316), Freund’s complete adjuvant (F5881)
and bovine Type II collagen (CII, 234184-M) were bought
from Sigma (Shanghai, China). Interferon-y (IFN-v, 400-
20) and rat macrophage colony-stimulating factor (M-CSF,
400-28) were purchased from PeproTech China (Suzhou,
China). Dulbecco’s Modified Eagle’s Medium (DMEM,
12100046, Life Technologies, Carlsbad, CA, USA). Fe-
tal bovine serum (FBS, 1943609-65-1, Sigma-Aldrich Co.,
St. Louis, MO, USA). Red blood cell (RBC) lysis buffer
(ab204733, Abcam, Cambridge, UK). Enzyme-linked im-
munosorbent assay (ELISA) kits of rat TNF-a (m1002859),
interleukin-18 (IL-15, ml028514), IL-6 (m1064292), in-
ducible nitric oxide synthase (iNOS, ml059045), gran-
ulocyte macrophage colony-stimulating factor (GM-CSF,
ml302827) and M-CSF (ml002980) were bought from
Enzyme-linked Biotechnology (Shanghai, China). ELISA
kit for chemokine (C-C motif) ligand 2 (CCL2, ab219045)
was purchased from Abcam (Cambridge, UK). Flow cy-
tometry antibody for CDI11b (17-0112-82) and CD68
(MA5-28262) were purchased from ThermoFisher Sci-
entific (CHINA) (Shanghai, China). Primary antibod-
ies for TLR4 (ab217274), myeloid differentiation pri-
mary response 88 (MyD88, ab219413), IkappaB (IxB,
ab32518), phosphorylated-lkappaB (p-IxB, ab133462),
CDI11b (ab238658), and beta-actin (3-actin, ab8226), and
relative secondary antibodies including goat anti-rabbit
IgG H&L (ab205718), goat anti-rabbit IgG H&L conju-
gated APC (ab130805) and goat anti-mouse IgG H&L
(FITC, ab6785) were obtained from Abcam (Cambridge,
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Fig. 1. Experimental design of the ir vivo study.

Table 1. Evaluation of histopathologic changes.

Feature score Score  Description

0 No abnormality

Soft tissue around the joint

Mild inflammatory changes
Noticeable inflammatory changes
Significant inflammatory changes

Synovial tissue

No abnormality

Mild inflammatory changes
Noticeable inflammatory changes
Significant inflammatory changes

N —m W N~ W N~

Cartilage

No abnormality

Slightly damaged articular cartilage and an intraarticular pannus

Destroyed articular cartilage, lacking local articular cartilage, hyperplastic

fibrous tissue and infiltrated neutrophil and lymphocyte

3 Inflammation accumulated throughout the articular cavity, significantly

damaged articular cartilage, seriously hyperplastic fibrous tissue, and locally

infiltrated with a large number of neutrophils and lymphocytes

UK). Primary antibody for CD68 (28058-1-AP), p65
(80979-1-RR) and p-p65 (82335-1-RR) were purchased
from Proteintech Group (Wuhan, China). Roswell Park
Memorial Institute (RPMI) medium (SH30809.01), and
Lipofectamine 2000 Reagent (11668030) were obtained
from ThermoFisher Scientific (CHINA) (Shanghai, China).
4% formaldehyde solution (P885233, Macklin, Shanghai,
China). Electochemiluminescence (ECL) chemilumines-
cence buffer (PE0010, Solarbio, Beijing, China). Plasmids
for NF-xB luciferase reporter (11501ES03), pPGMLR-CMV
luciferase reporter (11558ES03) and Dual-Luciferase Re-
porter Gene Assay Kit (11402ES60) were purchased from
Yeasen Biotechnology (Shanghai, China).

