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Introduction

Genistein alleviates rheumatoid arthritis by
inhibiting fibroblast-like synovial exosome
secretion regulated by the Rab27/nSMase2/Mfge8
pathway

Jiadia Liu, 2 Jinyang Shi, 2 Sijia Niu,? Ziyan Liu,® XinHua Cui,® Yuli Song,®
Xudong Tang,® Junwen Fan,® Hongyue Xu,® Wanlu Yu,® Mingmei Zhu,? Baochun Lu,?
Ning Liao,? Danping Peng,? Yang Wang*® and Lu Yu (2 %@

Genistein (GEN), the predominant soy isoflavone in legumes, exhibits potential anti-rheumatoid arthritis
(RA) effects. This study aims to explore the role of GEN in alleviating RA by regulating exosome secretion
and the inflammatory microenvironment through the Rab27/nSMase2/Mfge8 pathway in collagen-
induced arthritis (CIA) mice and in vitro. In vivo studies revealed that GEN treatment significantly reduced
paw swelling in CIA mice and protected the integrity of knee and ankle joints in CIA mice. GEN sup-
plementation caused a significant decrease in the levels of MMP-9 and pro-inflammatory factors TNF-a,
IL-1p and IL-6. GEN also significantly diminished the expressions of $-catenin and exosomal Dvl3 and
miR-221-3p in fibroblast-like synoviocytes (FLS). Molecular docking results showed that GEN had strong
binding energy with Rab27a, nSMase2 and Mfge8, the key regulators of exosome secretion, respectively,
which was confirmed by CETSA and DARTS detection. In vitro mechanism analysis demonstrated that
GEN treatment simultaneously downregulated the expression of Rab27a, nSMase2 and Mfge8, and phe-
notypic analysis verified that GEN prevented the secretion of Alix*Hsp70*CD63" exosomes induced by
type Il collagen (Cll) from FLS. Further analysis showed that GEN inhibited the expression of the Wnt sig-
naling pathway protein p-catenin and exosomal Dvl3 in FLS. Additionally, GEN inhibited Cll-induced
secretion of MMP-9 and TNF-q, IL-1p and IL-6 in FLS, and GEN also significantly inhibited Cll-induced
FLS migration. Notably, GEN inhibited the expression of miR-221-3p in FLS exosomes and enhanced
osteoblast differentiation and mineralization in vitro. Collectively, this study clarified that GEN alleviates RA
by inhibiting the secretion of FLS exosomes regulated by the Rab27/nSMase2/Mfge8 pathway and by inhi-
biting DvI3/p-catenin and miR-221-3p.

visible alterations, becoming inflamed and hyperplastic, which
facilitates the infiltration of inflammatory factors into the adja-

Rheumatoid Arthritis (RA) is a chronic, systemic autoimmune
disorder characterized by sustained synovial inflammation,
leading to damage of the articular cartilage and underlying
bone." In RA, the endothelial layer of the synovium exhibits
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cent cartilage and bone.” Consequently, this inflammatory
process often results in swollen and painful joints, with stiffness
that is typically more pronounced in the morning or following
prolonged periods of inactivity.> Synovial fibroblasts (FLS), par-
ticularly those derived from RA patients (RA-FLS), play a pivotal
role in the pathogenesis of RA.*> Activated FLS are central to per-
petuating chronic inflammation, contributing to joint destruc-
tion, and facilitating the pathology to adjacent, unaffected
joints.*” These fibroblasts regulate tissue homeostasis and
orchestrate the inflammatory response by producing an array of
cytokines, chemokines, and matrix metalloproteinases (MMPs)
that amplify the recruitment and activation of inflammatory and
immune cells.® Furthermore, FLS actively attract monocytes and
possess the capacity to autonomously mediate cartilage degra-
dation, under their critical involvement in the progression of RA.’

Food Funct, 2025, 16, 1407-1422 | 1407


http://rsc.li/food-function
http://orcid.org/0000-0002-5216-3843
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo05730a&domain=pdf&date_stamp=2025-02-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo05730a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO016004

Open Access Article. Published on 03 February 2025. Downloaded on 1/11/2026 1:12:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

In terms of mechanisms, exosomes are small extracellular
vesicles that mediate intercellular communication by transfer-
ring biomolecules. RA-FLS-secreted exosomes can degrade
bone and cartilage through direct metalloproteinase activity or
autocrine induction of MMPs released from FLS. RA-FLS exo-
somes contain a membrane-bound tumor necrosis factor
(TNF), which has an autocrine effect and subsequently stimu-
lates the transcription factor-xB (NF-kB) signaling pathway.®
In addition, microRNAs are also thought to play an important
role in RA pathogenesis."'™** MicroRNAs (miRNAs or miRs) are
small non-coding RNAs that interact with complementary
sequences in target miRNAs’ 3' untranslated region (3-UTR),
leading to translational repression or degradation of these
mRNAs."* Dysregulation of miRNAs in FLS, osteoblasts, and T
lymphocytes contributes to joint destruction by promoting
inflammation, degrading the extracellular matrix, and modu-
lating the invasive behavior of cells, thereby facilitating disease
progression.”® Exosomes have gained recognition as crucial
vehicles for miRNA delivery. The expression levels of miRNA
such as miR-221-3p have been shown to correlate with the
disease stage and activity in conditions such as RA.'* In par-
ticular, miR-221-3p was reported to be induced in a TNF-
driven model of arthritis and FLS from RA patients,'® and
over-expression of miR-221-3p suppresses calvarial osteoblast
differentiation and mineralization in vitro."?

