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Abstract:

Allyl methyl sulfone (AMSO,) is an oxidative metabolite derived from allyl methyl sulfide, a major garlic
component. AMSO, has been demonstrated to exert anti-inflammatory and antioxidative effects; however,
its effect on arthritis has not yet been thoroughly studied. Overactivation and uncontrolled proliferation of
synoviocytes are the major causes of arthritis progression, which is characterized by persistent
inflammation. In the present study, we found that AMSO, could alleviate the osteoarthritis (OA)
progression in mice models, and inhibit inflammatory response in tumor necrosis factor a (TNFa)-
stimulated human fibroblast-like synoviocytes (FLSs) by suppressing the expression of cytokines and
chemokines, such as C—C motif chemokine ligand 2 (CCL2), interleukin (IL)-6, interleukin (IL)-8. AMSO,
also reduced oxidative stress by downregulating the expression of inducible nitric oxide synthase (iNOS)
and inhibiting the production of reactive oxygen species (ROS). Furthermore, the expression and secretion
of matrix metalloproteinases were significantly reduced by AMSO,. This study also showed that the effect
of AMSO; on FLSs was exerted through the nuclear factor kappa-B (NF-«kB) signaling pathways, with
SLC7A11 and glutathione peroxidase 4 (GPX4) being the downstream factors. Overall, these findings
indicate that AMSO, regulates synovial inflammation in arthritis, thereby serving as a potential target for
arthritis treatment.
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1. Introduction

Arthritis is a degenerative joint disease that causes
stiffness, pain, and even activity limitation in
patients; it affects more than 240 million people
worldwide (Katz, Arant, & Loeser, 2021). The
progression of arthritis is characterized by
synovial inflammation, cartilage damage, and
subchondral bone thickening. Under normal

conditions, fibroblast-like synoviocytes (FLSs)
constitute the intimal layer of the synovial
membrane and function to ensure smooth joint
articulation (Mathiessen & Conaghan, 2017). In
recent years, the contributions of FLSs to arthritis
development have gained increasing attention,
such as in rheumatoid arthritis (RA) and
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osteoarthritis (OA). In chronic inflammation,
FLSs become dysregulated and hyperproliferative
and transform into an aggressive phenotype,
thereby promoting joint destruction (Perez-Garcia
et al., 2019). In addition, the accumulation of
FLSs in the intima leads to synovial hyperplasia
and secretion of cartilage-degrading enzymes,
such as matrix metalloproteinases (MMPs) (Qin et
al., 2022). Therefore, FLSs can be considered a
target for arthritis treatment. However, the
pathogenic role of synovial tissue inflammation in
early and advanced arthritis remains unclear.

Inflammatory cytokines are critical mediators in
the pathological process of OA (Mathiessen &
Conaghan, 2017). Notably, tumor necrosis factor
a (TNFa) stimulates FLS activation (Mathiessen
& Conaghan, 2017; (Xie & Chen, 2019) and
releases interleukin (IL)-6, IL-1pB, cyclooxygenase
2 (COX-2), and prostaglandin E2 (PGE2) (S. Liu
et al., 2019). A recent study demonstrated that C—
C motif chemokine ligand 2 (CCL2) was elevated
in patients with OA, thereby contributing to
monocyte and macrophage recruitment (Haraden,
Huebner, Hsueh, Li, & Kraus, 2019).
Furthermore, knockout of C—C motif chemokine
receptor 2 (CCR2) alleviated OA-induced
inflammation and pain in mouse models (Raghu et
al., 2017). The secreted cytokines have been
reported to promote monocyte recruitment, which
further aggravates tissue inflammation injury and
leads to arthritis progression (Chen et al., 2019).

The nuclear factor kappa-B (NF-xB) signaling
pathway is one of the most important regulators of
inflammation. Persistent NF-kB activation has
been demonstrated to increase the expression of
TNFa, IL-6, IL-8, CCL2, and MMPs, thereby
promoting OA progression (Bao et al., 2020). In
addition, the NF-kB signaling pathway promotes
cystine uptake and cellular (glutathione) GSH
production, thereby protecting synovial fibroblasts
from lipid peroxidation and ferroptosis (S. Li et
al., 2021). Thus, inhibiting NF-xB pathway
activation is an attractive treatment approach for
arthritis.

Our previous studies have demonstrated that
organosulfide compounds exert anti-inflammatory
and oxidative effects (G. Yang et al., 2020). Allyl
methyl sulfone (AMSO,) is a major metabolite of
aged garlic extract in vivo (Y. Liu et al., 2019).
Major components of garlic, such as allyl methyl
sulfide (AMS), S-allyl-L-cysteine, and S-

allylmercaptocysteine (SAMC), were quickly
metabolized in rat erythrocytes through the
mechanisms of reduction, methylation, and
oxidation (Y. Liu et al., 2019; (M. Yang et al.,
2018). Studying the properties of these
metabolites is necessary for further drug
development and therapeutic target discovery.
Previous research has demonstrated that AMSO,
exerts anti-inflammatory and anti-oxidative
effects as well as antiapoptotic effect in lung
injuries in rats via the ERK/p38 MAPK and NF-
kB signaling pathways (A. Li et al., 2018).
However, the pharmacological effect of AMSO,
in arthritis and its underlying mechanism need to
be elucidated further.