Animal Experiments

Sixty rats were used in this study. After a 7-day adap-
tation period, 10 rats were randomly assigned to the nor-
mal control (NC) group using the random number table

method, while the remaining 50 were used to establish CIA
rat model. Freund’s complete adjuvant and CII were mixed
with equal volume to prepare a collagen emulsion. The
emulsion contains 1 mg/mL of CII. On day 0, rats were sub-
cutaneously injected with 0.2 mL of the collagen emulsion
at the base of their tails, followed by a booster injection of
0.1 mL on day 21 [20]. The NC group injected with an
equal volume of vehicle. An arthritis index score was as-
sessed every 3 days following the first immunization [21],
with a score of 6 points indicating successful RA induction.
The CIA model was established 28 days after the first in-
jection.

After modeling, CIA model rats were divided into
five groups randomly: CIA, MTX, low-dose COI (L-COI),
medium-dose COI (M-COI), and high-dose COI (H-COI)
using the random number table method. The doses of COI
for each group were determined as 1.80, 3.60, and 7.20
g/kg/day, respectively, based on a dose of 42 g/day for hu-
man adults weighing 70 kg. The dose for the MTX group
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was calculated in the same way as MTX 0.5 mg/kg/day.
The NC and the CIA groups received a carrier solution
of the same volume. Treatments were administered daily
from day 28-56 for a total of 28 days. On day 56, rats
were anesthetized using 50 mg/kg pentobarbital sodium,
and their arthritis index scores and paw volumes were de-
termined. Blood samples, spleens, and bilateral hind an-
kle joints were obtained from the rats sacrificed by cervi-
cal dislocation (Fig. 1). Besides, blood samples were pro-
cessed by centrifugation at 400 x g for 15 min to separate
the serum. All animal experiments were approved by the
Animal Ethics Committee of Jiaxing Hospital of TCM (SL-
2021-0012) and conducted following the regulations for the
use of experimental animals.

Cell Experiments

Bone marrow-derived macrophages (BMDMs) were
isolated and induced from the femur and tibia of rats (12
weeks, 300-350 g) following a previously established pro-
tocol [22,23]. Briefly, the leg of the rat was immersed in
75% ethanol, and the femur and tibia were exposed. Then,
both ends of the femur and tibia were cut open, and the bone
marrow was flushed out using DMEM supplemented with
10% heat-inactivated FBS. The resulting cell suspension
was thoroughly mixed with culture media and filtered using
a 40 um nylon mesh filter to collect the cells. This cell sus-
pension was then centrifuged at 400 x g for 5 min, and the
cell precipitate was harvested. Then, RBC lysis buffer was
added to cells to remove red blood cells. The cell pellet was
resuspended in complete medium containing 0.10 pug/mL of
M-CSF and cultured for 7 days to obtain BMDM. The my-
coplasma in primary cultured BMDMs was detected using
the DNA fluorochrome staining method [(4’,6-diamidino-
2-phenylindole (DAPI)-test)] as described previously [24].
The fluorescence could not be detected outside of the nu-
cleus, indicating that cells were not contaminated with my-
coplasma.

In order to test the effect of drugs on BMDM polariza-
tion, cells were gently removed after induction and seeded
into a 24-well plate. The density of cells in 24-well plate
was 2 x 10° cells/well. The cells were then incubated in a
medium without M-CSF for 24 h before being washed and
co-cultured with 100 ng/mL of LPS and 20 ng/mL of in-
terferon (IFN)-v to induce M1My and the corresponding
drugs for 24 h. After culturing, cells and supernatants were
collected separately.

