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Abstract

Background: Rheumatoid arthritis (RA) is influenced by environmental exposures. High
humidity has been clinically associated with worsened joint symptoms, but the microbial
and metabolic mechanisms remain unclear. We investigated whether a gut microbiota—
metabolism axis contributes to humidity-associated aggravation of collagen-induced ar-
thritis (CIA). Methods: CIA mice were maintained under normal or high relative humid-
ity. We integrated 16S rRNA and metagenomic sequencing, liquid chromatography-tan-
dem mass spectrometry metabolomics, and intestinal barrier assessments. Fecal microbi-
ota transplantation (FMT) was performed to evaluate microbiota dependency. Based on
multi-omics findings, we quantified chondroitin sulfate (CS) and conducted functional
experiments involving Prevotella stercorea (P. stercorea) supplementation, CS administra-
tion, and in vitro degradation assays. Results: High humidity aggravated arthritis sever-
ity and systemic inflammation, including increased interleukin-6, interleukin-17A, and
granulocyte colony-stimulating factor, and was accompanied by impaired intestinal bar-
rier integrity. FMT supported a microbiota-dependent contribution. Metagenomic analy-
sis identified enrichment of P. stercorea and glycosaminoglycan degradation pathways un-
der high humidity. CS abundance was reduced in articular cartilage, P. stercorea degraded
CS in vitro and was associated with cartilage CS loss in vivo, and CS supplementation
attenuated arthritis under high humidity and reduced the arthritis-promoting effects as-
sociated with P. stercorea. Conclusions: High humidity is associated with microbiota-de-
pendent functional remodeling, enhanced CS degradation, and aggravated arthritis in
CIA mice. These findings suggest that humidity-associated alterations in microbial CS
metabolism may link environmental exposure to cartilage disruption and joint inflamma-
tion.

Keywords: rheumatoid arthritis; humidity; collagen-induced arthritis; Prevotella stercorea;
glycosaminoglycan; chondroitin sulfate
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Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease char-
acterized by persistent synovitis, progressive cartilage destruction, and irreversible joint
dysfunction [1]. Globally, RA affects 0.3~1% of the population and is increasingly recog-
nized as a significant public health challenge [2]. RA progression causes joint erosion,
functional impairment, and a decrease in overall quality of life [3]. Although genetic sus-
ceptibility and immune dysregulation are central to RA pathogenesis, accumulating evi-
dence suggests that disease onset and progression are profoundly shaped by environmen-
tal exposures [4-6].

Environmental humidity has long been recognized as a clinically relevant factor as-
sociated with arthritis symptoms [7,8]. Patients with RA frequently report symptom exac-
erbation in humid environments, and epidemiological studies have linked higher ambient
humidity to increased disease activity and inflammatory burden. Despite these observa-
tions, environmental humidity has largely been regarded as a nonspecific trigger rather
than a mechanistically relevant exposure [9-11].

Emerging concepts in translational immunology emphasize the gut microbiota as a
central interface linking environmental exposures to host immune responses. The gut mi-
crobiota not only responds dynamically to environmental changes but also regulates sys-
temic immunity through microbial metabolites, barrier integrity, and immune cell pro-
gramming [12]. Dysbiosis has been consistently reported in RA patients and animal mod-
els, and alterations in gut microbial composition can precede clinical joint manifestations,
suggesting a causal role in disease development [13-18]. Notably, antibiotic-induced de-
pletion of gut microbiota has been shown to alleviate joint swelling and reduce the sever-
ity of arthritis, highlighting the critical role of gut microbiota in RA [19]. Importantly, en-
vironmental factors such as diet, temperature, and humidity are increasingly recognized
as key drivers of microbiota functional remodeling rather than merely changes in micro-
bial abundance.

Recent studies have shown that high humidity can alter gut microbial composition
and metabolic activity in autoimmune and metabolic disease settings [20-24]. These ob-
servations raise the possibility that humidity-induced functional remodeling of the micro-
biota contributes to immune-mediated joint inflammation.

Glycosaminoglycans are major structural components of articular cartilage. Chon-
droitin sulfate (CS) contributes to extracellular matrix integrity and modulates inflamma-
tory signaling, whereas excessive glycosaminoglycan degradation is associated with car-
tilage erosion. Because several gut microorganisms possess glycosaminoglycan-degrad-
ing functions, humidity-dependent microbial metabolism could provide a mechanistic
link between environmental exposure and cartilage homeostasis. Among the arthritis-as-
sociated gut microbes, members of the genus Prevotella have attracted attention because
of their reported associations with RA susceptibility and intestinal immune activation;
however, whether specific Prevotella species participate in humidity-associated microbial
glycosaminoglycan metabolism remains unclear.

Taken together, these findings reveal several important knowledge gaps. First, alt-
hough high humidity has been clinically associated with aggravated arthritis symptoms,
the biological mechanisms by which humidity amplifies joint inflammation remain poorly
understood. Second, while the gut microbiota is increasingly recognized as a key interface
between environmental exposures and systemic immunity, whether humidity-induced
microbial remodeling directly contributes to immune-mediated arthritis has not been es-
tablished. Third, although glycosaminoglycan degradation and CS loss are closely related
to cartilage destruction, it remains unknown whether environmental humidity promotes
arthritis progression by reshaping microbial glycosaminoglycan metabolism.
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In this study, we hypothesized that environmental humidity acts as a modifiable ex-
posure that exacerbates arthritis by reprogramming gut microbiota function and disrupt-
ing host cartilage metabolism. Using a collagen-induced arthritis (CIA) mouse model, we
sought to determine whether high humidity aggravates arthritis through a gut microbi-
ota-dependent mechanism and to identify the microbial and metabolic pathways under-
lying this process. By integrating metagenomic sequencing, fecal metabolomics, fecal mi-
crobiota transplantation (FMT), and targeted microbial and metabolic interventions, we
further aimed to determine whether humidity-associated microbial glycosaminoglycan
metabolism links gut microbial remodeling to cartilage metabolic disruption and inflam-
matory amplification. Candidate microbial taxa, including Prevotella stercorea (P. stercorea),
were then prioritized for functional validation based on metagenomic evidence, including
humidity-dependent abundance patterns and pathway contributions.

