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Objective: This study aimed to investigate the role of sex differences and androgen regulation in the development of arthritis,
focusing on their effects on gut microbiota, metabolic profiles, and immune responses in the SKG mouse model of arthritis.
Methods: Eight-week-old male and female SKG mice were injected with zymosan to explore sex-related differences in arthritis
progression. Androgen regulation was assessed in 4-week-old male SKG mice through castration and sham surgeries. Flow cytometry,
16S rDNA sequencing, metabolomics, histopathology, and immunofluorescence were used to evaluate immune responses, microbiota
composition, and metabolic alterations.

Results: Sex differences significantly impacted immune cell composition, particularly dendritic cells (DCs), in the mesenteric and
popliteal lymph nodes. Male mice exhibited an increased proportion of conventional type I DCs (cDC1), while female mice displayed
a higher proportion of conventional type II DCs (¢cDC2). Androgen deprivation in male mice worsened disease severity, with reduced
¢DCI1 cells and increased inflammatory infiltration. Sex differences also influenced gut microbiota, with higher levels of Lactobacillus
in females, and castrated males resembling females in microbiota composition. Metabolomic analysis revealed significant sex-related
differences, with lactate showing the most pronounced androgen-related changes. Additionally, androgen regulated hypoxia inducible
factor-1 alpha (HIFlo) expression in mucosal DCs, promoting an immune tolerance phenotype.

Conclusion: This study highlights the significant role of sex and androgen regulation in arthritis development, revealing complex
interactions between hormones, microbiota, and immune regulation. These findings suggest new avenues for sex-specific therapeutic
strategies and precision interventions targeting microbiota and metabolic modulation in arthritis and other autoimmune diseases.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disorder with an unclear etiology. It is characterized by progressive joint
inflammation, pain, and deformities. In advanced stages, these manifestations can lead to functional disability, severely
impairing patients’ quality of life." RA is characterized by a significant sex disparity in prevalence, with females exhibiting
a markedly higher incidence—approximately two to three times that of males.' Previous studies suggest that sex hormones,
mainly estrogen and androgen, play a crucial role in the sexual dimorphism observed in RA susceptibility.”* However, the
downstream mechanisms by which sex factors influence immune regulation in arthritis pathogenesis are not fully understood.
Accumulating evidence suggests significant sexual dimorphism in the gut microbiota composition.* As a vital interface
between the external environment and the host’s internal environment, alterations in gut microbial composition, known as
dysbiosis, have been identified as key environmental factors closely linked to arthritis development.” The gut microbiota
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plays a crucial role in the mucosal immune system, interacting with immune cells in the gut to maintain both local homeostasis
and systemic immune balance.'® Moreover, specific bacterial taxa in the gut microbiota regulate immune responses by
degrading dietary macromolecules and producing metabolites or vesicles that function as signaling molecules, interacting with
immune cells and displaying distinct immunomodulatory properties depending on microbial abundance.''™"* When the gut
microbiota undergoes compositional changes, immune cells in the gut, such as DCs, respond to microbial-derived metabolic
signals. This leads to the activation or suppression of immune responses. These changes are transmitted through the gut-joint
axis, ultimately influencing the phenotype of arthritis.'>'” Given these findings, sex-related differences in gut microbiota
composition may influence host immune responses. However, research on the role of sex-specific gut microbiota differences
and microbiota-derived metabolites in arthritis pathogenesis has not been fully explored.

To explore these dynamics, we aim to investigate the role of sex in modulating arthritis phenotypic differences
through the gut microbiota using SKG arthritis-prone mice.'® By comparing disease progression in male and female SKG
model mice, as well as in male mice undergoing orchiectomy (androgen depletion), following induction with zymosan,
we analyzed the composition of the gut microbiota and its related metabolites, along with the accompanying immune cell
changes. Our results offer new insights into the complex interactions among sex, gut microbiota, and metabolic factors
and the immune system in the context of arthritis pathogenesis.