Existing studies indicate that Rab27a, Mfge8 and nSMase2
are critical exosome secretion and function mediators signifi-
cantly influencing disease pathogenesis by regulating intercel-
lular signaling and immune responses.’””° Inhibition of
nSMase significantly diminishes exosome secretion; however,
it does not completely abrogate this process.”® Targeting
Rab27a further reduces the vesicular secretion of certain estab-
lished exosome markers, including CD63, Tsg101, Alix and
Hsc70, while leaving the secretion of others, such as Mfges,
unaffected.'®?* Therefore, the simultaneous targeting of
nSMase2, Rab27a and Mfge8 is likely to substantially inhibit
exosome secretion and attenuate their functional impacts.
Dvl3 (dishevelled-3), a protein that plays a key role in the Wnt
signaling pathway, is involved in promoting the phenotypic
transformation of RA-FLS.** Exosomal DvI3 has been shown to
exacerbate cartilage destruction and apoptosis in collagen-
induced arthritis (CIA), additionally influencing downstream
activities of p-catenin and RhoA.*> Thus, targeting nSMase2,
Rab27a and Mfge8-regulated FLS exosome secretions and sub-
sequently inhibiting exosomal Dvl3 and FLS fp-catenin as well
as exosomal miR-221-3p may yield novel insights and thera-
peutic strategies for managing RA.

While several medications are available for the treatment of
RA, their adverse side effects and high costs have prompted an
increasing number of patients to seek natural remedies.>??
Genistein (4',5,7-trihydroxy isoflavone) (GEN), a soy isoflavone
predominantly found in legumes including lupin, broad
beans, and garbanzo beans (chickpeas), has shown promise in
alleviating RA symptoms in preclinical trials.>®> Mechanisms of
GEN include the downregulation of vascular endothelial
growth factor (VEGF) and MMPs (MMP-1, MMP-2 and MMP-9)
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in CIA models.>* Additionally, GEN modulates reactive oxygen
species (ROS)/Akt/nuclear factor-kB and adenosine monophos-
phate-activated protein kinase (AMPK) pathways in human
arthritic synovioblast MH7A cells.> GEN further inhibits
TNFa-induced inflammatory responses and angiogenesis
through the IL-6/JAK2/STAT3/VEGF pathway.>® In addition,
herbal plants, such as Withania somnifera, hemp, Emblica offici-
nalis, Terminalia bellerica, etc., have been shown to have anti-
inflammatory and antioxidant activities.” Natural products
exhibiting these properties may be utilized alone or in con-
junction with established anti-arthritis therapies to enhance
the treatment of RA.> However, the precise molecular mecha-
nisms underlying anti-RA effects of bioactive ingredients,
especially GEN, remain to be elucidated.

Given these findings, we aimed to investigate the protective
effect of GEN on CIA mice and elucidate the mechanism by
which GEN alleviates the development of RA by inhibiting exo-
somal secretion and by inhibiting the Dvl3/p-catenin pathway
and miR-221-3p.

Materials and methods
Animal model of CIA

All experimental procedures followed the guidelines approved
by the Institutional Animal Care and Use Committee of Jilin
University. Male DBA/1 mice (8 weeks old) were obtained from
GemPharmatech and the animals were housed in a standard
artificial environment with a constant temperature of 24-26 °C,
50-60% humidity, well-ventilated conditions, standard food and
water supply, and artificial lighting (6.00-18.00). Mice were ran-
domly assigned to five groups (n = 8 per group): CK (control
group), CIA (bovine ClII-induced RA modelling) group, GEN-L
(CIA + Gen 10 mg kg™ ") group, GEN-M (CIA + Gen 20 mg kg™ ")
group, and GEN-H (CIA + Gen 40 mg kg™ ') group. The mice
were weighed and administered GEN every other day.

The model for RA was established following previously
reported methods.>® Briefly, 150 pg of bovine CII (Chondrex,
Redmond, WA) was dissolved in 0.01 M acetic acid overnight at
4 °C and mixed with an equal volume of complete Freund’s
adjuvant (CFA, Chondrex). A total of 0.1 mL of this emulsion
was injected intradermally into the tails of the mice. Three
weeks later, 150 pg of bovine CII was reconstituted and
injected alongside incomplete Freund’s adjuvant (IFA, Difco
Laboratories) in a 1:1 ratio at the same site. Arthritis scores
were recorded and photographed every other day starting from
day 28 of primary immunization, using a scale ranging from 0
to 3 (0 = normal; 1 = slight swelling and/or erythema; 2 =
marked swelling; 3 = ankylosis). Blood was collected from the
submandibular venous plexus of mice.

Histological examination and immunohistochemistry (IHC)

Knee and ankle joints from the model animals were excised
and subjected to histological analysis using hematoxylin and
eosin (H&E) and Safranin O staining, followed by visualization
at x200 and x400 magnification.