In this study, we conducted both in vivo and in
vitro experiments to assess the role of AMSO; in
OA model, and using human FLSs stimulated
with  TNFa to mimic the inflammatory
microenvironment of arthritis. Our findings
indicated that AMSO, exerted modulatory effects
on inflammation, oxidative stress, and cartilage
degradation in TNFa-treated FLSs. Verification of
the mechanism of AMSO, can facilitate the
development of therapeutic approaches for
patients with arthritis.

1. Materials and Methods
2.1 Reagents

AMSO, (718203) (Fig. 1A), with a purity of 96%,
and TNFa (T6674) were obtained from Sigma-
Aldrich  (USA). PS-1145 (GC17603) was
purchased from GlpBio (USA). Rabbit anti-
SLC7A11 (26864-1-AP) and rabbit anti-B-actin
(20536-1-AP) were purchased from Proteintech
(USA). Rabbit anti-GPX4 (ab125066) was
purchased from Abcam (USA). Rabbit anti-Lamin
Bl (D4Q4Z) (#12586), rabbit anti-NF-xB p65
(C22B4) (#4764), and rabbit anti-IkBa (#9242)
antibodies were purchased from Cell Signaling
Technology (USA).

2.2 Cell Culture and Treatment

Human monocytic cell line (THP-1) was obtained
from the cell bank of Chinese Academy of
Sciences (Shanghai, China). THP-1 cells were
cultured in RPMI 1640 medium (BI, Israel)
supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin/streptomycin
(Solarbio, China) at 37°C and 5% CO:..

FLSs were isolated and cultured as previously
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described (Dasuri et al., 2004) from the synovial
tissue collected from 10 patients undergoing hip
or knee replacement. The age of the patients with

OA was between 51 and 67 years, and 4 and 6 of
them were men and women, respectively (Table
S1).

Table S1. Characteristics of OA individuals for isolation of synovial fibroblasts.

Sex Age Disease Surgery
Female 60 hip OA THR
Male 57 knee OA TKA
Female 62 knee OA TKA
Female 70 knee OA TKA
Female 62 knee OA TKA
Male 57 hip OA THR
Female 51 hip OA THR
Male 65 knee OA TKA
Male 66 knee OA TKA
Female 66 knee OA TKA

* OA: osteoarthritis; THR: total hip replacement; TKA: total knee replacement.

The collected tissues were diced and digested in
0.15% trypsin at 37°C for 2 h. The trypsinized
samples were then incubated in 3 mg/mL
collagenase type | at 37°C overnight.
Subsequently, the cells were centrifuged and
suspended in Dulbecco’s Modified Eagle
Medium/Ham’s F-12 (DMEM/Ham’s 12, BI,
Israel) supplemented with 10% FBS, 2 mM L-
glutamine (Gibco, USA), and 1%
penicillin/streptomycin overnight. The
nonadherent cells were discarded, and the
adherent cells were cultured in fresh medium at
37°C in 5% CO;, until the cell layers were
confluent. All experiments were conducted in
accordance with the ethical principles of the
World Medical Association Declaration of
Helsinki for Medical Research Involving Human
Subjects, and written informed consent was
obtained from all participants. The study protocol
was approved by the ethics committee of
Shandong Provincial Hospital (NO. 2022-819).

2.3 Cell Viability Assay

Cell viability was assessed via CCK8 assay. In
brief, cells (2 x 10%/well) were plated in 96-well
plates and treated with 10 ng/mL TNFa in the
presence or absence of AMSO, for 24 h. Then, 10
uL of WST-8 solution was added to the treated
cells and incubated at 37°C and 5% CO, for
additional 4 h. Cell viability was detected by
measuring absorbance at 450 nm using a
microplate reader (BioTek Synergy 2, USA).

2.4 Monocyte Adhesion Assay

Monocyte adhesion to FLSs was evaluated using
fluorescence-labeled THP-1 cells as previously
described (Ishii et al., 2018). In brief, FLSs were
seeded in 24-well plates overnight and treated
with TNFa (10 ng/mL) in serum-free DMEM for
16 h. The THP-1 cells were labeled with
CellTracker CMFDA (C2925, Invitrogen) and
cocultured with FLSs for 15 min at 37°C. Then,
each well was washed three times with phosphate-
buffered saline (PBS) to separate nonadherent
monocytes. The adherent cells were quantified by
measuring fluorescence at an excitation of 485/20
nm and emission of 528/20 nm wusing a
fluorescence plate reader (Bio Tek Synergy 2,
USA).

2.5 Real-time Polymerase Chain Reaction

Total RNA was extracted from FLSs using
QIAzol reagent (Qiagen, Germany) in accordance
with the manufacturer’s instructions. NanoDrop
spectrophotometry was used to determine the
quantity and quality of the extracted RNA. For
RT-PCR, 2 pg of total RNA was reverse-
transcribed to produce cDNA using an iScript RT-
PCR Kit from Bio-Rad (USA). The synthesized
cDNA was used to detect the mRNA expression
of the target genes via real-time PCR on an ABI
7500 Real-Time PCR platform (Applied
Biosystems, USA) using the SYBR Green
method. Glyceraldehyde-3-phosphate
dehydrogenase was wused as the internal
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housekeeping gene. The relative expression levels
of the target genes were calculated using the

274t method. Table 1 presents the primer

sequences of targeted genes.