2. Methods
2.1. Animals and the Construction of the CIA

Three-week-old male DBA/1 mice were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China). After arrival, the mice underwent a one-week accli-
matization period before randomization [25]. They were housed under a 12 h/12 h
light/dark cycle at 25 + 1 °C with free access to food and water. Relative humidity was
controlled using a climate chamber (RXZ-380A, Ningbo Jiangnan Instrument Factory,
Ningbo, China), and recorded temperature and humidity profiles are provided in Figure
S1. All mice were maintained under the same standard husbandry conditions throughout
the study and received the same standard irradiated laboratory mouse growth and repro-
duction diet (CRO; Jiangsu Xietong Pharmaceutical Bioengineering Co., Ltd., Nanjing,
China; Cat. No. XTI0O1CR-010). The ingredient list and nutritional composition of the diet
are provided in Supplementary Table S1. All animal procedures were approved by the
Ethics Committee of Zhejiang Chinese Medical University (Approval No. 20210816-12).

To establish the CIA model, the mice were injected with 200 ug of bovine type II
collagen (Chondrex, Redmond, WA, USA) in 200 pL of complete Freund’s adjuvant on
day 21, followed by an injection of the same dose in incomplete Freund’s adjuvant on day
42. All animal experiments were conducted following the ethical guidelines and regula-
tions set by the Institutional Animal Care and Use Committee of Zhejiang Chinese Medi-
cal University, in accordance with the institution’s Guidelines for Animal Experimenta-
tion.

2.2. Culture Conditions of P. stercorea

P. stercorea (DSM 18206) [26] was obtained from the DSMZ (Braunschweig, Germany).
The strain was routinely cultivated in Fastidious Anaerobe Broth (FAB; ELITE-MEDIA,
Cat. No. M260-01) at 37 °C for 48 h under anaerobic conditions. To quantify the bacterial
dose, aliquots of the suspension were plated on sheep blood agar and incubated anaero-
bically at 37 °C for 48 h before colony-forming units (CFU) were counted. To assess CS
degradation, P. stercorea was cultivated in minimal salt medium (MSM; Hopebio, Qingdao,
China, Cat. No. HB9214) supplemented with CS at 5, 10, or 15 mg/mL as the sole carbon
source. MSM was prepared according to the manufacturer’s instructions (4.403 g/L dis-
tilled water, sterilized at 121 °C for 15 min), and filter-sterilized CS was added at the indi-
cated concentrations.

https://doi.org/10.3390/microorganisms14071540



Microorganisms 2026, 14, 1540

4 of 26

2.3. Animal Experimental Design

Two relative humidity conditions were used: 50% (normal humidity) and 80% (high
humidity), both at 25 + 1 °C. The 80% condition was selected from previous studies iden-
tifying this range as high humidity [27,28] and from our preliminary observations , in
which reductions in food and water intake occurred at 90% but not at 80% relative humid-
ity[6]. To further characterize the environmental exposure conditions, the temperature-
humidity index (THI) was calculated using the formula: THI = T - (0.55 - 0.0055 x RH) x
(T — 14.5), where T represents ambient temperature in °C and RH represents relative hu-
midity (%) [29]. Under the controlled temperature condition of 25 + 1 °C, the estimated
THI was 22.11 for the normal-humidity group (50% RH) and 23.85 for the high-humidity
group (80% RH).

2.4. Experiment I: Effect of High Humidity on Arthritis in CIA Mice

DBA/1 mice were randomly assigned to normal humidity (NT) or high humidity (HT)
conditions. After 21 days, each humidity group was divided into a blank subgroup, which
received 0.9% NaCl on days 21 and 42, and a CIA subgroup, which received bovine type
II collagen on days 21 and 42. The study design and group allocation are summarized in
Figure 1A,B.
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Figure 1. Effect of high humidity on arthritis symptoms in CIA mice. (A) Overview of study design.
4-week-old DBA/1 mice were subjected to CIA modeling with immunization on Day 21 and Day 42,
and exposed to different humidity conditions from Day 0 to Day 56. (B) Group assignment: NT-
blank (blank control with normal humidity, 50%); NT-CIA (CIA model with normal humidity, 50%);
HT-blank (blank control with high humidity, 80%); HT-CIA (CIA model with high humidity, 80%).

(C) Representative images showing ankle swelling in each group. (D) Representative H&E-stained
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histological sections of ankle joints, with arrows indicating inflammatory cell infiltration and syno-
vial hyperplasia. (E) Arthritis scores in NT-CIA and HT-CIA groups on Day 49 and Day 56. (F)
Ankle swelling degrees in each group on Day 49 and Day 56. (G-J) Serum levels of anti-CII IgG, IL-
17, IL-6, and G-CSF in each group on Day 49 and Day 56, detected by enzyme-linked immuno-
sorbent assay (ELISA). Values are presented as the mean + SEM. “***” denotes p <0.001, “**” denotes
p <0.01, “*” denotes p < 0.05, “ns” denotes p > 0.05. Abbreviations used: CIA, collagen-induced ar-
thritis; NT, normal humidity (50%); HT, high humidity (80%).

2.5. Experiment 11: Effect of FMT on Arthritis in CIA Mice

The FMT experiment was conducted in parallel with Experiment I. CIA mice received
broad-spectrum antibiotics (ampicillin 0.2 g/L, vancomycin 0.1 g/L, neomycin 0.2 g/L, and
metronidazole 0.2 g/L) by oral gavage at 200 uL/day from day 22 to day 24. This short-
term antibiotic pretreatment was selected based on previously reported antibiotic-based
microbiota-depletion protocols in mice [30]. From day 25 to day 56, mice received 200
uL/day of freshly prepared fecal suspension. Fresh feces were resuspended in 0.9% saline
at a 5:1 weight-to-volume ratio, filtered through a 20 um filter, and administered on the
day of collection.

2.6. Experiment I11: Effect of Prevotella Stercorea on Arthritis in CIA Mice

For the P. stercorea supplementation experiment, mice were assigned to blank, CIA,
or CIA + P. stercorea groups under each humidity condition. CIA was induced on days 21
and 42. The supplementation group received the broad-spectrum antibiotic mixture by
oral gavage at 200 uL/day from day 22 to day 24, followed by live P. stercorea at 3 x 107
CFU/mouse/day from day 25 to day 56. The dose was selected from previously reported
Prevotella colonization ranges in murine arthritis studies [31,32].

2.7. Experiment 1V: Effect of Chondroitin Sulfate on Arthritis in CIA Mice

For the CS supplementation experiment, mice under each humidity condition were
assigned to blank, CIA, or CIA + CS groups. Blank mice received 0.9% NaCl and sterile
water, CIA mice received collagen and sterile water, and CIA + CS mice received collagen
plus CS (150 mg/kg/day; MCE, catalog no. HY-B2162) by oral gavage from day 21 to day
56 [33]. The oral route was selected because it matches the cited intervention protocol and
permits evaluation of effects involving the intestinal microbial environment.