This journal is © The Royal Society of Chemistry 2025
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For immunohistochemical staining, synovial tissue slices
were subjected to antigen retrieval using citric acid, followed
by blocking with 5% BSA and visualization with DAB after
incubation with primary and secondary antibodies.
Histological and immunohistochemical images were acquired
using the 3D HISTECH Digital Pathology System.

Computational docking

AutoDock Vina was used to predict the binding affinity of GEN
to the active sites of exosome secretion-associated proteins
Rab27a, nSMase2, and Mfge8. AutoDock Vina scores indicate
the binding activity of GEN to the proteins, with higher nega-
tive values representing stronger binding affinity. Discovery
Studio and LigPlus software were used to visualize GEN with
Rab27a, nSMase2, and Mfge8 proteins.

Cellular thermal shift assay (CETSA)

The binding efficiency of GEN to target proteins in FLS cells
was determined by the CETSA method. FLS cells were cultured
in 100 x 20 mm dishes (5 x 10’ cells per mL). Cells were har-
vested and lysed using RIPA lysis buffer containing a protease
inhibitor cocktail, and the supernatant was collected. The
liquid portion of the sample was divided into three equal parts
and treated with DMSO and 20 pM GEN for 1 h at ambient
temperature. The proteins in the cells were then transferred to
PCR tubes and denatured by heating in a PCR instrument for
3 min at different temperatures (25, 45, 56, 65 and 80 °C).
After heating, the lysate is centrifuged at 15000 rpm for
20 min at 4 °C to separate it from the soluble fraction. The pre-
cipitate and soluble fraction were then separated in an ice
bath. We transferred the supernatant and analysed it by
SDS-PAGE and western blotting.

Drug affinity responsive target stability (DARTS)

FLS cells were treated in M-PER buffer (Thermo Fisher
Scientific Inc., Indianapolis, IN, USA, 10165921001) sup-
plemented with 1 mmol L™' NaF, 1 x protease inhibitor
mixture, and 1 mmol L™ Na;VO,. Supernatants were treated
with GEN or DMSO for 30 min, followed by centrifugation at
14 000 rpm for 15 min. After GEN incubation, 20 pg of protein
was digested in various concentrations of pronase (Roche
Diagnostics, Indianapolis, IN, USA, 10165921001) for 30 min,
and then the enzymatic digestion was stopped with 4 x sample
buffer solution and heated for 5 min at 95 °C. The samples
were analyzed by western blotting analysis.

Cell isolation and culture

Purified FLS was isolated from mouse synovial tissue by enzy-
matic digestion.”® Briefly, mixed synovial cells were obtained
from small pieces of synovial tissue and then digested with
trypsin and collagenase.”” These cells were then filtered
through nylon mesh and collected by centrifugation at 800g
for 5 min. The cells were cultured in exosome-free DMEM
(Yobibio, China) supplemented with 100 U mL™" penicillin,
100 pg mL™' streptomycin, and 10% fetal bovine serum
(Gibco, Grand Island, USA), and incubated at 37 °C under a
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humidified atmosphere with 5% CO,. We conducted experi-
ments after 3-6 passages.

We isolated cranial osteoblasts from newborn mice (post-
natal day 0 to postnatal day 2) using collagenase digestion and
maintained them under standard conditions.’**®* We co-cul-
tured primary osteoblasts and FLS, and then harvested them
for alkaline phosphatase (ALP) (Beyotime Biotechnology,
Jiangsu, China), Von Kossa staining (Solarbio, China) and
DKK2 protein expression.

Cell treatment

FLS were pretreated with GEN at the concentration required for
the experiment for 2 h, and then the cells were stimulated with
collagen type II (Sigma-Aldrich, St Louis, MO, USA) (40 pg mI™)
for 8 h.

Exosome extraction

RA-FLS seeds were placed in a 10 cm dish and incubated with
an exosome-free serum DMEM medium. The cell supernatant
was collected by centrifugation at 300 g for 10 min at 4 °C. The
supernatant was absorbed carefully, taking care to avoid inha-
lation of cells or cell fragments, and then, centrifuged again
for 3000g x 20 min at 4 °C and the supernatant was collected.
The supernatant was filtered through a 0.22 pm filter.
Subsequently, the collected supernatant was isolated and puri-
fied using an exosome isolation and purification kit (EX100C,
Shanghai Gefan Biotechnology Co., Ltd, China). Exosome sep-
aration and purification solutions were added overnight or for
>14 h, centrifuged at 4 °C for 1500g x 30 min, and then centri-
fuged at 4 °C for 1500g x 5 min, and the residual solution was
removed and resuspended with 100 pl PBS.

Transmission electron microscopy (TEM)

Exosomes precipitated in PBS were dropped into a carbon-
coated copper grid, and stained with 2% phosphotungstic acid
for 1 minute. A small portion of exosome suspension was
taken and allocated with a pipette to a copper mesh containing
a thin film (such as a carbon film copper mesh). It was air
dried for about 10-20 minutes to ensure that the sample is
evenly spread and not excessive. The prepared mesh was
placed into the sample compartment of a transmission elec-
tron microscope to prepare for observation. Observations were
then made using the TEM (Hitachi H-7650, Japan).