Table 1. The primer sequences of targeted genes for real-time PCR.

Homo Forward Reverse

sapiens

MMP-1 5-GCCAGATTTGCCAAGAGCAG-3' 5-GCTTGACCCTCAGAGACCTT-3'

MMP-3  5'- 5'-
GATGCCCACTTTGATGATGATGAA- AGTGTTGGCTGAGTGAAAGAGACC-
3’ 3’

MMP-  5-TCTTCGGCTTAGAGGTGACTG-3" 5-CAGAGGAGTTACATCGGACCA-3’

13

IL-6 5'-GAAAGCAAAGAGGCACT-3’

IL-8 5'-GGCTTGCTAGGGGAAATGA-3'

CCL2 5'-CAGCCACCTTCATTCCCCAA-3'
CCL5 5'-TCATTGCTACTGCCCTCTGC-3’

5'-TTTCACCAGGCAAGTCTCCT-3'

5'-
AGCTGACTCTGACTAGGAAACTT-3'
5'-GGACACTTGCTGCTGGTGAT-3'
5'-TCGGGTGACAAAGACGACTG-3'

GAPDH 5'-CACATGGCCTCCAAGGAGTAA-3" 5'-

TGAGGGTCTCTCTCTTCCTCTTGT-3'

2.6 Western Blot Analysis

Proteins from cells were lysed using RIPA lysis
and extraction buffer (25 mM Tris—HCI [pH 7.6],
150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) or NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (78833,
Thermo Scientific, USA), with the protease and
phosphatase inhibitor cocktail (ab201119, Abcam,
USA). Subsequently, the cells were centrifuged at
15,000 x rpm at 4°C for 15 min, and the
supernatant was collected for analysis. Then, 20
[g protein was separated according to size via
SDS-PAGE and transferred onto PVDF
membranes. Then, the membranes were blocked
with 5% non-fat milk in 10 mM Tris—HCI
containing 150 mM NaCl and 0.5% Tween 20
(TBS-T) for 1 h. Next, the membranes were
washed with TBS-T three times and incubated
with primary antibodies (1:1,000) overnight at
4°C, followed by thorough washing with TBS-T
and incubation with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Blots
were  developed using an  enhanced
chemiluminescence detection kit (Amersham,
USA).

2.7 Enzyme-linked
(ELISA)

Specific ELISA Kits, including Human MMP-1
ELISA Kit (Cat#SEKH-0251, Solarbio, Beijing),
Human MMP-3 ELISA Kit (Cat# SEKH-0254,

Immunosorbent Assay

Solarbio, Beijing), and Human MMP-13 ELISA
Kit (Cat#SEKH-0259, Solarbio), were used to
determine the protein secretion of the target genes.
In brief, 2 x 10° cells/cm?® were seeded into 6-well
plates and incubated for 24 h. Then, the
supernatants were collected and subjected to
ELISA analysis using the kits in accordance with
the manufacturer’s instructions. The results were
calculated using a standard curve.

2.8 Determination of Reactive Oxygen Species
(ROS) Production

The production of ROS was determined using the
probe  dichlorodihydrofluorescein  diacetate
(DCFH-DA) (S0033M, Beyotime). After the
indicated treatment, the cells were washed with
PBS and incubated with 10 uM DCFH-DA at
37°C for 30 min in the dark. Subsequently, the
cells were imaged wusing a fluorescence
microscope (Nikon). The fluorescence intensity of
the stained cells was quantified using the Image J
software (NIH, USA).

2.9 Animal Model

The study involved 20 male C57BL/6 mice, aged
8 weeks, sourced from the Beijing Vital River
Laboratory Animal Technology Co., Ltd. The
animals were housed under standard conditions,
with a 12-hour light-dark cycle and access to food
and water ad libitum. Unilateral knee
osteoarthritis ~ was  induced  using  the
destabilization of the medial meniscus (DMM)
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procedure, as previously described. During the
surgical procedure, mice were anesthetized with
isoflurane and oxygen under sterile conditions. A
small incision (3-5 mm) was made in the medial
para-patellar region of the right hind limb. The
joint capsule adjacent to the patellar tendon was
then carefully incised to expose the medial
meniscotibial ligament (MMTL). The MMTL was
subsequently transected to induce DMM.

Mice were randomly divided into 5 treatment
groups. Each group underwent consecutive intra-
articular injections, with the initial injection
administered 7 days post-DMM surgery. AMSO,
were dissolved in sterile saline containing 20%
HP-B-CD (Hydroxypropyl B Cyclodextrin), and
the experimental group received AMSO, (100
mg/kg) (Jiang et al., 2024) with intra-articular
injection three times per week for the subsequent
five consecutive weeks. At the end of treatment,
animals were euthanized, and knee joints were
collected for histological analysis.