ELISA Assay

The levels of IL-13, TNF-«, IL-6, iNOS, GM-CSF,
CCL2, and M-CSF were estimated in the serum or super-
natant using a one-step double-antibody sandwich ELISA
assay. The specific procedures outlined in the instruc-
tions of the reagent kit were followed, and a multi-
mode microplate reader (Varioskan Flash, ThermoScien-
tific, Waltham, MA, USA) was used for the assay.
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Pathological Staining and Immunofluorescence (IF)
Staining

The ankle was fixed with 4% polyformaldehyde for 48
hours and then immersed in 10% EDTA buffer at 25 °C for
25 days. Then, the ankle samples were embedded in paraf-
fin and sliced longitudinally into 3 um sections. Routine
hematoxylin-eosin (HE) staining was performed. Micro-
scopic images of the sections were observed and captured
using a light microscope (ECLIPSE E100, Nikon, Tokyo
Metropolis, Japan) for histological analysis. Histopatho-
logic changes were evaluated according to an established
method [25], as shown in Table 1. For immunofluores-
cence (IF) staining, the sections were prepared using the
same procedure as that for pathological staining. After de-
paraffinization, the sections were hydrated with decreasing
concentrations of ethanol. Following antigen retrieval, the
sections were incubated at 25 °C in a 3% H5Os solution
to block the activity of endogenous peroxidase. The sec-
tions were incubated in 20% normal goat serum for 1 hour,
followed by incubation with primary antibodies including
mouse anti-CD11b (1:100) and rabbit anti-CD68 (1:200)
at 4 °C for 12 hours. Then, the sections were incubated
with relative-fluorescently labeled secondary antibodies at
room temperature for 1 hour. Subsequently, the nuclei were
stained with DAPI. Regions with positive expression were
observed using a fluorescence microscope (BX43, OLYM-
PUS, Tokyo Metropolis, Japan) and quantified by Image-
Pro Plus (version 6.0, Media Cybernetics, Silver Springs,
FL, USA).

3-[4,5-Dimethylthiazol-2-yl]-2,5 Diphenyl
Tetrazolium Bromide (MTT) Assay

The effect of COI on cell viability was assessed using
the MTT assay. Briefly, BMDMs were seeded in a 96-well
plate. Then, the cells were incubated with different concen-
trations of COI (0, 10, 50, 100, 200, 400 uM) for 24 hours.
After incubation, 10 pL of MTT solution (5 mg/mL) was
added to each well, then an additional 4-hour incubation
of the cells was performed. The medium was gently aspi-
rated, and 100 pL of DMSO was added. The absorbances
of the samples were then detected at 570 nm using a mul-
timode microplate reader (Varioskan Flash, ThermoScien-
tific, Waltham, MA, USA). The formula of cell viability
was as follows:

Acor — A
% cell viability = <2l — “Blank 100

AControl - ABlank

In the formula, Acor, Aplank and Acontor referred to
the mean absorbance value of COI intervention, blank, and
control, respectively.

Flow Cytometry (FCM)

The spleen of rats was processed to a single-cell sus-
pension by placing it in RPMI medium. The cells were fil-
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tered using a 70 um-cell strainer and washed with RPMI
medium. The obtained cell suspension was then centrifuged
(400 xg, 5 min). To lyse red blood cells, the supernatant
was removed, and we then treated the cells with RBC ly-
sis buffer. The pellets were resuspended in RPMI medium
containing 10% FBS and subsequently counted.

The M1Mp subtypes were distinguished by detect-
ing the co-expression of surface markers CD68 and CD11b
using FCM. Briefly, cells were incubated with FITC-
conjugated anti-CD68 (1 ng/10° cells) and PE-conjugated
anti-CD11b (1 pg/106 cells) at 4 °C. After 0.5 hours of incu-
bation, we washed the cells 3 times with the staining buffer.
A flow cytometer (FACS Aria-11, BD, Franklin Lakes, NJ,
USA) was used for data analysis. The non-specific staining
was excluded using antibodies of irrelevant immunoglobu-
lin isotypes as negative controls. At least I x 10* events
were acquired and analyzed using the Treestar FlowJo soft-
ware (version 10.8.1, Stanford University, Stanford, CA,
USA).