Immunofluorescence and confocal image acquisition

Immunofluorescence microscopy was employed to confirm the
specificity of FLS. A confocal laser scanning microscope (CLSM)
was used to identify the subcellular localization of the exosome
marker protein CD63, along with the target proteins Rab27a
(Affinity Biosciences, USA), nSMase2 (Affinity Biosciences, USA),
Mfge8 (Bioworld Technology, USA), and Dvl3 (Bioworld
Technology, USA) in FLS. Cells were grown on confocal dishes.
Upon harvesting, cells were fixed with 4% paraformaldehyde
and permeabilized with 0.01% Triton X-100 for 10 min.
Subsequently, cells were probed with primary antibodies against
vimentin (Bioworld Technology, USA), Rab27, nSMase2, Mfge8,
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and Dvl3, followed by incubation with fluorescently labeled sec-
ondary antibodies (488 nm and 594 nm). All samples were coun-
terstained with Hoechst 342 to visualize nuclei. Confocal
imaging was conducted using a Nikon confocal microscope.

ELISA assay

TNF-o, IL-1B, IL-6 and MMP9 levels were measured using
ELISA kits (Byabscience, Nanjing, China). The absorbance
value at 450 nm was measured and the sample concentration
was calculated from the standard concentration.

Real-time quantitative RT-PCR (qRT-PCR)

To assess whether GEN can inhibit the production of
microRNA-211-3p by exosomes, total RNA was extracted
from the cell supernatant (ZScience Biotechnology, USA).
Subsequently, reverse transcription followed by qRT-PCR
was conducted using the SYBR Green qPCR reagent kit
(GenePharma, Suzhou, China). Gene and miRNA expression
was normalized to cel-mir-39 or GAPDH expression.
The cel-mir-39 primer sequences were obtained from
miRbase.”® The GAPDH forward primer sequence was
ACAACTTTGGTATCGTGGAAGG; the reverse primer sequence
was GCCATCACGCCACAGTTTC.*> ¢RT-PCR was performed
under the following conditions: 95 °C for 3 min, 40 cycles of
95 °C for 12 s, and 60 °C for 40 s. The 2722 values were calcu-
lated to represent the mRNA expression levels of the genes.

Western blot analysis

Cell or tissue samples were lysed in RIPA buffer (Beyotime
Biotechnology, Jiangsu, China) supplemented with a protease
inhibitor (Pierce), and protein concentrations were determined
using the BCA method (Beyotime Biotechnology, Jiangsu,
China). Equal amounts of protein (40 pg) were separated by
10% SDS-PAGE and subsequently transferred to PVDF mem-
branes. The membranes were blocked for 1 h at room tempera-
ture. Following this, membranes were incubated overnight at
4 °C with primary antibodies, and then treated with HRP-conju-
gated secondary antibodies for 1 h at room temperature. Protein
bands were visualized using ECL fluorescence imaging.

Migration and invasion assays

The Transwell migration assay was conducted in 24-well plates
using Transwell invasion chambers (Corning, VA), following
established protocols.”* FLS were seeded, and after treatment
with established GEN and collagen type II, their number was
counted in 3-5 randomly selected areas per well to assess their
invasive capacity. After the matrix gel was embedded, the inva-
sion chamber was placed in a cell culture incubator until the
gel (Medchemexpress, USA) had fully solidified. Subsequent
steps were carried out following the standard procedures for
the Transwell migration assay.

Alkaline phosphatase assay and Von Kossa staining

Primary osteoblasts and FLS from CIA mice were extracted and
cellular alkaline phosphatase (ALP) levels were measured using
an ALP assay kit (Beyotime Biotechnology, Jiangsu, China).
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Absorbance was measured at 405 nm after 3, 7, and 14 days of
cell culture, and enzyme activity units were calculated.
Definition of the ALP activity unit: in diethanolamine (DEA)
buffer at pH 9.8, at 37 °C, every minute of hydrolysis of the
para-nitrophenyl phosphate chromogenic substrate to yield
1 pmol of p-nitrophenol per minute at 37 °C was defined as one
unit of enzyme activity.

After 14 and 21 days of culture of primary osteoblasts and
FLS, Von Kossa staining assays were performed per pro-
cedure.”® For quantitative analysis, the stains were extracted
with 10% cetylpyridium chloride (Sigma-Aldrich, St Louis, MO,
USA) in 10 mM sodium phosphate (pH 7.0) for 15 min. Von
Kossa staining was then quantified by measuring absorbance
at a wavelength of 561 nm, using a microplate reader (BioTek
Instruments Inc., Winooski, VT, USA).

Statistical analysis

Data are presented as mean =+ standard error (SE). T-test and
ANOVA tests were employed to analyse differences among
different groups. For ANOVA, Tukey’s HSD post hoc test method
was used to determine which groups had significant differ-
ences. Statistical analyses were performed using GraphPad
Prism software. A *P-value of <0.05 was considered statistically
significant, **P < 0.01 means the difference is highly significant,
and ***P < 0.001 means the difference is extremely significant.
Each experiment was repeated at least three times.