2.8. Experiment V: Effects of Concurrent Chondroitin Sulfate and Prevotella stercorea Treatment
on Arthritis in CIA Mice

For the combined intervention experiment, mice exposed to high humidity were as-
signed to blank, CIA, CIA + CS, CIA + P. stercorea, or CIA + CS + P. stercorea groups. CS
was administered orally at 150 mg/kg/day from day 21 to day 56. Groups receiving P.
stercorea were given the broad-spectrum antibiotic mixture at 200 uL/day from day 22 to
day 24 and then live P. stercorea at 3 x 107 CFU/mouse/day from day 25 to day 56. Control
groups received the corresponding vehicle.

Notably, DBA/1 mice typically present arthritis symptoms between days 26 and 35
following the initial injection of type II collagen. Therefore, sampling was conducted on
days 49 and 56, corresponding to 27 and 35 days post-injection, respectively.

2.9. Assessment of Arthritis Symptoms

Arthritis symptoms were evaluated using a modified version of the method de-
scribed by Wang et al [6]. After the second collagen injection, arthritis scores and ankle
swelling were assessed every other day. Scoring was based on the extent of swelling and
redness in the foot joints, with scores ranging from 0 (no symptoms) to 4 (severe swelling
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and redness in all paws). The maximum score of each mouse was 16. Ankle swelling was
measured using a vernier caliper (DEGUQMNT, Suhl, Germany).

2.10. Measurement of Autoantibodies and Pro-Inflammatory Cytokines

Blood samples were collected from the orbital vein on days 42 and 56 and centrifuged
at 3000 rpm for 15 min at 4 °C to obtain serum. Serum type II collagen antibody (anti-CII
IgG, CUSABIO, Wuhan, China, CAS: CSB-EQ027975MO) levels were quantified using
CUSABIO ELISA Kits based on the double antigen sandwich ELISA method. Additionally,
serum inflammatory cytokines, including interleukin-6 (IL-6, Multisciences, Hangzhou,
China, CAS: EK206/3-96), interleukin-17A (IL-17A, CAS: EK217HS-96), and granulocyte
colony stimulating factor (G-CSF, Multisciences, Hangzhou, China, CAS: EK269/2-96),
were measured using Multisciences ELISA Kits following the methods outlined in our
previous research [6].

2.11. Histopathological Investigations

Freshly collected ankle tissues were fixed in 4% paraformaldehyde, dehydrated in
ethanol, cleared in xylene, embedded in paraffin wax at 56 °C, and sectioned into 5 pum-
thick slices. All tissue sections were stained with hematoxylin and eosin (H&E) for histo-
pathological analysis. Images were captured using an optical microscope (NIKON
ECLIPSE E100, Tokyo, Japan) equipped with an imaging system (NIKON DS-U3, Tokyo,
Japan). Finally, the morphology and histological scores were analyzed using CaseViewer
software 2.4 (3DHISTECH CaseViewer, Budapest, Hungary).

2.12. Metagenomic Sequencing and Analysis

Following euthanization, stool samples were collected from the colon and immedi-
ately preserved at =80 °C for subsequent analysis. Genomic DNA was extracted from the
stool samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany,
CAS: 51604) according to the manufacturer’s instructions. Shotgun metagenomic sequenc-
ing of fecal genomic DNA was conducted by Majorbio Bio-Pharm Technology Co., Ltd.,
Shanghai, China. Further details are described in our previous publication [34]. For each
sample, a paired-end library with an average size of 400 bp was constructed and se-
quenced using lllumina NovaSeq (Illumina Inc., San Diego, CA, USA). The raw sequence
data associated with this project has been deposited in the NCBI Short Read Archive da-
tabase (Accession Number: PRINA917043).

The raw reads from metagenome sequencing were analyzed using the Majorbio
Cloud Platform (www.majorbio.com). After filtering and quality control, high-quality se-
quences were obtained as previously reported [34]. Representative sequences from the
non-redundant gene catalog were aligned to the NR database using Diamond with an e-
value cutoff of 1 x 10 to annotate taxonomic information. Kyoto encyclopedia of genes
and genomes (KEGG) annotation was performed by aligning sequences to the Kyoto En-
cyclopedia of Genes and Genomes database (http://www.genome.jp/kegg/, accessed on 20
May 2024) using Diamond with a similar e-value cutoff of 1 x 10-5. To compare the taxo-
nomic and KEGG pathway differences between groups, the linear discriminant analysis
(LDA) effect size (LEfSe) method was employed, with a logarithmic LDA score threshold
of 2.0 to determine significance.

2.13. Metabolomics Analysis of Colonic Feces

Colonic feces samples were prepared for liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis following our previously established method [35]. The
analysis was conducted by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China)
using a UHPLC-Q Exactive system from Thermo Fisher Scientific. The chromatographic
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and mass spectrometric conditions were similar to those described in our prior study [35].
After completing the mass spectrometry detection, the raw LC/MS data were prepro-
cessed using Progenesis QI software v2.4 (Waters Corporation, Milford, MA, USA). A
three-dimensional data matrix in CSV format was exported, containing sample infor-
mation, metabolite names, and mass spectral response intensities. Internal standard peaks
and false positive peaks, including noise, column bleed, and derivatized reagent peaks,
were removed from the data matrix. Subsequently, de-redundancy and peak pooling
were performed. Metabolites were identified using the HMDB (http://www.hmdb.ca/, ac-
cessed on 25 May 2024), Metlin (https://metlin.scripps.edu/), and Majorbio databases.

The processed data were uploaded to the Majorbio cloud platform (https://cloud.ma-
jorbio.com) for analysis. Metabolic features detected in at least 80% of any set of samples
were retained. For specific samples where metabolite levels fell below the lower limit of
quantitation, minimum metabolite values were imputed, and each metabolic feature was
normalized by sum normalization to reduce errors from sample preparation and instru-
ment instability.

The R package ropls (Version 1.6.2) was used for orthogonal partial least squares dis-
criminant analysis (OPLS-DA), incorporating 7-cycle interactive validation to assess
model stability. Additionally, Student’s ¢-test and fold difference analysis were performed.
Significantly different metabolites were identified based on the Variable Importance in
Projection (VIP) scores from the OPLS-DA model and the p-values from the student’s t-
test, using thresholds of VIP >1 and p <0.05. Differential metabolites between groups were
summarized and mapped into biochemical pathways through metabolic enrichment and
pathway analysis using the KEGG database (http://www.genome.jp/kegg/, accessed on 25
May 2024). These metabolites were classified according to their relevant pathways or func-
tions.