Animal experiments were conducted following
the guidelines of the National Research Council's
Manual for the Treatment and Utilization of
Laboratory Animals. All the experiments were
also approved by the Animal Care and Use
Committee of Shandong Provincial Hospital (NO.
2022-819).

2.10 Pathological Examination

The knees were initially fixed in a 4%
paraformaldehyde fix solution for 72 hours.
Subsequently, they were decalcified using an
EDTA solution (EDT-X, Solarbio) over a period
of 28 days, after which they were embedded in
paraffin wax. For the assessment of cartilage
damage, frontal sections with a thickness of 6 um
were prepared. These sections were stained with
hematoxylin and eosin (H&E), Safranin O and
Fast Green (SF) dyes, and Toluidine Blue O (TB).
Cartilage degeneration was evaluated by three
blinded observers based on the guidelines
provided by the Osteoarthritis Research Society
International (OARSI).

2.9 Data Collection

All microarray data were downloaded from the
Gene Expression Omnibus (GEO) database

(http://www.ncbi.nih.gov/geo). Raw data were
downloaded as MINIML files. Box plots are
drawn by boxplot. The R software package
“goord” was used to draw PCA plot.

2.10 Statistical Analysis

Data from all experiments are presented as mean
* standard deviation (SD). Statistical analysis was
conducted using SPSS wversion 21.0. For all
experimental results, one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test
was used to assess differences between the
groups. P values <0.05 were considered
statistically significant.

2. Results

3.1 AMSO; Inhibited the Expression of MMPs
in FLSs

To select the appropriate dose of AMSO,, a wide
range of doses (10, 50, 100, 200, 500, 800, and
1,000 uM) was used in the CCK8 assay. AMSO,
exhibited low toxicity to FLSs even at the highest
dose (1,000 uM) (Fig. 1B).

Overproliferation of FLSs induces extracellular
matrix ~ (ECM)  synthesis and  synovial
hypertrophy, which causes chronic pain and
stiffness, a symptom of late-stage arthritis. MMPs
are well recognized as the main substances
involved in collagen cleavage and cartilage
destruction. ROS overproduction is closely
associated with cartilage damage (Bolduc,
Collins, & Loeser, 2019). TNFo and oxidative
stress promote MMP production in inflammatory
FLSs; MMP-1, MMP-3, and MMP-13 have been
demonstrated to play significant roles in arthritis
development. Therefore, we determined the effect
of AMSO; on the TNFa-induced expression of
MMPs. In FLSs treated with TNFo alone, the
MRNA expression of MMP-1, MMP-3, and
MMP-13 increased by 3.5-, 3.8-, and 4.1-folds,
respectively, whereas AMSO, dose-dependently
reduced the expression of these three enzymes by
roughly 2-fold (Fig. 1C). Similar results were
obtained for the protein expression of MMP-1,
MMP-3, and MMP-13 (Fig. 1D). Thus, AMSO,
may inhibit  cartilage  degradation by
downregulating MMP production in inflammatory
FLSs.
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Figure 1. Effects of AMSO; on TNFa-induced matrix metalloproteinase (MMP) changes in fibroblast-
like synoviocytes (FLSs). (A) Molecular structure of allyl methyl sulfone (AMSO,). (B) Cell viability
was measured via CCK8 assay of AMSO,-treated FLSs. FLSs were stimulated with TNFo (10 ng/mL)
in the presence or absence of AMSO; for 24 h. (C) mRNA levels of MMP-1, MMP-3, and MMP-13.
(D) The protein expression of MMP-1, MMP-3, and MMP-13 was measured by ELISA. All
experiments were conducted in triplicate. *, P < 0.05 vs. control group; **, P < 0.01 vs. control group;
#, P <0.05 vs. TNFa group; ##, P <0. 01 vs. TNFa group.

3.2 AMSO, reduced ROS Production and
Oxidative Stress in FLSs

Oxidative stress is often involved in the
pathophysiological process of OA and promotes
synovial inflammation, chondrocyte apoptosis,
and ECM degradation (Cai et al., 2021). ROS
overproduction in FLSs leads to oxidative stress
and is closely associated with cartilage damage
(Bolduc et al., 2019). ROS production was
determined using the dye DCFH-DA. After
treatment of FLSs for 24 h, ROS production was
increased by TNFa alone by roughly 3.5-fold and
decreased by AMSO, by 2.6-, 1.9-, and 1.3-folds
at concentrations of 10, 50, and 100 uM,

respectively (Fig. 2A). These results suggest that
AMSO, regulates the oxidant/antioxidant
imbalance of OA-FLS.

In OA synovium, INOS induces local
overproduction of NO, thereby promoting
inflammation, angiogenesis, and joint damage
(Ostojic, Zevrnja, Vukojevic, & Soljic, 2021).
Next, we measured the expression of iNOS in
FLSs exposed to TNFa in the presence or absence
of AMSO,. TNFa was found to increase iNOS
expression by nearly 2-fold. In cells treated with
AMSO,, INOS expression was further increased
in FLSs (Fig. 2B).
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Figure 2. Effects of AMSO; on TNFa-induced oxidative stress in FLSs. FLSs were stimulated with
TNFa (10 ng/mL) in the presence or absence of AMSO; (10, 50, and 100 pM) for 24 h. (A) The
production of reactive oxygen species (ROS) was measured using DCFH-DA probe. Scale bar: 100
pm. (B) iNOS expression was examined via western blotting. All experiments were conducted in
triplicate. *, P < 0.05 vs. control group; **, P <0.01 vs. control group; #, P <0.05 vs. TNFa group; ##,
P <0. 01 vs. TNFa group.