Results
GEN alleviated arthritis and inflammation in CIA mice in vivo

To examine the effects of GEN on RA, a CIA mouse model was
established (Fig. 1A). CIA mice treated with three concen-
trations of GEN all exhibited significant symptomatic improve-
ments, particularly in the hind paws, where paw thickness in
the GEN-M/GEN-H group was markedly decreased; especially,
the arthritis scores were significantly lower in the medium-
and high-dose groups compared to that in the control group
after 15 days of booster immunization (P < 0.05) (Fig. 1B). To
assess the effects of GEN on inflammatory factors in CIA mice,
ELISA was performed on mouse serum.

Subsequently, we analyzed the ankle and knee joints of CIA
mice using hematoxylin and eosin (HE) staining and Safranine
O-Fast Green Staining for pathological and morphological evalu-
ations. HE staining of the ankle joint (Fig. 1D) revealed complete
destruction of the articular cartilage in the CIA group, with chon-
drocytes absent. In contrast, the three concentrations of GEN
treatment all preserved the cartilage structure, showing an
increase in chondrocyte numbers, and the hyperplastic synovial
membranes covered the cartilage surface, forming areas of vascu-
larization. The control group exhibited no lesions. HE staining of
the knee joint (Fig. 1D) revealed similar findings, with severe
degradation of the articular cartilage in the CIA group character-
ized by a reduction in chondrocyte numbers and increased neu-
trophil infiltration. In the three GEN treatment groups, cartilage
structure was all notably protected, with a higher density of chon-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 GEN significantly alleviates the clinical symptoms and inflammation of CIA mice. (A) Representative images of hind paws from healthy, CIA,
and GEN mice. (B) Quantification of arthritis scores. (C) Serum levels of inflammatory factors in mice, measured by ELISA. (D) Hematoxylin and eosin
(HE) Staining; scale bars: upper, 100 pm; lower, 50 pm. (E) Safranine O-Fast Green Staining; scale bars: upper, 100 pm; lower, 50 um. Data are rep-
resented as the mean + SD (n = 8 in each condition). Values are shown as mean + SD. * represents comparison with the control group; # represents

comparison with the CIA group. *P < 0.05; **P < 0.01; ***P < 0.001.

drocytes and synovial membrane hyperplasia evident on the carti-
lage surface; the control group also showed no lesions.
Furthermore, Safranine O-Fast Green Staining of the knee
and ankle joints (Fig. 1E) indicated that the three concen-
trations of GEN groups all significantly preserved the integrity

This journal is © The Royal Society of Chemistry 2025

of the articular cartilage, evidenced by an increase in chondro-
cytes and diminished loss of cartilage matrix compared to the
CIA group. Histological analysis of the knee joints in the
control group revealed smooth and flat cartilage surfaces, well-
organized chondrocytes, and a uniformly stained cartilage
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matrix, with no apparent loss of cartilage integrity. In
summary, the results presented herein illustrate the beneficial
effects of GEN treatment, including a reduction in clinical
signs and serum inflammatory markers in CIA mice.

GEN decreased the expression of p-catenin, exosomal Dvl3 and
exosomal miR-221-3p in FLS from CIA mice

As mentioned above, exosomal Dvl3 has been shown to exacer-
bate cartilage destruction in CIA and influence downstream
activities of f-catenin,” and exosomal miR-221-3p is related to

A B
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the disease stage of RA'' as well as osteoblast differentiation
and mineralization.’®> We assessed the effect of GEN on the
mRNA levels of p-catenin, exosomes carrying Dvl3 and
miR-221-3p in FLS from CIA mice using qRT-PCR and the IHC
assay. The qRT-PCR results showed that the expression of
B-catenin, exosomal Dvl3 and exosomal miR-221-3p in FLS
from CIA mice were significantly higher than that in the
control group (P < 0.001, P < 0.001, and P < 0.001), while three
concentrations of GEN treatments significantly decreased
these increase (P < 0.05, P < 0.01, and P < 0.001) (Fig. 2A-C).
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Fig. 2 GEN decreases f-catenin, exosomal Dvl3 and miR-221-3p expressions in FLS from CIA mice. (A) gRT-PCR analysis of Dvl3 expression in FLS-
derived exosomes from CIA mice. (B) gRT-PCR analysis of p-catenin expression in FLS from CIA mice. (C) gRT-PCR analysis of miR-211-3p expression
in FLS-derived exosomes from CIA mice. (D) Immunohistochemical analysis of Dvl3 protein. (E) Immunohistochemical analysis of p-catenin protein.
* represents the difference from the control group; # represents the difference from the CIA group. *P < 0.05; **P < 0.01; ***P < 0.001.
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Subsequently, we employed immunohistochemistry to assess
the expression of Dvl3 and p-catenin proteins in synovial
tissues (Fig. 2D and E). Notably, no positive staining was
observed in either control group. In contrast, cells within the
CIA group exhibited pronounced dark brown coloration,
indicative of elevated protein expression. Remarkably, follow-
ing GEN treatment, there was a marked attenuation of these
positive signals. Moreover, IHC scores showed significantly
elevated Dvl3 and f-catenin expression in the synovium of the
CIA group than that of the control group (P < 0.001), while
three concentrations of GEN treatments significantly
decreased these elevations (P < 0.05, P < 0.001, and P < 0.001).
In conclusion, these data demonstrated that GEN treatment
can inhibit the in vivo expressions of p-catenin, exosomal Dvl3
and exosomal miR-221-3p in FLS from CIA mice.