2.14. Determination of Chondroitin Sulfate

CS abundance in articular cartilage was assessed by immunofluorescence staining.
Joint sections were blocked with 3% bovine serum albumin for 30 min at room tempera-
ture and incubated overnight at 4 °C with an anti-chondroitin sulfate antibody (1:2500;
Abcam, Waltham, MA, USA). Sections were then incubated with the appropriate fluores-
cence-conjugated secondary antibody (1:500; Abcam) at 37 °C for 50 min in the dark, coun-
terstained with DAPI, washed with phosphate-buffered saline, treated with autofluores-
cence quencher, mounted, and imaged by fluorescence microscopy. Fluorescence inten-
sity was used as a relative measure of tissue CS abundance rather than an absolute con-
centration.

Fecal CS was identified from the LC-MS/MS-based fecal metabolomics dataset de-
scribed in Section 2.13 and was presented as relative abundance.

Residual CS in minimal salt medium was measured by HPLC using a Shimadzu
LC-20AD system (Shimadzu, Kyoto, Japan) coupled to an SPD-M20A photodiode array
detector. Derivatized products were separated on a Diamonsil-Plus C18 column (4.6 x
250 mm, 5 pum) at 35 °C using 5 mmol/L sodium heptanesulfonate-acetonitrile (95:5, v/v)
at 0.6 mL/min.

2.15. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad
Software Inc., San Diego, CA, USA). Data are presented as the mean + SEM. For compari-
sons involving more than two groups or multiple prespecified pairwise comparisons, one-
way or two-way ANOVA was used as appropriate, followed by Holm-Sidak multiple-
comparison correction. Multiple-comparison correction was applied within each figure or
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outcome family. Exact raw p values and adjusted p values for the major prespecified com-
parisons are provided in Supplementary Table S2 where applicable. Statistical significance
was defined as adjusted p < 0.05 where multiple-comparison correction was applied. For
metabolomic analyses, differential metabolites were identified based on variable im-
portance in projection (VIP) > 1 and p < 0.05, as described above.

3. Results
3.1. High Environmental Humidity Exacerbates Arthritis Severity in CIA Mice

As shown in Figure 1, immunization with type II collagen to induced arthritis mani-
festations in DBA/1 mice (Figure 1A,B), including ankle swelling, synovial inflammation,
joint destruction, and increased serum anti-CII IgG levels, under both normal and high
humidity conditions (Figure 1C-G).

Comparison between humidity conditions revealed that exposure to high humidity
was associated with more severe arthritis outcomes. CIA mice housed under high humid-
ity displayed increased inflammatory cell infiltration in ankle joints, higher arthritis scores,
greater ankle swelling, and elevated serum anti-CII IgG levels on days 49 and 56 com-
pared with mice maintained under normal humidity (Figures 1C-G and S2A, p <0.05).

Given the systemic inflammatory nature of RA, serum proinflammatory cytokines
were further assessed. On day 49, CIA mice exposed to high humidity exhibited signifi-
cantly increased serum levels of IL-6, IL-17A, and G-CSF, whereas mice under normal
humidity showed elevated IL-6 and G-CSF levels (Figure 1H-], p <0.05). By day 56, serum
IL-6, IL-17A, and G-CSF levels were increased in CIA mice under both humidity condi-
tions. Notably, mice exposed to high humidity demonstrated higher serum IL-6 and IL-
17A levels on days 49 and 56, as well as increased G-CSF levels on day 56, compared with
those maintained under normal humidity (Figure 1H-J, p <0.05).

3.2. High Humidity Is Associated with Alterations in Gut Microbiota and Intestinal Barrier
Integrity in CIA Mice

To determine whether the aggravation of arthritis under high humidity was accom-
panied by alterations in the gut microenvironment, we examined gut microbiota compo-
sition and intestinal barrier integrity in CIA mice exposed to different humidity conditions.

16S rRNA gene sequencing analysis showed that CIA mice housed under high hu-
midity exhibited gut microbiota profiles distinct from those observed under normal hu-
midity conditions. Principal coordinate analysis demonstrated a clear separation between
the two groups, indicating that environmental humidity was associated with alterations
in gut microbial community structure during arthritis progression (Figure 2A,B).

Consistently, histological examination showed increased epithelial disruption and
inflammatory cell infiltration in the colons of CIA mice under high humidity conditions
(Figure 2C-G; p < 0.05). In parallel, evaluation of intestinal barrier integrity revealed that
CIA mice exposed to high humidity displayed reduced expression of the tight junction-
associated proteins ZO-1 and occludin in colonic tissue compared with mice maintained
under normal humidity (Figure 2H; p <0.05).

In humidity-matched blank mice, the available baseline measures did not show the
arthritis phenotype observed after collagen immunization; comparisons of blank groups
are displayed in Figures 1 and 2. In humidity-matched blank mice, 80% humidity alone
produced only limited baseline changes compared with normal humidity and did not in-
duce arthritis-like manifestations. HT-blank mice showed no ankle swelling or arthritis
scores, and serum inflammatory markers remained substantially lower than those ob-
served in HT-CIA mice. Although some gut-related indices showed mild changes under
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high humidity, these alterations were less pronounced than those observed after CIA in-
duction. These findings suggest that 80% humidity alone was insufficient to reproduce
the inflammatory and gut barrier phenotype observed in HT-CIA mice, but may create a
permissive gut microenvironment that becomes pathologically relevant during arthritis
progression. These observations distinguish the humidity-associated changes in CIA mice
from baseline findings in healthy controls.
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Figure 2. Effect of high humidity on gut microbiota composition and intestinal barrier integrity in
CIA mice. (A) Principal component analysis (PCA) score plot of gut microbiota composition at the
OTU level across all groups. (B) Principal coordinate analysis (PCoA) plot of gut microbiota com-
position at the OTU level across all groups. (C) Representative images of H&E and Alcian blue-
periodic acid-Schiff (AB-PAS) stained colon tissue sections. (D) Histological scores of colon tissue
in each group. (E) Villus height of colon tissue in each group. (F) Goblet cell numbers in colon tissue
in each group. (G) Intestinal wall thickness of colon tissue in each group. (H) Representative immu-
nofluorescence images of the intestinal tight junction proteins ZO-1 (green) and Occludin (red), with
DAPI (blue) nuclear counterstaining, in colon tissues from each group. Values are presented as the
mean + SEM. “***” denotes p <0.001, “**” denotes p < 0.01, “*” denotes p <0.05, “ns” denotes p > 0.05.
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Abbreviations used: FMT, fecal microbiota transplantation; CIA, collagen-induced arthritis; NT,
normal humidity (50%); HT, high humidity (80%); PCA, principal components analysis; PCoA, prin-

cipal coordinates analysis; OTU, operational taxonomic unit.