3.3 AMSO; Reduced the Expression of
Inflammatory Cytokines and Chemokines and
Induced Monocyte Adhesion to FLSs

ROS production has been suggested to contribute
to proinflammatory and immune responses.
Previous research revealed that inhibition of the
expression of cytokines and chemokines produced
by synoviocytes alleviated the symptoms of
patients with RA (Nygaard & Firestein, 2020). In
TNFa-induced FLSs, the mRNA levels of
proinflammatory  cytokines IL-6 and IL-8
increased by 4.3- and 3.6-folds, respectively (Fig.
3A). However, AMSO, dose-dependently reduced
their expression. On the other hand, the mRNA
levels of chemokines CCL2 and CCL5 increased
by 7.1- and 3.1-folds, respectively (Fig. 3B).
Nevertheless, AMSO, reduced the production of
chemokines, particularly CCL2. Thus, AMSO; is
suggested to alleviate inflammation by inhibiting

proinflammatory cytokines and chemokines.

Activated FLSs are the main cause of
inflammatory cytokine release, which
consequently  influences immune  response
(Mateen, Zafar, Moin, Khan, & Zubair, 2016).
Cytokines and chemokines, particularly CCL2,
intercellular adhesion molecule (ICAM), and
vascular cell adhesion molecule (VCAM), attract
monocytes to the joint cavity of patients with OA
(Chen et al.,, 2020). To explore the immune
response of AMSO; in the regulation of TNFa-
induced FLS inflammation, monocyte adhesion
assay was conducted. In this study, THP-1 cells
were used as a model to examine monocyte
adhesion to FLSs. Consistent with the anti-
inflammatory effect of AMSO; in TNFa-induced
FLSs, AMSO; reduced the adhesion of THP-1
cells to FLSs (Fig. 3C).
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Figure 3. Effects of AMSO; on TNFa-induced expression of cytokines and monocyte adhesion in
FLSs. FLSs were stimulated with TNFa (10 ng/mL) in the presence or absence of AMSO; (10, 50, and
100 pM) for 24 h. (A) mRNA level of IL-6 and IL-8; (B) mRNA level of CCL2 and CCLJ5. (C) FLSs
were then incubated with CMFDA-labeled human THP-1 cells for 30 min. Adhesion of THP-1 cells
was observed under a microscope (scale bar: S0 pm) and assessed using a fluorescence plate reader.
All experiments were conducted in triplicate. *, P < 0.05 vs. control group; **, P < 0.01 vs. control
group; #, P <0.05 vs. TNFa group; ##, P <0. 01 vs. TNFa group.

3.4 AMSO, Activated the NF-kB Signaling
Pathway in FLSs

AMSO; is the metabolite of SAMC in vivo. As
previously reported, SAMC regulates the
Nrf2/NF-xB pathway in OA (G. Yang et al.,
2020). The NF-kB proinflammatory pathway is a
major regulator of inflammation in OA and other
inflammatory diseases. Exposure of FLSs to
TNFa increased the nuclear level of NF-kB p65
while downregulating IxB, indicating the
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Figure 4. Effects of AMSO; on the regulation of the NF-kB pathway of TNFa-induced FLSs. (A) FLSs
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activation of the NF-xB signaling pathway;
however, AMSO, reversed this effect (Fig. 4A).

To verify the mechanism of AMSO,, PS1145 was
used to inhibit IKK-mediated IxB
phosphorylation. In TNFa-treated FLSs, AMSO.-
triggered NF-xB activation was inhibited by
PS1145 (Fig. 4B). Thus, the effects of AMSO;
may be mediated by regulating the NF-xB
pathway in FLSs.
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were stimulated with TNFa (10 ng/mL) in the presence or absence of AMSO, (50 uM) for 6 h. The
nuclear levels of NF-kB p65 and cytosolic levels of IkB were tested via western blotting; lamin B1 and
B-actin were used as internal controls. (B) The IxB kinase (IKK) inhibitor PS1145 was used in
AMSO,-treated FLSs to test the protein expression of NF-kB p65 and IkB. Data were expressed as
mean £ SD. All experiments were conducted in triplicate. *, P < 0.05 vs. control group; **, P <0.01 vs.
control group; #, P <0.05 vs. TNFa group; ##, P < 0. 01 vs. TNFa group; &, P < 0.05 vs.
TNFa+AMSQO; group.