GEN interacted with Mfge8, nSMase2 and Rab27a by
molecular docking in silico

AutoDock analysis Vina revealed that the binding affinity of
GEN to three exosome formation-related proteins (Rab27a,
nSMase2 and Mfge8) was below 0.0 kcal mol™". The calculated
binding energies for these interactions were —8.3 kcal mol ™" for
Rab27a, —7.5 keal mol™ for nSMase2, and —6.3 kcal mol™" for
Mfge8, indicating that Rab27a exhibited the strongest affinity
for GEN, while Mfge8 demonstrated a comparatively weaker
binding interaction. Additionally, visualization analyses con-
ducted with Discovery Studio and LigPlus illustrated the nature
of the interactions between GEN and these proteins, highlight-
ing critical hydrogen bonds and H-r interactions (Fig. 3A-C).

The CESTA WB results showed that the intensity of Rab27a,
Mfge8, nSMase2 protein in the GEN-treated group was signifi-
cantly higher than that in the DMSO group with increasing
temperature at 25-85 °C, suggesting that the Rab27a, Mfge8
and nSMase2 proteins in the GEN-treated group had higher
thermal stability (Fig. 3D). Based on the grayscale analysis of
the CESTA western blot results, it is clear that the expression of
the GEN treatment group proteins increased significantly with
increasing temperature (P < 0.001; Fig. 3E). Subsequently, we
performed DARTS experiments to identify the proteins that
bind to GEN. Through DARTS western blotting and gray value
analyses, we found that an increase in stability after GEN treat-
ment was evident in the treated group (P < 0.001, P < 0.001,
and P < 0.001; Fig. 3F and G). Generally, these results
suggested that GEN interacted with exosome secretion-related
proteins Mfge8, nSMase2 and Rab27a.

GEN inhibited the secretion of Cll-induced Alix'Hsp70*CD63"
FLS-derived exosomes through downregulating Mfge8/
nSMase2/Rab27a expression in vitro

Based on the protective effect of GEN on CIA mice, we then
explored the mechanism of RA-FLS-derived exosomes and
exosome carriers related to the occurrence of this effect. To assay
the effect of GEN on the secretion of CII-induced FLS-derived exo-
somes, we extracted and purified FLS from mouse synovial
tissue, and immunofluorescence analysis with vimentin, a
specific marker for FLS, confirmed the presence of FLS (Fig. 4A).
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Subsequently, TEM and particle size analysis confirmed the pres-
ence of CIl-induced FLS-derived exosomes with spherical three-
dimensional structures and an average particle size of 100.26 +
0.28 nm (Fig. 4B and C). Further western blot analysis showed
that the exosome markers Alix and Hsp70 were present in FLS-
derived exosomes in both the CII induction group and GEN treat-
ment group; however, no bands were observed for GAPDH or the
negative control protein calnexin (Fig. 4D and E). Notably, the
GEN treatment (20 pM) significantly reduced the expression
levels of the CIl-inducing proteins Alix and Hsp70 (P < 0.05)
(Fig. 4D and E). Then, western blot analysis revealed that GEN
resulted in significantly lower levels of key regulators of exosome
secretion such as Mfge8, nSMase2, and Rab27a proteins com-
pared to those of the ClII-induced group (P < 0.05; P < 0.05; and P
< 0.05; Fig. 4F and G). Finally, CLSM assays were used to investi-
gate the expression and co-localization between the exosome
secretion regulators Mfge8, nSMase2 and Rab27a and the
exosome marker CD63. Immunofluorescence staining showed
that the Mfge8, nSMase2, Rab27a and CD63 expression and colo-
calization between Mfge8, nSMase2, Rab27a and CD63 were sig-
nificantly increased (P < 0.01) in the CII induction group com-
pared with the control group (P < 0.05), and there was a signifi-
cant decrease in the GEN treatment group compared with the CII
induction group (Fig. 4H). Altogether, these findings suggest that
GEN inhibited the exosome secretion by reducing the expression
of Mfge8, nSMase2, and Rab27a proteins in FLS in vitro, which
may contribute to the protective effect of GEN on cartilage
destruction and inflammation in CIA mice.