3.3. Gut Microbiota Mediates the Impact of High Humidity on Arthritis Severity in CIA Mice

To determine whether the humidity-associated alterations in gut microbiota contrib-
ute to arthritis severity, FMT was performed between CIA mice housed under high and
normal humidity conditions (Figure 3A-C).

Transplantation of gut microbiota from CIA mice exposed to high humidity into re-
cipient CIA mice maintained under normal humidity resulted in more severe arthritis
manifestations, including increased synovial cavity destruction and higher arthritis scores
(Figures 3D-H and S2B; p < 0.01). In contrast, transplantation of gut microbiota from CIA
mice housed under normal humidity into recipients exposed to high humidity attenuated
arthritis severity, as evidenced by reduced inflammatory cell infiltration in ankle joints,
lower arthritis scores, decreased ankle swelling, and reduced serum anti-CII IgG levels on
day 56 (Figure 3D-H; p <0.05).

Consistent with these changes, FMT differentially affected systemic inflammatory re-
sponses depending on humidity conditions. In CIA mice under normal humidity, trans-
plantation of microbiota derived from high-humidity donors was associated with in-
creased serum levels of G-CSF and IL-6. Conversely, in CIA mice exposed to high humid-
ity, transplantation of microbiota from normal-humidity donors was associated with re-
duced serum levels of IL-6 and IL-17A (Figure 3I-K; both p < 0.01).

These findings provide functional evidence that gut microbiota mediates the impact
of high humidity on arthritis severity in CIA mice.
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Figure 3. Effect of FMT on arthritis symptoms in humidity-adjusted CIA mice. (A) Overview of
study design. 4-week-old DBA/1 mice were immunized on Day 21 and Day 42 for CIA modeling.
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Antibiotics (Abx) were administered at 200 uL/day from Day 22 to Day 24, followed by FMT expo-
sure, and exposed to different humidity conditions from Day 0 to Day 56. (B) Group assignment:
NT-CIA (CIA model with normal humidity, 50%); NT-CIA+FMT (CIA model with 50% humidity
receiving FMT); HT-CIA (CIA model with high humidity, 80%); HT-CIA+FMT (CIA model with 80%
humidity receiving FMT). (C) Schematic diagram illustrating the FMT strategy applied to CIA mice
under NT and HT conditions. (D) Representative images showing ankle swelling in each group. (E)
Representative H&E-stained histological sections of ankle joints, with arrows indicating inflamma-
tory cell infiltration and synovial hyperplasia. (F) Arthritis scores in NT and HT groups with or
without FMT treatment. (G) Ankle swelling degree (%) in NT and HT groups with or without FMT
treatment. (H-K) Serum levels of anti-CII IgG, IL-6, IL-17, and G-CSF in each group detected by
ELISA. Values are presented as the mean + SEM. “***” denotes p < 0.001, “**” denotes p < 0.01, “*”
denotes p < 0.05, “ns” denotes p > 0.05. Abbreviations used: FMT, fecal microbiota transplantation;
CIA, collagen-induced arthritis; NT, normal humidity (50%); HT, high humidity (80%); Abx, antibi-

otics.

3.4. Metagenomic Analysis Identifies Humidity-Associated Enrichment of P. stercorea in
CIA Mice

To further characterize gut microbial alterations associated with arthritis under dif-
ferent humidity conditions, metagenomic sequencing was performed to compare CIA
mice with their respective humidity-matched control mice.

Under high humidity conditions, CIA mice exhibited 20 upregulated and 14 down-
regulated microbial species compared with humidity-matched control mice, accompanied
by 7 upregulated and 2 downregulated KEGG pathways (Figures S3 and 54). In contrast,
under normal humidity conditions, CIA mice displayed 54 upregulated and 19 downreg-
ulated species, along with 25 upregulated and 28 downregulated KEGG pathways, com-
pared with normal-humidity control mice (Figures S5 and S6).

To identify microbial features shared or differentially regulated across humidity con-
ditions, Venn diagram analyses were conducted comparing HT-CIA vs. HT-blank mice
and NT-CIA vs. NT-blank mice. Four microbial species were commonly altered in both
comparisons (Figure 4A). Among these, Alistipes sp. and Alistipes putredinis were consist-
ently reduced in CIA mice under both humidity conditions relative to their respective
controls (Figure 4B). Notably, an unclassified member of the family Bacteroidaceae and P.
stercorea displayed humidity-dependent regulation, being enriched in HT-CIA mice com-
pared with HT-blank controls, but reduced in NT-CIA mice relative to NT-blank controls
(Figure 4B).

Given the selective enrichment of P. stercorea in CIA mice exposed to high humidity,
we next evaluated its potential contribution to arthritis severity in vivo (Figure 4C,D). Oral
administration of P. stercorea to CIA mice housed under normal humidity resulted in in-
creased arthritis scores (p < 0.05), greater ankle swelling, and elevated serum levels of anti-
CII IgG (p < 0.05), IL-6 (p < 0.01), IL-17A (p < 0.05), and G-CSF (p < 0.01) (Figure 4E-L). In
contrast, under high humidity conditions, P. stercorea administration exerted more limited
effects on arthritis severity, with significant increases observed only in serum IL-17A (p <
0.05) and G-CSF (p < 0.05) levels (Figures 4K,L and S2C).