Western Blotting

The collected cells were placed in an ice-cold RIPA
buffer, and we then homogenized them by sonication to ex-
tract total protein. Bicinchoninic acid assay (BCA) kit was
used to detect the supernatant protein concentration. Af-
ter adding protein loading buffer, the proteins were held
at 97 °C for 10 min to allow complete denaturation. The
denatured proteins were separated using SDS-PAGE and
transferred to a PVDF membrane. The membrane was
blocked with a solution of 5% non-fat milk for 1 hour
and then incubated with the primary antibodies, includ-
ing TLR4 (1:1000), 1xB (1:10,000), MyD88 (1:1000), p-
IxB (1:10,000), p65 (1:10,000) and p-p65 (1:10,000), and
ACTB (1:1000) overnight at 4 °C refrigerator. It was in-
cubated with the HRP-labeled secondary antibody for an-
other 1 hour at room temperature after washing the incu-
bated membrane 3 times with TBST. After another washing
step, the bands were visualized using ECL chemilumines-
cence and gel imaging system (ChemiDocXRS+, Bio-Rad,
Hercules, CA, USA). The protein expression was quantified
using Image J (version 1.52a, NIH, Bethesda, MD, USA).

Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted from the cells using a total
RNA extraction kit, and then its concentration was deter-
mined to characterize the mRNA expression of the target
gene. Then, cDNA was obtained using a reverse transcrip-
tion kit and quantitative polymerase chain reaction (qQPCR)
was performed. The relative expression of each target gene
to Actb (actin, beta) was calculated according to the 2~ 24Ct
method. Table 2 lists the required primer sequences.

3781
Table 2. Primer sequences.
Gene Sequence (5’-3")
Acth Forward ~AGATGACCCAGATCATGTTTGAGA
Reverse GCATGAGGGAGCGCGTAA
b Forward ATGCCACCTTTTGACAGTGATG
Reverse TGTGCTGCTGCGAGATTTGA
s Forward AGCCAGAGTCCTTCAGAGAGA
Reverse GCCACTCCTTCTGTGACTCC
Tnf Forward GATCGGTCCCCAAAGGGATG
Reverse CCACTTGGTGGTTTGTGAGTG
Nos2 Forward TCCTGGACATTACGACCCCT
Reverse AGGCCTCCAATCTCTGCCTA
Cel2 Forward GCCTGCTGTTCACAGTTGC
Reverse GAGTGGGGCGTTAACTGCAT
P2 Forward CTCACCCATCACTGTCACCC
Reverse TGAAATTGCCCCGTAGACCC
Csfl Forward GCCCTTCTTCGACATGGCT
Reverse GTTCTGACACCTCCTTGGCA

Actb, actin, beta; //1b, interleukin 1 beta; /16, interleukin 6; Tnf,
tumor necrosis factor; Nos2, nitric oxide synthase 2; Cc/2, C-C
motif chemokine ligand 2; Csf2, colony stimulating factor 2;

Csf1, colony stimulating factor 1.

Detection of the Nucleus Transition of NF-xB p65 in
Rat BMDMs Using Immunofluorescence

BMDMs were seeded into a 12-well plate. Then, cells
were fixed with 4% paraformaldehyde diluted with PBS.
Then, the cells were permeated with 1% Triton 100 for 0.5
hours, followed by the addition of 2% BSA for 1 hour.
The NF-kB p65 antibody (1:400) was incubated overnight.
Then, cells were incubated with secondary antibody at 25
°C for 1.5 hours away from light, washing 3 more times,
DAPI was added and incubated at 25 °C for 5 min away
from light. After DAPI was removed, PBST was used to
wash 4 times. Finally, the cells were observed under a fluo-
rescence microscope (BX43, OLYMPUS, Tokyo Metropo-
lis, Japan), and the nucleus transition of NF-xB p65 was
quantified based on Manders’ Coefficients using Image-Pro
Plus (version 6.0, Media Cybernetics, Silver Springs, FL,
USA).