Methods

Mice and Disease Induction

SKG mice were obtained from Clea Japan. These mice were maintained in a specific-pathogen-free (SPF) facility
throughout the experimental period. All research protocols were approved by the Animal Ethics Committee of Peking
Union Medical College Hospital. The animal ethics committee approval number is XHDW-2023-054. The SKG mouse
model of arthritis was initiated by injecting zymosan (Sigma-Aldrich, Z4250) intraperitoneally at a dose of 2 mg per
mouse when they were 6 weeks old. Throughout the experiment, disease activity scores and body weights of the SKG
mice were regularly monitored. Upon completion of the study, the SKG mice were euthanized in a humane manner.
Arthritis severity was assessed using clinical scores as outlined in Supplementary Table 1.°

Androgen-Deprivation Surgery

4-week-old male SKG mice were randomly assigned to either the castration group or the sham-operation group for the
androgen-deprivation surgical procedure. Prior to surgery, mice were anesthetized by intraperitoneal injection of pentobarbital
sodium at a dose of 50 mg/kg. In the castration group, the testes were removed after disinfection of the surgical site, while in
the sham-operation group, no testicular excision was performed to serve as a control for the surgical procedure itself. This
surgery imposed certain traumatic stress on mice. Mice that die within two weeks post-surgery will be excluded from the
study. Following a 2-week postoperative observation period, at 6 weeks of age, each SKG mouse in both groups received an
intraperitoneal injection of 2 mg of the zymosan solution to induce arthritis. After inducing arthritis, photographs were taken of
the hind-paw joints, mesenteric lymph nodes (MLN), and popliteal lymph nodes (PLN) to document the morphological
changes. Colon and joint tissue samples were also collected for histological evaluation.

Histopathology

The lower-limb joints and colon tissues from SKG mice model were fixed in 4% paraformaldehyde, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin (HE). Pathologists, blinded to the group assignments, scored
the samples based on criteria from Supplementary Table 2 for joint pathology’ and Supplementary Table 3 for intestinal

pathology."®

Flow Cytometry

The MLN and PLN tissues of SKG mice were dissected at the experimental endpoint. The tissues were ground thoroughly to
dissociate the cells, and the resulting cell suspension was passed through a 100-um cell filter to obtain a single-cell suspension.
After that, the cells were blocked with TruStain FcX PLUS anti-mouse CD16/32 (BD Pharmingen cat.553141) at 4 °C for
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10 minutes. The blocked cells were stained with LIVE/DEAD dye (Biolegend cat. 423105) to label dead cells, followed by
staining with AF700 anti-mouse CD45 (Biolegend cat.103128), APC anti-mouse CD11c (Biolegend cat.117310), PE anti-
mouse CDI11b (Biolegend cat. 101208), BV421 anti-mouse MHCII (Biolegend cat. 107632), AF488 anti-mouse CD103
(Biolegend cat. 121408), and BV605 anti-mouse Ly-6G (Biolegend cat.117310) for 30 minutes. After staining, the cells were
washed and resuspended in phosphate-buffered saline (PBS) containing ethylenediaminetetraacetic acid (EDTA) and bovine
serum albumin (BSA). Flow cytometry was performed using an Invitrogen Attune NxT flow cytometer. The flow cytometry
gating strategy followed Supplementary Figure 1A, and acquired data were analyzed with FlowJo software (Version 9).

16S rDNA Sequencing Detection

Fecal samples were collected from the colorectal segment of SKG mice at the end of the experiment. Genomic DNA was
extracted from the feces using the QlAamp PowerFecal Pro DNA Kit. The preparation of DNA libraries and subsequent
shotgun metagenomic sequencing were conducted by Biomarker Technologies Co., Ltd., Beijing, China. Specific primers
with Barcodes were synthesized based on full-length primer sequences to amplify the 16S rDNA region of bacterial
genomes in the fecal samples. PCR amplification was performed, and the resulting products were purified, quantified, and
normalized to create a sequencing library (SMRT Bell). Sequencing of marker genes was carried out using the single-
molecule real-time sequencing method on the PacBio platform. The CCS sequences were denoised and processed using
the dada2 method in QIIME2 2020.6 software to obtain ASVs. Taxonomic annotation of the feature sequences was done
using the SILVA reference database and the alignment method with the naive Bayes classifier. Community composition
of each sample was analyzed at different taxonomic levels, and species abundance tables were generated using QIIME
software. R-language tools were used to create visual community structure diagrams at each taxonomic level.