GEN suppressed the expression of f-catenin and exosomal
Dvl3 in CII-induced FLS in vitro

To further investigate the impact of GEN on the Wnt signaling
pathway in FLS, we employed western blotting, qRT-PCR and
CLSM to assess the expression of key proteins involved in this
cascade. Western blot analysis revealed that the protein level
of exosomal DvI3 was significantly upregulated in ClI-induced
FLS compared with that of the control group (P < 0.01).
However, treatment with GEN resulted in a significant
reduction of exosomal Dvl3 expression (P < 0.01) (Fig. 5A). The
gRT-PCR results demonstrated similar findings in mRNA
levels (Fig. 5B). CLSM further demonstrated that DvI3 co-loca-
lized with the exosome marker CD63, with fluorescence inten-
sity significantly lower in the GEN treatment group than that
in the CII induction group (Fig. 5E). Similarly, the qRT-PCR
assay indicated there was a significant increase in the mRNA
level of p-catenin expression in FLS in both the CII induction
group and GEN treatment group compared to the control (P <
0.01, Fig. 5D). However, the mRNA level of f-catenin in FLS
was significantly decreased in the GEN-treated group relative
to that in the CII-induced group (P < 0.01), and western blot
analysis of the protein level confirmed the qRT-PCR results
(Fig. 5C and D). Collectively, these results suggest that GEN
inhibits the expression of the exosomal protein Dvl3 and
reduces downstream f-catenin levels in FLS in the Wnt signal-
ing pathway, which may contribute to the protective effect of
GEN on cartilage destruction in CIA mice.
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GEN inhibited the migration, invasion, and inflammatory
response of CII-induced FLS

To determine the effect of GEN treatment on the migratory and
invasive abilities of CIl-induced FLS, transwell migration assays
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increase (P < 0.001, and P < 0.001) (Fig. 6A and B). Meanwhile,
we found that there was no difference between the GEN group
and the CK group in migration and invasion experiments.
Western blot analysis revealed that CII significantly induced the
expression of MMP-9 (P < 0.01), while GEN treatment signifi-
cantly inhibited the expression (P < 0.05) (Fig. 6C). Consistently,
ELISA results demonstrated a substantial decrease in MMP-9
levels upon GEN administration (P < 0.01) (Fig. 6D).

Next, we assessed the impact of GEN on inflammatory factors
from CII-induced FLS. The results of ELISA analysis showed that
CII significantly induced the levels of pro-inflammatory cytokines
TNF-a, IL-1f, and IL-6 (P < 0.01, P < 0.01, and P < 0.01). In contrast,
GEN supplementation significantly inhibited the induction of CII
on these pro-inflammatory factors (P < 0.01, P < 0.01, and P <
0.01) (Fig. 6E). Collectively, these results indicate that GEN inhibits
migration, invasion, and inflammatory responses in CIl-induced
FLS, contributing to the suppression of disease progression.

GEN promoted the differentiation and mineralization of
primary osteoblasts through reducing miR-221-3p expression
in FLS-derived exosomes and subsequently inducing DKK2
expression in osteoblasts and FLS

Osteoblasts play a critical role in bone formation through the
processes of proliferation, differentiation, and mineralization.
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And miR-221-3p was found to probably suppress the
expression of Dkk2 in primary osteoblasts, and subsequent
osteoblast maturation, contributing to the inhibition of bone
formation in RA erosions.”® Thus, miR-221-3p expression in
exosomes from various groups of FLS was assessed using
gRT-PCR. The results revealed that the expression levels of
miR-211-3p in exosomes were significantly elevated following
CII induction (P < 0.01), whereas treatment with the GEN
resulted in a significant decrease in its expression (Fig. 7A;
P<0.01).

Then, primary osteoblasts were co-cultured with FLS treated
with or without CII, and the expression of DKK2 was deter-
mined by western blot analysis. After induction of CII, the
expression of DKK2 in cells was significantly decreased
(Fig. 7B; P < 0.05). However, treatment with GEN resulted in a
substantial increase in DKK2 expression in ClI-treated cells (P
< 0.05). Furthermore, alkaline phosphatase (ALP) assays and
Von Kossa staining were performed to evaluate osteoblasts’
differentiation and mineralization capabilities, and ALP assays
demonstrated that the activity of ALP in primary osteoblasts
from GEN-treated cells was markedly facilitated, with a more
pronounced promotion observed over time (Fig. 7C; P < 0.05).
Von Kossa staining showed that after 14 days of treatment with
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Fig. 7 GEN promotes the differentiation and mineralization of primary osteoblasts through differentially regulating the expression of miR-221-3p in
FLS-derived exosomes and the DKK2 expression in osteoblasts and FLS. (A) gRT-PCR analysis of the miR-211-3p expression in exosomes from FLS.
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GEN, calcified nodules formed, which exhibited a distinctly
brown coloration compared to both control and CII-induced
cells (Fig. 7D). Notably, at 21 days, the staining intensity
increased further, with cells showing a more pronounced dark
brown coloration relative to the 14 day group. At this time
point, calcium deposits in the GEN group were significantly
more abundant than those in both control and CII groups,
indicating that GEN effectively promotes the differentiation
and mineralization of primary osteoblasts. Collectively, these
findings provide robust evidence that GEN serves as a potent
inducer of osteoblast differentiation and mineralization.

Discussion

RA is a multifaceted autoimmune disorder characterized by
intricate interactions among diverse cell types and molecular
pathways.’® Despite extensive research, its pathogenesis
remains incompletely understood. FLS play a pivotal role in
RA, particularly through the release of cellular exosomes inti-
mately linked to pathological immune interactions.’ This
study elucidates the protective role of GEN, the predominant
soy isoflavone, highlighting the inhibitory effect of GEN on
FLS-derived exosome secretion in CIA mouse models and
in vitro. This finding provides a new potential mechanism for
the treatment of RA.