The attenuated impact of exogenous P. stercorea under high humidity conditions may
reflect the already elevated abundance of endogenous P. stercorea in CIA mice housed in
a high-humidity environment.
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Figure 4. Humidity-associated enrichment of P. stercorea correlates with arthritis severity. (A) Venn
diagram showing the overlap of differential bacterial species identified in the NT-blank vs. NT-CIA
and HT-blank vs. HT-CIA comparisons. (B) Relative abundance of the key differential bacterial spe-
cies (s_P. stercorea, Alistipes sp., unclassified_f_Bacteroidaceae, Alistipes putredinis) across all groups.
(C) Overview of the study design for P. stercorea supplementation in CIA mice. 4-week-old DBA/1
mice were immunized on Day 21 and Day 42 for CIA modeling. Abx were administered at 200
uL/day from Day 22 to Day 24, then administered P. stercorea by oral gavage once daily, and exposed
to different humidity conditions from Day 0 to Day 56. (D) Group assignment: NT-blank (blank
control with normal humidity, 50%), NT-CIA (CIA model with normal humidity, 50%), NT-CIA+P.
stercorea (CIA model with 50% humidity receiving P. stercorea), HT-blank (blank control with high
humidity, 80%), HT-CIA (CIA model with high humidity, 80%), and HT-CIA+P. stercorea (CIA
model with 80% humidity receiving P. stercorea). (E) Representative images showing ankle swelling
in each group. (F) Representative H&E-stained histological sections of ankle joints. Black arrows
indicate intact articular cartilage structure, and red arrows indicate inflammatory cell infiltration
and synovial hyperplasia in joint tissues. (G) Analysis of arthritis scores in each group on Day 49
and Day 56. (H) Ankle swelling degree (%) in each group on Day 49 and Day 56. (I-L) Serum levels
of anti-CII IgG, IL-6, IL-17, and G-CSF in each group, detected by ELISA. Values are presented as

the mean + SEM. “**” denotes p < 0.001, “**” denotes p <0.01, “*” denotes p < 0.05, “ns” denotes p >
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0.05. Abbreviations used: P. stercorea, Prevotella stercorea; CIA, collagen-induced arthritis; NT, nor-
mal humidity (50%); HT, high humidity (80%); Abx, antibiotics.

3.5. Integrated Metagenomic and Metabolomic Analyses Reveal Enhanced Glycosaminoglycan
Degradation Under High Humidity

To further elucidate the functional consequences of humidity-associated enrichment
of P. stercorea, fecal metabolomic profiling was performed in CIA mice under high and
normal humidity conditions.

Compared with humidity-matched control mice, CIA mice exhibited substantial al-
terations in fecal metabolite profiles, with 196 differential metabolites identified under
high humidity and 169 under normal humidity conditions (Figure S7). Venn diagram
analysis comparing HT-CIA vs. HT-blank and NT-CIA vs. NT-blank groups revealed 17
metabolites that were commonly altered under both humidity conditions (Figure 5A).
KEGG pathway enrichment analysis based on differential metabolites identified 13 en-
riched pathways under high humidity and 9 under normal humidity, among which five
pathways were shared between the two conditions (Figure 5B,C). Notably, glycosamino-
glycan degradation was enriched under high humidity conditions.
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Figure 5. Integrated multi-omics analysis links high humidity to altered glycosaminoglycan metab-
olism. (A) Venn diagram showing the overlap of differential metabolites identified in the NT-CIA
vs. NT-blank and HT-CIA vs. HT-blank comparisons. (B) KEGG pathway enrichment analysis of
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differential colonic metabolites between HT-blank and HT-CIA groups. (C) KEGG pathway enrich-
ment analysis of differential colonic metabolites between NT-blank and NT-CIA groups. (D) Venn
diagram showing the overlap of significantly enriched KEGG pathways identified in the NT-CIA
vs. NT-blank and HT-CIA vs. HT-blank comparisons. (E) Relative abundance of glycosaminoglycan
degrading gut microbiota across the NT-blank, NT-CIA, HT-blank, and HT-CIA groups. (F) Repre-
sentative immunofluorescence images of chondroitin sulfate (CS, red) in articular cartilage, with
DAPI (blue) nuclear counterstaining. (G) Relative abundance of fecal CS identified from the LC-
MS/MS-based fecal metabolomics dataset. (H) Quantitative analysis of CS immunofluorescence in-
tensity in articular cartilage from each group. Values are presented as the mean + SEM. “***” denotes
p <0.001, “**” denotes p < 0.01, “*” denotes p < 0.05, “ns” denotes p > 0.05. Abbreviations used: CIA,
collagen-induced arthritis; NT, normal humidity (50%); HT, high humidity (80%); CS, chondroitin

sulfate.

Consistent with the metabolomic findings, metagenomic functional analysis identi-
fied five shared KEGG pathways between HT-CIA and NT-CIA comparisons. Among
these, lysosome, other glycan degradation, and glycosaminoglycan degradation path-
ways were enriched in HT-CIA mice compared with HT-blank controls but reduced in
NT-CIA mice relative to NT-blank controls (Figure 5D). In contrast, sulfur relay system
and mismatch repair pathways displayed the opposite pattern, being enriched under nor-
mal humidity but reduced under high humidity conditions (Figure 5E). Together, meta-
genomic and metabolomic analyses converged on enhanced glycosaminoglycan degrada-
tion as a distinguishing functional feature associated with high humidity exposure in CIA
mice.

Among metabolites associated with the glycosaminoglycan degradation pathway, a
CS-related metabolomic feature was identified in the fecal LC-MS/MS dataset. Its relative
abundance did not differ significantly between CIA and control mice under normal hu-
midity, whereas a marked reduction was observed in CIA mice exposed to high humidity
(Figure 5G; p <0.05).

To assess whether altered CS metabolism was also reflected at the joint level, immu-
nofluorescence staining was performed to examine CS distribution in articular cartilage.
Type II collagen immunization reduced CS distribution under both humidity conditions
(Figure 5F-H; p < 0.05). Importantly, CIA mice housed under high humidity exhibited a
further reduction in CS abundance within joint tissue compared with mice maintained
under normal humidity (Figure 5F-H; p < 0.05). These findings indicate that high humid-
ity is associated with enhanced glycosaminoglycan degradation signatures and reduced
CS abundance in articular cartilage during CIA progression.

3.6. Chondroitin Sulfate Supplementation Differentially Modulates Arthritis Severity Under
Distinct Humidity Conditions

To assess the functional relevance of CS in humidity-associated arthritis progression,
CIA mice were orally administered CS under normal and high humidity conditions (Fig-
ure 6A,B). Under normal humidity conditions, CS supplementation was associated with
aggravated arthritis manifestations, including increased inflammatory cell infiltration,
earlier disease onset, more severe joint inflammation and swelling, and elevated serum
levels of anti-CII IgG, IL-17, and G-CSF (Figures 6C-J and S2D; p <0.05). In contrast, under
high humidity conditions, CS supplementation was associated with attenuated arthritis
severity, as reflected by reduced arthritis scores, improved joint histopathology, and de-
creased serum levels of anti-CII IgG, IL-6, IL-17, and G-CSF (Figures 6C—J and S2D; p <
0.05).