3.5 SLC7A11 is the Downstream Target of
AMSO,-treated FLSs

To investigate the association between NF-kB and
ferroptosis in OA synovium, human synovia from
healthy individuals and those with OA were
analyzed from the data of the GEO dataset
GSE1919; ferroptosis-related genes (Table S2) are
presented in a heatmap (Fig. 5A-B).
Antiferroptosis genes (Gpx4 and Slc7all) were
found to be elevated in the synovial tissues of
patients with OA compared with those of healthy
individuals (Fig. 5C). SLC7A11l is a component

of the Xc-transporter for cysteine/glutamine and
regulates the GPX4 axis to balance the lipid ROS
levels, thereby contributing to ferroptosis. The
expression of SLC7A11 and GPX4 was examined
in AMSO.-treated FLSs. Similar to the changes of
NF-kB, AMSO, decreased the expression of
SLC7A11 and GPX4 in inflammatory FLSs (Fig.
5D). However, inhibition NF-kB activity by
PS1145, enhanced AMSO2-triggered ferroptosis
(Fig. 5E), indicating the effects of AMSO;
mediated ferroptosis of inflammatory FLSs
through the NF-xB pathway.

Table S2. The ferroptosis-related genes in human synovium from healthy and OA patients from GEO

data sets GSE1919.

Ssrou NA :\Iorma :\Iorma :\Iorma :\Iorma :\Iorma OA OA OA OA OA
Pval GSM3 GSM3 GSM3 GSM3 GSM3 GSM3 GSM3 GSM3 GSM3 GSM3
ue 4379 4383 4385 4388 4391 4393 4394 4395 4396 4397

acsla 0.15 3.4219 3.6722 3.4896 3.9269 4.5532 7.4977 7.5642 35386 57903 3.7330
079 9 5 7 9 7 6 8 3 4

alox1 0.05 2 895 3.0927 21710 2.9239 4.7573 3.7494 49474 3.4642 3.9309 5.6058

5 556 ' 9 4 2 8 5 6 6 8 5

atpb5 0.00 8.6897 8.6763 8.5536 8.0027 8.4747 72209 70.588 106.21 72.220 83.129

mc3 794 7 3 ' 2 8 7 7 8 3 8

cars 0.00 7 4295 77780 7.9077 7.6263 8.1927 43.837 46.910 43.678 38.324 35.183
794 3 6 6 8 7 1 4 6 7

cdkn  0.00 10.378 10.107 10.472 9.4399 10.594 13599 77.974 136.78

la 794 7 5 3 9 9 4 2 65048 4 115.2

o 0.00 8.7639 89712 9.0813 8.4801 9.1326 95.494 97 458 74933 94589 77.284
794 1 9 4 3 8 9 ' 2 6 8

dppd 1 43107 3.9726 3.2245 3.8166 2.7017 4.4282 2.7969 2.6063 3.4242 5.0295

4 2 4 8 4 9 5 2 1 6

emc2 0.00 3.9726 47765 5.6642 5.0165 3.7407 13.806 9.7632 10.604 10.919 13.808
794 2 1 1 3 9 1 5 8 7

fdftl 0.00 6.3083 5.6921 6.1373 5.6978 6.1294 17.594 14.432 16.059 14.181 12.249
794 6 8 9 9 9 1 5 2 5 8

gls2 1 2.1710 2.0189 1.3977 1.3977 4.1322 1.0531 3.6920 1.9151 3.0559 1.7101

4 7 6 6 2 6 1 2 6 4

gpx4 0.00 10.095 10.472 10.100 9.4933 9.6882 246.66 203.36 219.92 264.25 235.00
794 7 3 4 5 8 6 2 9 9 8