NF-xB Transactivation Assay

The transcriptional activity of NF-xB in BMDMs fol-
lowing COI treatment was measured using the luciferase
reporter gene technique. BMDMs were seeded into a 12-
well plate. Once the cells became adherent, the culture
medium was discarded and replaced with culture medium
containing the Lipofectamine 2000 transfection reagent and
either a NF-xB luciferase reporter plasmid or a pGMLR-
CMV luciferase reporter plasmid. The cells were incu-
bated for 6 h. Subsequently, exposure to LPS + IFN-vy and
COI or TAK242 was performed separately for 24 h, and
the cells were collected. Lysis buffer was added to lyse
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Fig. 2. Coixol (COI) treatment improved rheumatoid arthritis in CIA rats. (a,b) Arthritis score and paw volume. (c) HE staining

showed that COI reduced pathological changes in the ankle joint (total magnification: 40Xx), black arrows indicated inflammatory cell

infiltration, red arrows indicated abnormal synovial fibroblast proliferation, and yellow arrows indicated synovial tissue injury. (d)

Histopathology scores were assigned to the ankle joints. (e—g) COI treatment resulted in declined levels of IL-173, IL-6 and TNF-a. ##,
p < 0.01, compared to NC group; *, p < 0.05 and **, p < 0.01, compared to CIA group. NC, normal control; CIA, collagen-induced
arthritis; MTX, Methotrexate; L-COI, low-dose coixol; M-COI, middle-dose coixol; H-COI, high-dose coixol; IL-18, interleukin-13;

IL-6, interleukin-6; TNF-«, tumor necrosis factor-a, HE, hematoxylin-eosin.

the cells, and a Dual-Luciferase Reporter Gene Assay Kit
was used to measure the luciferase fluorescence intensity
of firefly and renilla using a multimode microplate reader
(Varioskan Flash, ThermoScientific, Waltham, MA, USA).
NF-xB transcriptional activity was the ratio of luciferase
fluorescence intensity of firefly to that of renilla. Luciferase
activity was normalized to the activity of the internal con-
trol.

Data Analysis

SPSS (version 22.0, IBM, Armonk, NY, USA) was
used for statistical analysis. All data were shown as mean
=+ standard deviation (SD). Statistical differences were an-
alyzed using the one-way analysis of variance followed by
Tukey’s HSD test. Statistically significant was considered
with a p value less than 0.05.
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Fig. 3. Coixol treatment altered the polarization of macrophages (M) in the spleen and synovium of CIA rats. (a—d) COI reduced
the levels of M1Me-related factors iNOS, (C-C motif) ligand 2 (CCL2), GM-CSF, and M-CSF in the serum of CIA rats. (e,f) FCM
results indicated that COI reduced the proportion of M1Mey to My in the spleen. (g,h) Immunofluorescence results indicated that COI
reduced the proportion of M1M¢ to M in the synovium (total magnification: 200x). ##, p < 0.01, compared to NC group; *, p < 0.05,
** p < 0.01, and ns, p > 0.05, compared to CIA group. iNOS, inducible nitric oxide synthase; CCL2, chemokine (C-C motif) ligand
2; GM-CSF, granulocyte macrophage colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; FCM, flow cytometry;
DAPI, 4’ ,6-diamidino-2-phenylindole.
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Results