Consistent with these divergent phenotypic outcomes, immunofluorescence analysis
of articular cartilage revealed humidity-dependent differences in CS distribution. Oral CS
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administration reduced CS abundance in joint tissue of CIA mice under normal humidity,
whereas it increased CS distribution in CIA mice exposed to high humidity (Figure 6K,L;
p <0.01).

These findings indicate that the effects of CS supplementation on arthritis severity
are influenced by environmental humidity.
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Figure 6. Effect of CS supplementation on arthritis symptoms in CIA mice under different humidity
conditions. (A) Overview of study design. 4-week-old DBA/1 mice were immunized on Day 21 and
Day 42 for CIA modeling and exposed to different humidity conditions from Day 0 to Day 56. CS
was administered via intragastric gavage from Day 21 to Day 56. (B) Group assignment: NT-blank
(blank control with normal humidity, 50%), NT-CIA (CIA model with normal humidity, 50%), NT-
CIA+CS (CIA model with 50% humidity receiving CS), HT-blank (blank control with high humidity,
80%), HT-CIA (CIA model with high humidity, 80%), and HT-CIA+CS (CIA model with 80% hu-
midity receiving CS). (C) Representative images showing ankle swelling in each group. (D) Repre-
sentative H&E-stained histological sections of ankle joints. Black arrows indicate intact articular car-

tilage structure, and green arrows indicate inflammatory cell infiltration and synovial hyperplasia
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in joint tissues (E) Arthritis scores in each group on Day 49 and Day 56. (F) Ankle swelling degree
(%) in each group on Day 49 and Day 56. (G-J) Serum levels of anti-CII IgG, IL-6, IL-17, and G-CSF
in each group, detected by ELISA. (K) Representative immunofluorescence images of CS (red) in
articular cartilage, with DAPI (blue) nuclear counterstaining. (L) Quantitative analysis of CS immu-
nofluorescence intensity in articular cartilage from each group. Values are presented as the mean +
SEM. “***” denotes p < 0.001, “**” denotes p < 0.01, “*” denotes p < 0.05, “ns” denotes p > 0.05. Ab-
breviations used: CS, chondroitin sulfate; CIA, collagen-induced arthritis; NT, normal humidity
(50%); HT, high humidity (80%).

3.7. P. stercorea Exhibits Chondroitin Sulfate-Degrading Capacity

The humidity-dependent effects of CS supplementation prompted further investiga-
tion into gut microbial species capable of degrading CS.

Metagenomic functional analysis revealed that enrichment of the glycosaminoglycan
degradation pathway was consistently associated with the presence of P. stercorea in CIA
mice under both humidity conditions. Further examination of microbial contributors to
this pathway showed that the relative contribution of P. stercorea closely reflected its over-
all abundance within the gut microbiota (Figure 7A).

To assess the impact of P. stercorea on CS distribution in joint tissue, immunofluores-
cence staining was performed following P. stercorea supplementation. Under normal hu-
midity conditions, administration of P. stercorea was associated with reduced CS abun-
dance in articular cartilage of CIA mice (Figure 7B,C; p < 0.05), whereas no appreciable
change in joint CS distribution was observed under high humidity conditions (Figure
7B,C). In addition, in vitro growth assays demonstrated that P. stercorea could utilize CS
as a carbon source, accompanied by measurable CS degradation (Figure 7D,E).

Collectively, these results support that P. stercorea possesses CS-degrading capacity
and may contribute to enhanced glycosaminoglycan degradation observed in CIA mice,
particularly under high humidity conditions.

3.8. Chondroitin Sulfate Supplementation Attenuates P. stercorea—Associated Arthritis Severity
Under High Humidity

The effects of P. stercorea and CS supplementation on arthritis severity were next eval-
uated in combination to examine their potential functional interaction under high humid-
ity conditions (Figure 8A,B).
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Figure 7. P. stercorea exhibits chondroitin sulfate-degrading capacity in CIA mice. (A) Pie charts
showing the composition of gut microbiota at the species level in NT-blank, NT-CIA, HT-blank, and
HT-CIA mice, highlighting the relative abundance of P. stercorea. (B) Representative immunofluo-
rescence images of CS (red) in articular cartilage, with DAPI (blue) nuclear counterstaining, showing
the relative fluorescence intensity of CS in CIA mice supplemented with P. stercorea. (C) Quantitative
analysis of CS relative abundance in articular cartilage from each group. (D) Growth curves of P.
stercorea cultured in vitro under different CS concentrations (5, 10, and 15 mg/mL), measured by
OD600 absorbance over 96 h. (E) Degradation curves of CS by P. stercorea in vitro, showing residual
CS concentration over 96 h at different initial CS concentrations. Values are presented as the mean
+ SEM. “***” denotes p < 0.001, “**” denotes p < 0.01, “*” denotes p < 0.05, “ns” denotes p > 0.05.
Abbreviations used: P. stercorea, Prevotella stercorea; CIA, collagen-induced arthritis; NT, normal hu-
midity (50%); HT, high humidity (80%).
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Figure 8. CS supplementation attenuates P. stercorea-associated arthritis under high humidity. (A)

DAPI

Overview of study design. 4-week-old DBA/1 mice were immunized on Day 21 and Day 42 for CIA
modeling. Abx were administered at 200 pL/day from Day 22 to Day 24 and exposed to different
humidity conditions from Day 0 to Day 56. P. stercorea was administered by oral gavage once daily
from Day 25 to Day 56, and CS was administered via intragastric gavage from Day 21 to Day 56. (B)
Group assignment: blank (control with 80% humidity), CIA (CIA model with high humidity, 80%),
CIA+P. stercorea (CIA model with 80% humidity receiving P. stercorea), CLA+CS (CIA model with
80% humidity receiving CS), and CIA+CS+P. stercorea (CIA model with 80% humidity receiving both
CS and P. stercorea). (C) Representative images showing ankle swelling in each group. (D) Repre-
sentative H&E-stained histological sections of ankle joints. Black arrows indicate intact articular car-
tilage structure, and red arrows indicate inflammatory cell infiltration and synovial hyperplasia in
joint tissues (E) Arthritis scores in each group on Day 49 and Day 56. (F) Ankle swelling degree (%)
in each group on Day 49 and Day 56. (G-J) Serum levels of anti-CII IgG, IL-6, IL-17, and G-CSF in
each group, detected by ELISA. (K) Representative immunofluorescence images of CS (red) in ar-
ticular cartilage, with DAPI (blue) nuclear counterstaining. (L) Quantitative analysis of CS immu-
nofluorescence intensity in articular cartilage from each group. Values are presented as the mean *
SEM. *** denotes p < 0.001, “**” denotes p < 0.01, “*” denotes p < 0.05, “ns” denotes p > 0.05. Abbre-
viations used: P. stercorea, Prevotella stercorea; CIA, collagen-induced arthritis; NT, normal humidity
(50%); HT, high humidity (80%); Abx, antibiotics.
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Under high humidity, co-administration of CS and P. stercorea was associated with
attenuated arthritis severity compared with administration of P. stercorea alone. Specifi-
cally, CIA mice receiving the combination treatment exhibited improved joint histopathol-
ogy, lower arthritis scores, reduced joint inflammation and swelling, and decreased rep-
resentative inflammatory markers, including IL-6 and IL-17A (Figures 8C-J and S2E; p <
0.05).