hspa 0.00 9.2587 9.7541 9.2948 108.19 112.43 100.44 110.64

5 294 9.5482 9.7034 1 3 9 3 9 3 3 90.756

hspb 0.01 11.328 11.277 11.293 11.315 11.277 472.86 423.20 379.41 508.61 472.86

1 167 2 6 2 9 6 2 6 1 2 2

Ipcat 0.00 6.3738 6.9832 6.3050 6.4635 7.2082 16.756 23.951 18.135 22.733  22.647
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3 794 9 5 9 9 8 2 6 6
mtl 0.00 6.8610 7.1545 6.9833 7.6013 8.322 17.326  19.130 41.254 39.884 55.792
9 704 o 5 4 8 ' 5 3 6 4 9
ncoa 0.00 75627 8.3446 9.2141 8.8858 7.3139 138.79 12298 81.346 62506 113.32
4 794 2 8 6 1 3 5 9 4 2 7
nfe2l 0.00 7.4988 7.5157 7.3646 49186 66.347 42915 45.428 45,141
2 794 1 9 7.8679 9 7 9 8 8 37.913 5
0.00 12.007 11.858 11.743 11.846 815.07 84419 797.92 736.53
rpl8 794 5 9 11.773 1 5 836.63 3 6 6 7
0.00 7.8490 7.5318 37.617 33.761 154.27 29.676 36.928
satl 294 7 5 7.4295 7.1118 7.0002 7 5 4 7 8
sicla 0.00 85861 8.2946 8.6231 8.1760 89131 49.213 54469 48.961 90.531 43.372
5 794 3 2 7 6 6 5 1 3 9 4
sicta  0.00 49905 5.9912 54086 5.8953 54275 12.089 19.026 11.109 14.392 15.953
11 794 9 5 2 8 6 8 1 1 7 2
tfre 0.00 5.0298 45932 4.0151 3.7671 3.6735 7.7357 7.4578 9.1682 8.2484 11.134
794 1 8 9 3 2 6 2 2 I 3
1000 C
wilcox tests p=0.0079
. Group 20 5
. 250 % 15 - ‘
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Figure 5. AMSO; regulated SLC7A11/GPX4 in TNFa-treated FLSs. (A) Boxplot of normalized data
from the GEO dataset GSE1919. Rows represent samples, and columns represent gene expression
values in the samples. (B) Heatmap of ferroptosis-related genes in synovial tissues (accession no.
GSE1919, n = 5/group) between healthy individuals and patients with OA. Different colors represent
the trend of gene expression in different samples. Statistical differences between the two groups were
compared using the Wilcoxon test. *P < 0.05, **P < 0.01, ***P < 0.001. (C) The boxplots show the
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expression distribution of Gpx4 and Slc7all in synovial tissues (accession no. GSE1919, n = 5/group)
between healthy individuals and patients with OA. Statistical differences between the two groups were
compared using the Wilcoxon test (**P < 0.01). (D) The protein expression of SLC7A11 and GPX4 in
AMSO; (50 pM)-treated FLSs was examined via western blotting. (E) The protein expression of
SLC7A11 and GPX4 in the presence of PS1145 of AMSO; (50 uM)-treated FLSs. SLC7A11,
cystine/glutamate transporter; GPX, glutathione peroxidase. Data were expressed as mean = SD. All
experiments were conducted in triplicate. *, P < 0.05 vs. control group; **, P < 0.01 vs. control group;
#, P <0.05 vs. TNFa group; ##, P <0. 01 vs. TNFa group.

3.6 AMSO, ameliorated OA development in
the DMM-induced mice model

To evaluated the effect of AMSO; on subchondral
bone remodeling in OA progression, the
destabilization of the medial meniscus (DMM)
was used to induce knee osteoarthritis (Fig. 6A).
Following 35 days consecutive AMSO2 (100
mg/kg) administration, histological analyses were
conducted. H&E, SF and TB staining were

performed to evaluated the change of cartilage
morphology and proteoglycan content (Fig. 6B-
D). The OARSI score was significantly elevated
(P<0.001) in the DMM group, with substantial
proteoglycan loss and surface erosion (Fig. 6E).
However, the AMSO,; treatment alleviated the
morphology destruction, with restored surface
smoothness and cartilage thickening after DMM,
which showed a protective role in subchondral
bone remodeling in OA progression.

Sacrificed

A DMM surgery-
induced OA model
71
f \
£ Ll
i |
c 74 Intra articular
\ / injection
AMSO,
(100 mg/kg/d)
0 week 1 week

6 week

B Sham OA

OA + AMSO,

OA + AMSO,

OA AMSO,

rCe)

OARSI (scol

OA + AMSO,

T g

Figure 6. AMSO, ameliorates DMM-induced joint deterioration. (A) Schematic diagram of animal
model establishment. Representative images of H&E (B), SO-FG (C) and TB (D) staining of knee joint
sections from Sham, OA, AMSO,, and AMSO,-treated OA mice. Scale bar: 50 pm. (E) OARSI scores

of the different groups. **, P < 0.01 vs. Sham group; #, P < 0.05 vs. OA group.

damage, excessive ECM deposition, and synovial
inflammation. In the present study, we
demonstrated the effect of AMSO; on oxidative

3. Discussion
Arthritis is characterized by articular cartilage
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and inflammatory responses in inflammatory
FLSs. Arthritis is frequently characterized by
synovial inflammation, and FLSs secrete a large
number of chemical mediators that accelerate OA
progression (R. Wang et al., 2021). Overactivated
FLSs in the intima stimulate fibrogenesis via
excessive ECM component deposition, leading to
synovial hyperplasia. Furthermore, FLSs secrete
cartilage-degrading enzymes, such as MMPs,
thereby affecting the structure of the synovial
membrane and leading to joint destruction. TNFa,
one of the major proinflammatory cytokines in
arthritis pathogenesis, activates overproliferation
of synovial fibroblasts (Wu et al., 2022). In this
study, TNFa-stimulated FLSs were used to mimic
inflammatory ~ circumstances  in  arthritis
progression.

AMSO; is a major metabolite of garlic in vivo; it
has been demonstrated to alleviate inflammation
in acute lung injury (A. Li et al., 2018). In this
study, the potent capacity of AMSO, was
evaluated during the progression of OA; and the
role of AMSO, in the regulation of oxidative
stress and inflammation was further verified in
TNFa-treated FLSs. AMSO, reduced the
production of ROS and iNOS, and downregulated
the expression of MMP-1, MMP-3, and MMP-13
in TNFa-stimulated FLSs. The effect of AMSO,
have been mediated by the reduced production of
chemokines, such as CCL2 and CCL5, leading to
reduced monocyte infiltration in TNFa-treated
FLSs.