Therapeutic Effects of Coixol on Collagen-Induced
Arthritis Rats

After 28 days of treatment, the arthritis index and
paw volume of the rats in the CIA group were higher than
those of the rats in the NC group (p < 0.01, respectively)
(Fig. 2a,b). However, both MTX (p < 0.01) and COI (p <
0.05 in the low-dose coixol (L-COI) group, and p < 0.01
in middle-dose coixol (M-COI), high-dose coixol (H-COI)
groups) treatments significantly improved the arthritis in-
dex and paw swelling. HE staining revealed degeneration
and necrosis in synovial cells, abnormal synovial fibroblast
proliferation, as well as inflammatory cell infiltration in the
synovial tissue. The joint cavity was narrowed with aggre-
gates inside, and the histopathology scores of ankle joints
were increased (p < 0.01). These symptoms were signif-
icantly attenuated in the COI and MTX treatment groups,
and the histopathology scores were decreased to varying
degrees after COI and MTX treatment (p < 0.01, respec-
tively) (Fig. 2¢,d). Furthermore, the levels of TNF-q, IL-6,
and IL-1/ in serum were higher in the CIA than in the other
groups (p < 0.01, respectively) (Fig. 2e—g). Nevertheless,
both MTX and COI treatments could decrease the levels of
serum inflammatory factors to varying degrees (p < 0.05
in the L-COI group, and p < 0.01 in MTX, M-COI, H-COI
groups). In the COI treatment group, H-COI showed the
most significant therapeutic effect, which was not signifi-
cantly different from that of the MTX (p > 0.05).

Effects of Coixol on the Polarization of Spleen and
Synovial My Cells in Collagen-Induced Arthritis
Rats

The CIA group has significantly increased serum lev-
els of pro-inflammatory factors iNOS, CCL2, GM-CSF,
and M-CSF compared to the NC group (p < 0.01, respec-
tively). However, both H-COI and MTX treatment signifi-
cantly lowered these levels (p < 0.01, respectively). Ad-
ditionally, COI also showed a dose-dependent therapeu-
tic effect (Fig. 3a—d). FCM analysis of spleen cells re-
vealed a significant increase in the ratio of CD11bTCD68™
in the spleen of CIA rats compared to that in the NC
group, indicating an increase in M1M levels in the spleen
(» < 0.01, respectively). In contrast, both H-COI and
MTX significantly reduced the ratio of CD11b+CD68T
cells in the spleen (p < 0.01, respectively) (Fig. 3e,f). Im-
munofluorescence (IF) results showed that the expression
of CD11bTCD68™ positive cells in the synovial tissue of
the CIA group increased compared to that in the NC group
(p < 0.01, respectively). However, both H-COI and MTX
significantly reduced the expression of CD11bTCD68"
positive cells in the synovial tissue (p < 0.01, respectively)

(Fig. 3g,h).
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Effects of Coixol on the Polarization of BMDM in
Rats

The MTT results showed that 10, 50, and 100 uM of
COl treatment did not affect the cell viability of rat BMDMs
(p > 0.05, respectively) (Fig. 4a). Therefore, COI concen-
trations of 10, 50, and 100 uM were chosen to study BMDM
polarization.

To induce M1Mgy polarization in BMDMs, LPS was
combined with IFN-v, and COI was added at different con-
centrations. FCM results suggested an increase in the ratio
of CD11b™CD68™ cells in BMDMs upon treatment of LPS
combined with IFN-v (p < 0.01), indicating successful in-
duction of M1M¢p. Meanwhile, 10 uM, 50 uM and 100 uM
of COI treatment decreased the ratio of CD11bTCD68™
cells (p < 0.05, p < 0.01, and p < 0.01, respectively)
(Fig. 4b,c). Furthermore, the levels of inflammatory factors
including IL-153, TNF-«, IL-6, iNOS, CCL2, GM-CSF, and
M-CSF in the supernatant of induced BMDMs increased
compared to those in untreated cells (p < 0.01, respectively)
(Fig. 4d—j). COI treatment resulted in a reduction in the
levels of inflammatory factors, suggesting that it inhibits
MI1Mg polarization. To confirm this, the TLR4 inhibitor
TAK?242 was selected as a positive control, and no signifi-
cant difference was found between TAK242 and COI at the
concentration of 100 uM in regulating the polarization of rat
BMDMs. Thus, we speculated that COI regulates the polar-
ization of rat BMDMs through the TLR4/NF-xB pathway.
To test this hypothesis, we applied COI at the concentration
of 100 uM in the following experiments.