Metabolomics Detection
Cecal content samples from SKG mice were collected at the end of the experiment for combined detection of MRM300
and short-chain fatty acids.

For MRM300 analysis by LC-MS/MS, the samples were weighed under low-temperature conditions to prevent
metabolite degradation. An extraction solution was added to the samples, followed by grinding, sonication, and a 1-hour
incubation. After centrifugation at 12000 rpm and 4°C for 15 minutes, the supernatant was transferred to an injection
vial. LC-MS/MS analysis was performed using an Agilent 1290 Infinity Il UHPLC with an ACQUITY UPLC BEH C18
column. A SCIEX Triple Quad 6500+ mass spectrometer was used for mass spectrometry in MRM mode. Data
acquisition and quantitative analysis were conducted with SCIEX Analyst Work Station Software (1.7.32) and
BIOTREE Bio Bud (v2.0.3) automated analysis software.

For the analysis of short-chain fatty acids by GC-MS, the samples were vortexed and sonicated to release the short-
chain fatty acids. After centrifugation, the supernatant was transferred to a new tube and an internal-standard extraction
solution was added. The mixture was vortexed, oscillated, and sonicated in an ice-water bath. After centrifugation and
cooling, the supernatant was transferred to an injection vial. Analysis was done using a Shimadzu GC2030-QP2020 NX
gas chromatography-mass spectrometer with an Agilent HP-FFAP capillary column. Data acquisition and quantitative
analysis were completed using GCMSsolution (4.50) and BIOTREE Bio Bud (v2.0.3) software.

Immunofluorescence

Colorectal tissues from mice were collected at the end of the experiment. The tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned. The sections were deparaffinized in xylene, rehydrated in alcohol, and
underwent antigen retrieval. Subsequently, the sections were blocked with 5% goat serum and incubated overnight at 4
°C with primary antibodies (HIFla, 1:400, CST 48085S; CDl1lc, 1:100, Abcam ab219799). After washing to remove
unbound primary antibodies, secondary antibodies were added and incubated at room temperature. The sections were
washed again to remove unbound secondary antibodies, and the nuclei were stained with DAPI. After staining, the
sections were washed, fixed, and mounted. Three random fields of each sample were selected at random and photo-
graphed under 20x magnification. Images were acquired using Pannoramic 250 FLASH Slide Scanner Systems and
CaseViewer was used for image analysis.
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Isolation and Culture of Primary Bone Marrow-Derived Dendritic Cells (BMDCs)
Bone marrow cells were isolated from the femurs of C57BL/6 mice for the differentiation of BMDCs. For bone marrow
cell culture, RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin was
used. Cells were grown in 6-well plates at a density of 4x10° cells/mL per well in the presence of 20 ng/mL granulocyte-
macrophage colony-stimulating factor (GM-CSF, PeproTech) and 20 ng/mL Interleukin 4 (IL-4, PeproTech). Cultures
were maintained for 7 days. On day 7, cells were harvested and stimulated with 100 ng/mL lipopolysaccharide (LPS,
Sigma-Aldrich), with concurrent treatment with D-lactic acid sodium (10 mM, Sigma-Aldrich) or dihydrotestosterone
(DHT, 10 nM, AbMole) alongside LPS. ddH,O was used as the vehicle control. After 24 hours of stimulation, cell
supernatants were collected, and Interleukin 6 (IL-6) secretion was detected by ELISA (MULTI SCIENCES).

Data Statistics

Data are presented as mean =+ standard deviation (SD). Joint scores and body weights of mice were analyzed by two-way
analysis of variance (ANOVA) using GraphPad Prism 10 software. Multiple group comparisons were conducted using
Sidék’s multiple comparisons test. When no significant interaction was observed between factors, Student’s #-test was
applied for analyses of pathological scores and cell ratios. Statistical significance was defined as P < 0.05.