Cartilage degradation is a well-recognized driving
factor in the pathogenesis of arthritis. MMPs play
a central role in the degradation of ECM
collagens, which are overproduced from synovial
cells, chondrocytes, and osteoblasts under
inflammatory conditions. MMP-13 displays a
preference for type Il collagen (Davidson et al.,
2006). MMP-1 and MMP-13 degrade type Il
collagen; they were originally referred to as
collagenases 1 and 3, respectively; conversely,
MMP-3 degrades both type Il and IV collagen by
disrupting collagen telopeptide cross-link. FLSs
are activated by TNFa to secrete MMP-1, MMP-
3, and MMP-13 (Chwastek, Kedziora, Borczyk,
Korostynski, & Starowicz, 2022). So far, it is
unclear how AMSO, affects MMP expression.
The present study found that AMSO; significantly
reduced TNFo-induced MMP  expression,
suggesting the ability of AMSO, to inhibit

cartilage degradation. These results indicate the
potential role of AMSO; in reducing oxidative
stress and maintaining ECM balance in arthritis.

Upon exposure to TNFa, FLSs secrete
proinflammatory cytokines, including IL-6, IL-8,
and IL-1PB, which initiate a signaling cascade to
activate adaptive immune response (Liu, Feng,
Wang, Zhao, & Li, 2017). TNFa further promotes
ROS production, leading to oxidative stress.
Oxidative stress, in turn, leads to increased ROS
production in inflammatory joints, thereby
promoting a positive feedback loop and long-term
oxidative damage (Quinonez-Flores, Gonzalez-
Chavez, Del Rio Najera, & Pacheco-Tena, 2016).
Nitric oxide (NO) and iNOS have been shown to
modulate ROS production in OA (Ahmad, Ansari,
& Haqgqi, 2020). In TNFa-treated FLSs, AMSO,
reduced the expression of ROS and iNOS.

Proinflammatory cytokines and chemokines play
crucial roles in various inflammatory diseases,
including arthritis. CCL2 and IL-8 are potent
recruiters of immune cells to the synovium and
regulators of inflammatory response in RA
(Yadav, Saini, & Arora, 2010). CCL2 binds to G
protein-coupled receptors on monocytes to
promote their activation and migration, whereas
IL-8 attracts neutrophils to the synovium and has
been considered the most important chemokine
involved in arthritis. Our findings indicated that
AMSO; significantly suppressed the expression of
CCL2, IL-6, and IL-8 in inflammatory FLSs.

Inflammatory cytokines activated monocytes and
macrophages and further increased immune cell
recruitment to the synovium to promote cell
damage. Monocyte-attracting cytokines, including
CCL2 and TNFa, are implicated in OA and RA
via mediation of monocyte migration (Mukai et
al.,, 2021). Our study also demonstrated that
AMSO; could inhibit THP-1 monocyte adhesion
to inflammatory FLSs.

Recent studies have reported that promoting FLS
apoptosis can prevent RA progression, which
involves sirtl translocation (Gu et al., 2016) and
NF-kB activation (R. Wang et al.,, 2021). In
synovial fibroblasts, NF-xB and mitogen-
activated protein (MAP) kinase/activator protein 1
(AP-1)  (c-Fos/c-Jun) play pivotal roles
downstream of TNF. TNFa expression is induced
by the activation of the NF-«xB and MAPK
pathways (Campbell et al., 2004). In this study,
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we found that AMSO; ameliorated the increase in
p65 activation and translocation induced by
TNFa. PS1145 inhibits NF-kB translocation from
the cytoplasm to the nucleus by impeding IxB
kinase (IKK)-mediated IxB phosphorylation
(Raskatov et al., 2012). The NF-xB pathway was
blocked by PS1145 in AMSO,-triggered FLSs.
Thus, the effects of AMSO, may be mediated by
the regulation of the NF-«kB pathway in FLSs.
These results indicate that AMSO; significantly
inhibits the regulation of the NF-kB pathway,
thereby suppressing the overactivation of FLSs
under TNFa-induced inflammatory synoviocytes.

It has been demonstrated that NF-kB p65 can
directly bind to SLC7A11 promoter, thus
activating SLC7A11 transcription (Y. F. Wang et
al., 2023). Based on the dataset GSE1919,
SLC7A11 showed an obvious upregulation in OA
synovium compared with normal. We supposed
that the NF-xB p65/SLC7A11 signaling pathway
is the major pathway in TNFa-stimulated FLSs
with AMSO,. Consistent with the changes in NF-
kB p65, AMSO, decreased SLC7A1ll and the
downstream protein GPX4 expression in
inflammatory FLSs.

Finally, in vivo study was conducted to access the
effect of AMSO, by using surgical-induced
subchondral bone destruction. The results showed
that the DMM surgery induced cartilage
degeneration, while AMSO, treatment mitigated
the progression of OA.

4. Conclusions

Taken together, our findings suggest that AMSO,
has a potential effect in OA protection, and the
effect was mainly mediated through the inhibition
of cartilage degradation caused by the
inflammatory response and oxidative stress of
FLSs. In this study, AMSO, suppressed the
expression of SLC7A11 by targeting NF-xB p65;
however, the underlying mechanism needs to be
investigated in future studies. These results
suggest that AMSO, may be used to treat
inflammatory diseases with low toxicity.
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