In terms of the in vivo experiments, our findings demon-
strate that GEN effectively mitigates inflammation and joint
damage, as evidenced by alleviated paw swelling and preserved
structural integrity of the knee and ankle joints in CIA mice.
These results support the therapeutic promise of GEN in RA
management, which is characterized by persistent inflam-
mation and degradation of joint tissues. Moreover, GEN sup-
plementation leads to a marked reduction in the levels of
MMP-9 as well as pro-inflammatory cytokines, including TNF-
a, IL-1p, and IL-6, key mediators in the pathological pro-
gression of RA. By downregulating these inflammatory factors,
GEN addresses one of the core aspects of RA pathology: the
promotion of a locally inflammatory microenvironment that
exacerbates joint damage. Moreover, we observed that GEN sig-
nificantly diminished the expression of p-catenin and exoso-
mal DvI3 in FLS, indicating its inhibitory effects on the Wnt
signaling pathway, a critical regulator of inflammation, cellular
proliferation, and migration in synovial fibroblasts.**** These
findings show striking similarities to previous studies,**** but
here we observed that GEN weakening RA correlates with
exosome secretion.

The interaction of GEN with key regulators of exosome
secretion — Rab27a, nSMase2, and Mfge8 - illustrates a novel
mechanism through which GEN may modulate extracellular
vesicle (EV) release and thereby influence intercellular com-
munication within the synovial environment."®>"*® The vali-
dation of these interactions through CETSA and DARTS under-
scores the direct impact of GEN on these molecular targets.*”

Further in vitro mechanistic studies revealed that GEN not
only downregulates the expression of Rab27a, nSMase2, and
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Mfge8, but also inhibits the secretion of Alix"Hsp70'CD63"
exosomes, a marker profile indicative of exosomes derived
from FLS.'*® This finding is particularly significant, given the
emerging role of exosomal signaling in the pathogenesis of
RA, where exosomes can propagate inflammatory signals and
contribute to joint destruction.

Additionally, GEN’s inhibition of CII-induced cell migration
and its impact on MMP-9 in FLS and miR-221-3p expression in
FLS exosomes suggest a multifaceted strategy for mitigating
RA pathophysiology. MiR-221-3p, known to regulate various
signaling pathways associated with inflaimmation and cell
differentiation, may play an integral role in the modulation of
RA-related processes."> MMP-9, an important matrix metallo-
proteinase, plays a key role in the remodeling and degradation
of the extracellular matrix. By degrading the extracellular
matrix, MMP-9 plays a facilitating role in cell migration, which
is important for cell migration and infiltration during
inflammation.**~*' Importantly, our investigation also demon-
strated that GEN enhances osteoblast differentiation and min-
eralization in vitro, a critical aspect of promoting bone health
in RA patients who often exhibit bone loss and erosive
changes due to persistent inflammation.'*** The dual action
of GEN to inhibit inflammatory mediators while promoting
bone-forming cells highlights its therapeutic potential in
addressing RA inflammation and bone pathology.

The potential clinical application of GEN in RA manage-
ment is particularly noteworthy when comparing it with exist-
ing therapies, such as non-steroidal anti-inflammatory drugs
(NSAIDs),**  disease-modifying  anti-rheumatic ~ drugs
(DMARDs),***> and biological agents. While NSAIDs and
DMARDs primarily focus on reducing symptoms and inhibit-
ing disease progression, they may be limited by side effects
and may not fully address the underlying pathological mecha-
nisms, such as exosome-mediated inflammation. In contrast,
GEN’s mechanism of action, particularly its ability to inhibit
exosome secretion and modulate inflammatory pathways, may
complement these existing therapies by targeting one of the
root causes of RA pathology: aberrant immune interactions
facilitated by exosomes. Moreover, due to its natural origin
and relatively favorable safety profile, GEN could potentially
enhance patient compliance compared to synthetic therapies,
making it an attractive adjunct treatment. In addition, GEN
could work synergistically with current therapies,’® such as
methotrexate or biologics, by providing a multi-targeted
approach for RA management. Such a combination could opti-
mize therapeutic outcomes, while minimizing the adverse
effects associated with higher doses of conventional
medications.

Despite these promising findings, this study has limitations
that must be addressed in future research. The long-term
effects of GEN on joint health and its potential impact when
combined with existing RA therapies require further investi-
gation in clinical settings. Additionally, while our in vitro and
in vivo studies provide valuable insights, more comprehensive
clinical trials are needed to confirm the efficacy and safety of
GEN in RA patients. Future studies should also explore the
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specific mechanisms underlying the synergy between GEN and
conventional RA therapies, as well as the potential for indivi-
dualized treatment approaches based on patient-specific
factors, such as genetic markers and disease severity. Further
elucidation of the full spectrum of GEN’s effects is essential,
including its pharmacokinetics and dynamics in RA patients.
In summary, GEN holds significant potential as a comp-
lementary therapy in RA, addressing unmet needs in current
therapeutic strategies. Continued research into its mecha-
nisms, clinical applications, and potential synergy with exist-
ing treatments will be critical in advancing RA management.
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