Results
Sex Difference in Murine Models of Arthritis Impacted the Immune Cell Composition
in the Lymph Nodes in the Intestine and Joints

To investigate the impact of sex on the development of the arthritis, we used 6-week-old male and female SKG mice, inducing
disease onset (as shown in Figure 1A), and tracked the progression of arthritis phenotypes across sex. Following disease
induction, female mice started to exhibit differences from male mice on the 28th day. Female mice showed significantly higher
disease activity scores in their joints compared to male mice (Figure 1B), with no statistical difference in body weight between the
two groups (Figure 1C). Pathologically, the ankle joints of female mice were more prominently swollen, and redness and
swelling were observable in the metacarpophalangeal joints (Figure 1D). Both the MLN and PLN of female mice were affected,
with their volumes visibly increased upon macroscopic inspection (Figure 1E). HE staining and pathological score demonstrated
that the intestines and joints of female mice presented more severe inflammatory infiltration, along with synovial hyperplasia
(Figure 1F and G). Furthermore, female mice showed an increase in DCs and ¢cDC2 in the MLN. In contrast, the proportion of
¢DCl, a cell type associated with regulatory and tolerogenic function,” decreased in female mice but was upregulated in male
model mice (Figure 1H and I). A similar trend was also observed in the PLN (Figure 1J and K). In comparison to DCs,
macrophages and neutrophils exhibited differences in the MLN of male and female mice, but these differences did not extend to
the PLN (Supplementary Figure 1B-E).

Collectively, these findings indicate that the arthritis phenotype and the distribution of immune cells within the lymph nodes

are influenced by sex differences. In male model mice, there was an increase in ¢cDC1 in the gut and joint-associated lymph nodes.

Androgen Associated with the Increase of cDCls in SKG Mouse Model of Arthritis
To systematically investigate whether the increased cDC1 in the gut and joint-associated lymph nodes of male model mice is
related to sex hormones, we performed androgen deprivation in the SKG mouse model of arthritis. This involved performing
castration and sham operations on immature (4-week-old) male SKG mice. Two weeks after the surgeries, arthritis was
induced in the SKG mice by injecting zymosan, and the changes in arthritis phenotype were observed (Figure 2A). The clinical
scores of castrated male mice were higher than those of sham-operated mice (Figure 2B), with no statistically significant
variance in body weight seen between the two groups (Figure 2C). Castrated male mice experienced more severe joint
swelling and had visibly larger MLN and PLN (Figure 2D and E), and showed increased inflammatory infiltration and tissue
damage in colon and joint tissues and histological scoring than the control group (Figure 2F and G). Flow cytometry was used
to analyze immune cells in the MLN and PLN. The ratios of DC cells, cDC2 cells, macrophages, and neutrophils showed no
significant differences between castrated and sham-operated male mice. However, cDC1 cells were significantly reduced in
castrated male mice in both the MLN and PLN (Figure 2H-K and Supplementary Figure 2A-D).
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Figure | Sex difference affected the immune cell composition in murine lymph nodes of intestine and joints. (A) Schematic diagram of zymosan-induced disease onset in female and
male SKG mice. (B) Temporal changes in arthritis clinical scores for female (n=5) and male (n=5) SKG mice. Time effect: p<0.0001, Sex effect: p<0.0001, Interaction: p =0.0036.
(C) Body weight changes in female (n=5) and male (n=5) SKG mice. Time effect: p=0.4515, Sex effect: p<0.0001, Interaction: p =0.9603. (D) Photographs of the hind-paw joints in female
and male SKG mice, covering finger and ankle joints. (E) Photographs of MLN and PLN from female and male SKG mice. (F) HE-stained images of SKG mice’s colon and joint tissues
(Scale bar = 500um). (G) Pathological scores for colon and synovial tissues. (H and I) Changes in the composition of DCs in the MLN of female and male SKG mice. Representative flow
cytometry plots (H) and quantification (I) show the proportions of total DCs (CD | | c+MHCII+), cDCI (CD103+CDI Ib) and cDC2 (CD103+CDI Ib") subsets. (J and K) Changes in
the composition of DCs in the PLN of female and male SKG mice. Representative flow cytometry plots (J) and quantification (K) show the proportions of total DCs, cDCI and cDC2
subsets. Results are presented as mean + SD for (B, C, G, 1 and K). Each point represents data from one sample. P-values were calculated using two-way ANOVA for (B and C) and the
Students s t-test for (G, | and K). The statistical significance values are indicated as: *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviation: ns, not significant.
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Figure 2 Androgen associated with the increase of cDCl's in SKG mouse model of arthritis. (A) Schematic of zymosan-induced arthritis in male SKG mice, comparing the
castrated and sham-operated groups. (B) Temporal changes in clinical arthritis scores for sham-operated (n=3) and castrated (n=3) mice. Time effect: p<0.0001, Sex effect:
p<0.0001, Interaction: p =0.1163. (C) Body weight variations in sham-operated (n=3) and castrated (n=3) mice. Time effect: p=0.0061, Sex effect: p=0.0120, Interaction:
p =0.0061. (D) Representative images of hind paws, including finger and ankle joints, from both groups. (E) Photographs of MLN and PLN from sham-operated and castrated
mice. (F) HE-stained images of colon and joint tissues from the sham-operated and castration groups (Scale bar=500 um). (G) Pathological scores for colon and synovial
tissues. (H and I) Changes in the composition of DCs in the MLN of sham-operated and castrated mice. Representative flow cytometry plots (H) and quantification (I) show
the proportions of total DCs (CD| |c+MHCII+), cDCI (CD103+CD11b ") and ¢<DC2 (CD103+CDI Ib") subsets. (J and K) Changes in the composition of DCs in the PLN
of sham-operated and castrated mice. Representative flow cytometry plots (J) and quantification (K) show the proportions of total DCs, cDCI and ¢<DC2 subsets. Each
symbol in (G, | and K) represents an individual animal. Error bars indicate mean # SD for (B, C, G, I and K). Statistical significance was determined using two-way ANOVA
for (B and C) and the Student’s t-test for (G, I and K). *P < 0.05, **P < 0.01.