Inhibitory Effects of Coixol on the TLR4/NF-x.B
Signaling Pathway in Rat BMDMs

The levels of TLR4, phosphorylated 1xB, p65 and
MyDS88 in cells from different groups were determined us-
ing western blotting to observe the inhibitory potential of
COI on TLR4/NF-xB pathway in rat BMDMs (Fig. 5a—
e). The results suggest that the relative levels of TLR4,
phosphorylated 1B, p65 and MyD88 in rat BMDMs in-
duced by LPS combined with IFN-v were higher than those
in the NC group (p < 0.05 for p-p65/p65 and p < 0.01
for other proteins expression). Furthermore, mRNA lev-
els of interleukin 1 beta (//1b), interleukin 6 (//6), tumor
necrosis factor (7nf), nitric oxide synthase 2 (Nos2), C-
C motif chemokine ligand 2 (Ccl2), colony stimulating
factor 2 (Csf2), and colony stimulating factor 1 (Csf7) in
the cells increased to various degrees (p < 0.01, respec-
tively), indicating the activation of TLR4/NF-xB pathway
in BMDMs (Fig. 5f-1). COI or TAK242 administration re-
markably decreased the relative levels of TLR4, phosphory-
lated IxB, p65 and MyD88 (p < 0.01, respectively). More-
over, mRNA levels of the related inflammatory factors sig-
nificantly decreased as well (p < 0.01, respectively). Fur-
thermore, no significant differences were found between
COI and TAK242 treatment in above-tested indicators (p
> 0.05, respectively).
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Effects of Coixol on NF-kB p65 Activation in Rat
BMDMSs

The effects of COI on NF-xB p65 activation in rat
BMDMs were tested using immunofluorescence staining
and luciferase reporter assay. The results suggested that
LPS combined with IFN-v increased the positive expres-
sion of NF-xB p65 in the nucleus in rat BMDMs com-
pared to untreated cells (p < 0.01). However, both COI
and TAK242 reduced the positive expression of NF-xB p65
in the nucleus (p < 0.05, respectively) (Fig. 6a,b). Fur-
thermore, the luciferase reporter assay suggested that the
transcriptional activity of NF-xB in rat BMDMs induced by
LPS combined with IFN-v was also increased compared to
that in the NC group (p < 0.05), and both COI and TAK242
reduced it (p < 0.05) (Fig. 6¢).

Discussion

In this study, the therapeutic potential of COI on RA
was tested on a CIA rat model. The CIA rat model is widely
utilized as a classic and reliable model for studying RA, as
it effectively reproduces the autoimmune response to col-
lagen tissue, providing valuable insights into the systemic
and chronic progressive nature of RA [26-28]. The CIA
rat model closely resembles human RA in terms of clinical
symptoms, pathological changes, and immune responses.
The model exhibits several pathological features such as

symmetric joint involvement, distal limb joint invasion, in-
flammation due to synovial proliferation, pannus forma-
tion, and the destruction of cartilages and bones [29,30].
Inflammatory cytokines have been widely reported to be
involved in the development of RA. TNF stimulates the
formation of osteoclasts and subsequent degradation of the
bone and cartilage [31,32]. TNF strongly induces the re-
lease of other pro-inflammatory mediators, including IL-
18, IL-6, and GM-CSF [33]. Blocking TNF results in a
rapid decrease in circulating IL-6, which aligns with the hi-
erarchical structure of functional cytokines in the body [34].
IL-6 plays a key role in regulating T-cell migration and acti-
vation, as well as downstream inflammatory responses [35].
Studies on the synovial tissue have shown that blocking
IL-6 reduces the expression of several chemokines while
promoting the expression of repair-promoting factors [36—
38]. IL-1 also plays a crucial role in the mechanisms of
synovitis and the progressive joint damage leading to RA
[39]. Blocking IL-15 has been proposed to facilitate the
treatment of certain complications in RA patients [40]. Our
research demonstrated that COI treatment significantly im-
proves the arthritis index and reduces paw volume in CIA
rats, while significantly lowering the serum levels of in-
flammatory factors. Additionally, COI ameliorated damage
and erosion of the synovial tissue in rats, while reducing the
infiltration of inflammatory cells. The conventional drug
for RA treatment, MTX, was also tested [41]. MTX has
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multiple therapeutic roles in RA, such as folic acid antago-
nism, regulation of inflammatory signal transduction path-
ways, bone protection, and maintenance of immune system
functionality [42]. No significant differences were detected
between MTX and H-COl treated rats in terms of improving
CIA and reducing inflammation.