Abbreviation: ns, not significant.

15916 ‘o= Journal of Inflammation Research 2025:18



Wu et al

These findings indicate that fluctuations in androgen levels affect cDC1 in the lymph nodes, which in turn modulates
the arthritis phenotype.

Sex Factors Influenced the Microbiota Composition in the SKG Mouse Model of
Arthritis

Considering the sex difference associated with immune cells in both MLN and PLN, as well as the potential impact of
alterations in gut microbiota on immune cells in the SKG model of arthritis,?' we are curious about the interplay between
sex difference and gut microbiota in the context of arthritis. Therefore, we conducted 16S rDNA sequencing to analyze
the gut microbiota composition of the SKG model of arthritis and operation groups.

Principal coordinate analysis (PCoA) based on microbial composition and Bray-Curtis distance analysis revealed
significant differences in fecal microbial composition between sexes (PERMANOVA, R? = 0.281, P-value = 0.009;
Figure 3A). Female and male SKG mice exhibited distinct abundances of major bacterial genera (Figure 3B). Further
analysis using linear discriminant analysis effect size (LEfSe) indicated that in fecal samples of male and female mice
model, Lactobacillus, Limosilactobacillus, and related species (eg, Lactobacillus johnsonii and Limosilactobacillus
reuteri) were more prevalent in female mice (higher LDA Score) (Figure 3C). Post-surgery, a difference in fecal
microbial composition was observed between the two groups (PERMANOVA, R? = 0.365, P-value = 0.001;
Figure 3D). Variations in the proportions of multiple genera were also detected among individual castrated and sham-
operated male mice model (Figure 3E). Specifically, Lactobacillus, which were previously abundant in female mice, were
found to be more prevalent in castrated male SKG mice, while the family Bacteroidaceae and the genus Bacteroides
were relatively enriched in control (sham-operated) male mice (Figure 3C and F).

Collectively, these data suggest that sex appears to influence microbiota composition in SKG model. Both female
mice and castrated male mice exhibited similar microbial changes when compared to male model mice.

Sex Factors Influenced the Gut Metabolites, with Androgen Being Associated with the
Increase of Lactate in the SKG Model of Arthritis

Sex plays a crucial role in shaping the gut microbiota of SKG mice, which may influence the types and amounts of gut
metabolites. To gain insight into how gut microbiota-derived metabolites affect the physiological state of SKG model mice, cecal
contents were collected for metabolomics analysis. Principal component analysis (PCA) indicated a clear separation between
female and male SKG mice (Figure 4A). Moreover, a larger number of metabolites showed differential expression in male mice.
The top five up-regulated metabolites in male mice were 4-Aminohippuric acid, Indoxylsulfate, O-Phosphoethanolamine,
3-Guanidinopropionic acid, and Glycerophosphoric acid (Figure 4B). Additionally, there was a distinct separation between
castrated male SKG mice and sham-operated male SKG mice (Figure 4C), with the five most significantly up-regulated
metabolites in sham-operated males being Homogentisic acid, Phenylacetylglycine, Cinnamoylglycine, Lactic acid, and
3-Hydroxyisobutyric acid (Figure 4D). By intersecting the differential metabolites identified in the two compared groups, we
discovered 13 differential metabolites. These substances showed differences between male and female SKG mice, as well as
between castrated and sham-operated male SKG mice, indicating their sensitivity to androgen influence (Figure 4E). Notably,
lactic acid exhibited the most significant androgen-related change (Figure 4F).

The findings suggest that sex hormones have an influence on the alterations in gut metabolites in SKG mice. The
removal of androgen leads to a significant change in gut lactate levels in SKG mice compared to the sham-operated male
group, highlighting the impact of androgen on lactate levels in the gut.

Androgen Regulated Gut Lactate and Mucosal Tolerance Cells Related to Lactate

Given that androgens are linked to immune phenotypes®* and modulate gut microbiota and metabolite expression,> we
further investigated the regulatory effects of androgens—along with lactate—on dendritic cells (DCs) via in vitro assays.
LPS-stimulated BMDCs were co-cultured with D-lactic acid sodium and dihydrotestosterone (DHT) for 24 hours, and
culture supernatants were collected and analyzed (Figure 5A). Both D-lactic acid sodium and DHT reduced IL-6 secretion
by LPS-stimulated BMDCs (Figure 5B). Recent studies indicate that lactate activates HIF-1a in DCs in the experimental
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autoimmune encephalomyelitis (EAE) model, which inhibits proinflammatory cytokine expression in DCs.** Therefore,
we investigated whether lactate influences HIF1la expression in DCs in the SKG arthritis model. Flow cytometry
analyzed MLN and PLN from male and female SKG mice. Female SKG mice exhibited a lower proportion of HIFla
+ DCs in MLN compared to males, with analogous differences in PLN (Figure 5C and D). Immunofluorescence co-
localization staining revealed that the expression of HIFla in CD11c+ cells was upregulated in male mice compared to
females (Figures SE and F). Flow cytometry of MLN and PLN in castrated versus sham-operated male SKG mice
showed a decreased proportion of HIF1a+ DCs in castrated MLN, with a similar trend in PLN compared to control male
mice (Figure 5G and H). Immunofluorescence co-localization staining of intestinal tissues indicated that the expression
of HIFla in CD11c+ cells was reduced in castrated males compared to sham-operated males, consistent with their lower
intestinal lactate levels (Figure 51 and J).

These data demonstrate that both lactate and androgens reduce proinflammatory factor secretion by LPS-stimulated
BMDCs. Fluctuations in CD11c+HIFlo+ cells correlate with intestinal lactate level changes. Androgens and lactate
promote an immune tolerance phenotype in mucosal DCs in the SKG arthritis model.

Discussion

In this study, we investigated the role of sex differences and androgen regulation in shaping immune responses, gut
microbiota, and metabolic profiles in the SKG mouse model of arthritis. Our findings indicate that sex and androgen
regulation influence gut metabolites and immune responses, especially in terms of DC subsets, which are crucial for
immune tolerance and inflammation regulation.