The polarization of M plays a vital role in RA [43]
and the inflammatory process in the peripheral blood and
synovial tissue is mediated and sustained by M1Mys [44].
M1Mys are characterized by high expression of CD86, and
CD80, and secretion of various kinds of pro-inflammatory
mediators [45]. Important markers of M1 My activation in-
clude iNOS and CCL2, which are significantly elevated in
the serum of RA patients [46,47]. Additionally, GM-CSF
and M-CSF are cytokines secreted by M [48], and the lev-
els of both GM-CSF and M-CSF are elevated in RA pa-
tients [49]. The synovial membrane contains My and infil-
trating monocyte-derived My, which play a crucial role in
chronic synovitis in RA [50]. These cells regulate immune
responses, release pro-inflammatory mediators involved in
the inflammatory cascade, activate osteoclasts and fibrob-
lasts, and contribute to joint damage and the chronic na-
ture of the disease [4,51]. The crosstalk between activated
MI1Mgp and Thl cells promotes the production of various
pro-inflammatory mediators including TNFa, IL-1/5, IL-
23, IL-6, CXCLs, and CCLs [4]. The spleen also plays
a crucial role in regulating systemic inflammation. The
spleen receives signals from the parasympathetic nervous
system, and the activation of the vagus nerve might inhibit
spleen My from producing TNF-« via the celiac-superior
mesenteric plexus [52]. Therefore, the depletion of M1 My
in target organs could serve as a promising biomarker for
therapeutic response [53]. Here, we demonstrated that
COI treatment significantly improves the levels of pro-
inflammatory factors iNOS, CCL2, GM-CSF, and M-CSF
in the serum, while reducing the number of M1My in the
spleen and synovial tissue in CIA rats. In addition, COI
was found to reduce the ratio of BMDM polarizing toward
M1Me¢ upon induction by LPS and IFN-v, as well as the
levels of multiple released inflammatory factors. These
findings indicate that COI can inhibit the M1 polarization
of M. Furthermore, the effects of COI at certain concen-
trations were not significantly different from those of MTX
in vivo or the TLR4 inhibitor TAK-242 in vitro.

TLRs belong to the heterogenous receptor family, and
are expressed in cytoplasm or on cell membrane of antigen-
presenting cells, including My [54,55]. They play a cru-
cial role in recognizing pathogen-associated molecular pat-
terns to initiate host defense against infections. TLR4 is a
key member involved in pathogen recognition [56]. Ad-
ditionally, TLR4 expression on My facilitates the recogni-
tion of RA-associated endogenous antibodies. This triggers
intracellular signal transduction involving proteins such as
MyD88, 1B, and p65 and thereby leads to NF-«B acti-
vation and rapid transcription of pro-inflammatory genes
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[57,58]. Here, we found that COI reduces the levels of pro-
teins involved in the TLR4/NF-xB pathway in rat BMDMs
challenged with LPS and IFN-v in vitro. Additionally, we
found that COI reduces the mRNA levels of a series of intra-
cellular inflammatory factors. Furthermore, we found that
COI reduced the nucleus transition and transcriptional ac-
tivity of NF-kB p65. All these findings suggest that the
effects of COI may be associated with the regulation of the
TLR4/NF-xB signaling pathway.

Conclusions

COI exhibits a significant therapeutic effect on RA.
The anti-inflammatory mechanism of COI on RA is associ-
ated with inhibiting TLR4/NF-xB-mediated M 1M polar-
ization.
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