Our research findings indicate that female SKG model mice have higher disease activity scores, more pronounced
joint swelling, and more significant inflammatory infiltration in joint and intestinal tissues compared to male mice. These
results are consistent with previous research conducted by Rosenzweig’s group.”> Notably, we observed sex-based
differences in the distribution of immune cells within lymph nodes. Female mice had a significant increase in cDC2 in the
MLN, while male mice showed an increase in cDC1 cells in intestinal-and joint-related lymph nodes. In the male SKG
mouse model, androgen deprivation exacerbates the arthritis phenotype, a finding consistent with the research by
Rebecca C. Keith.?® Her study demonstrated that testosterone deficiency increases the prevalence and severity of arthritis
in SKG mice, yet the specific mechanism remains unreported.

Our work further investigates the role of androgens in the development of arthritis in SKG mice. When comparing
sham-operated male SKG mice with 4-week-old castrated male SKG mice, the number of ¢cDC1 cells in the MLN and
PLN of the sham-operated group was significantly reduced. This suggests that androgens might play a crucial role in
regulating immune tolerance. Previous studies have demonstrated that the expression of CD103 in ¢cDC1 can promote
the tolerance of intestinal FoxP3+CD8+Tregs.?” This implies a potential link between the elevated cDC1 expression in
the MLN of male mice and immune tolerance in the arthritis mouse model. Additionally, previous ovariectomy
experiments on 7 to 8-week-old female SKG mice have shown that estrogen can alleviate the symptoms of
spondyloarthritis in these mice.”®* Given that mice of this age may have reached sexual maturity, and the potential
influence of estrogen cannot be ruled out, further in-depth investigation into the impact of sex hormones on arthritis
induction in SKG mice is warranted.

In addition to immune cell composition, we examined the gut microbiota and metabolites in male and female SKG
mice. Our analysis revealed significant sex-related differences in microbial composition, with female mice and castrated
male mice exhibiting higher abundances of Lactobacillus. This discovery holds significance as past research has linked
high levels of Lactobacillus to arthritis disease activity.*® Moreover, exploring how androgen regulates gut microbiota
warrants further investigation in the future.

In vitro experiments demonstrated that androgens or D-lactic acid sodium exert effects on LPS-stimulated BMDCs,
lowering levels of the proinflammatory cytokine IL-6. This indicates that androgens directly inhibit proinflammatory
DC responses, a finding warranting further investigation. Consistent with earlier notes, androgens modulate microbial
alterations and levels of lactate, and our findings confirm that D-lactic acid sodium reduces secretion of the
proinflammatory cytokine IL-6 by DCs. Reduced HIFlo+ DCs in MLN and PLN of castrated male mice further
support the hypothesis that androgens regulate the immune tolerance of DCs in the SKG arthritis model. These
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findings align with previous studies, which show that lactate activates HIFla in DCs and limits DC proinflammatory
in EAE model.**

In conclusion, our findings provide evidence that sex hormones and androgen modulate immune tolerance in arthritis
through regulation of gut microbiota, lactate metabolism and cDC1 cells. For clinical applications, understanding the role
of sex hormones and microbiota in arthritis could lead to significant advancements in future treatment strategies.
Androgens, as modulators of immune tolerance, may offer a novel therapeutic approach for female RA patients. For
instance, testosterone supplementation or androgen receptor agonists could help regulate gut microbiota, lactate meta-
bolism and enhance the function of cDC1 cells. Moreover, interventions targeting the gut microbiota, such as the use of
Lactobacillus antagonists or promoting anti-inflammatory microbial species, could serve as effective complementary
strategy. Therefore, future research should further explore the role of androgens and gut microbiota in the immune
system, particularly how precision, sex-specific interventions can regulate immune tolerance and immune-inflammatory
responses.

Limitations

This study explored the influence of sex disparities and androgen regulation on the gut microbiota, metabolic traits, and
immune response in the SKG mouse model of arthritis and the male castration model. Although the mouse model
provides valuable mechanistic insights, it remains important to investigate the relationship between sex, gut microbiota,
lactate derived from the microbiota, and mucosal cell phenotypes in arthritis patients. Further studies are needed to
validate these findings, laying the foundation for future clinical and microbiota-targeted therapies.
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