In contrast, except for IL-17A, no significant differences in arthritis-related indices
were observed between CIA mice treated with CS alone and those receiving the combined
treatment (Figure 8C-J), suggesting that the addition of P. stercorea did not further modify
the effects of CS supplementation under high humidity.

Immunofluorescence analysis of articular cartilage further supported these observa-
tions. CS distribution in joint tissue did not differ significantly between P. stercorea-treated
mice and mice receiving the combination treatment, or between mice treated with CS
alone and those receiving both CS and P. stercorea (Figure 8K,L).

These findings are consistent with CS supplementation attenuating the arthritis phe-
notype associated with P. stercorea under high humidity. Because the experiments did not
trace gut-derived CS into cartilage or establish a direct transport pathway, the results sup-
port an association and functional interaction rather than a fully demonstrated gut-to-
cartilage causal sequence.

4. Discussion

The present study identifies a set of interconnected humidity-associated changes in
CIA mice. High humidity aggravated joint inflammation, altered gut microbial composi-
tion, impaired intestinal barrier markers, enriched microbial glycosaminoglycan degrada-
tion functions, and reduced CS abundance in articular cartilage. FMT altered arthritis se-
verity according to donor humidity condition, supporting a microbiota-dependent contri-
bution to humidity-associated disease aggravation. Based on metagenomic screening, P.
stercorea was prioritized because its abundance and contribution to the glycosaminogly-
can degradation pathway were humidity dependent. Its ability to utilize and degrade CS
in vitro, together with bacterial supplementation and CS intervention experiments, pro-
vides functional support for a microbiota-CS-joint relationship. Collectively, these find-
ings support a humidity-sensitive gut microbiota—cartilage-immune axis in CIA progres-
sion (Figure 9).

4.1. High Humidity Reshapes the Gut Microenvironment in CIA Mice

The physiological route by which ambient humidity reshapes the gut environment
remains incompletely defined. Previous studies have suggested that high humidity or hu-
mid heat exposure may influence heat dissipation, fluid balance, stress-related signaling,
intestinal epithelial homeostasis, and gut microbial ecology [36—42]. These processes pro-
vide a general physiological context for understanding why the gut barrier and microbiota
may be sensitive to humidity-related environmental changes. In the present study, our
direct observations showed that high humidity was associated with altered gut microbial
profiles, colonic histological changes, and reduced ZO-1 and occludin staining in CIA
mice. Therefore, further studies are required to define the upstream host pathways that
connect environmental humidity to intestinal barrier impairment and microbial remodel-

ing.
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Figure 9. Schematic illustration of the proposed mechanism by which high humidity aggravates RA
through P. stercorea-associated glycosaminoglycan degradation in CIA mice. Under normal humid-
ity conditions, intestinal barrier integrity is relatively preserved, P. stercorea abundance remains low,
and CS is maintained at higher levels in the gut and articular cartilage. In contrast, high humidity is
associated with impaired intestinal barrier markers and enrichment of P. stercorea. The increased
CS-degrading capacity of P. stercorea may enhance gut microbial glycosaminoglycan degradation,
reduce CS availability, and contribute to decreased CS abundance in articular cartilage. These inter-

connected changes may ultimately amplify systemic inflammation and exacerbate CIA.#

Clinical observations have long suggested an association between humid environ-
ments and worsened arthritis symptoms [43]; however, the biological basis of this rela-
tionship has remained unclear. Previous studies have mainly described epidemiological
or symptomatic associations, leaving the underlying mechanisms insufficiently explored
[44,45]. In the present study, high humidity not only aggravated arthritis severity but also
induced consistent alterations in gut microbial composition and microbial functional pro-
files. The FMT experiments further demonstrated that transferring microbiota between
humidity conditions modulates arthritis severity, supporting a microbiota-dependent
contribution to humidity-associated inflammation. These findings provide functional ev-
idence that gut microbiota contributes to humidity-associated arthritis exacerbation and
suggest that environmental humidity may influence systemic inflammatory responses, at
least in part, through remodeling of the gut microbial ecosystem.

Reduced ZO-1 and occludin staining, together with increased colonic inflammatory
features, is consistent with impaired intestinal barrier integrity in high-humidity CIA mice.
Intestinal barrier dysfunction can facilitate microbial antigen exposure and systemic in-
flammatory signaling [36,39,40], providing a biologically plausible link to the increased
IL-6 and IL-17A observed in this study. In this context, the FMT results further support
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the functional involvement of gut microbiota in humidity-associated inflammatory am-
plification. However, microbial translocation and the host signaling pathways connecting
barrier impairment to joint inflammation were not directly examined in the present study
and should be addressed in future work.

4.2. Humidity-Associated Functional Remodeling of Gut Microbiota

P. stercorea was prioritized as a candidate functional taxon based on the metagenomic
findings in the present study. This species was enriched in HT-CIA mice relative to HT-
blank controls, showed an opposite trend under normal humidity, and contributed prom-
inently to the glycosaminoglycan degradation pathway. Thus, its selection was supported
by the convergence of taxonomic abundance, pathway contribution, and humidity-spe-
cific regulation. This data-driven prioritization is important because associations between
Prevotella species and arthritis have been reported to vary across studies [46—48]. Our find-
ings suggest that, in the context of humidity-associated arthritis exacerbation, the func-
tional metabolic capacity of a microbial species may be more informative than taxonomic
abundance alone.

Integrated metagenomic and fecal metabolomic analyses converged on enrichment
of glycosaminoglycan degradation under high humidity, indicating that humidity expo-
sure was associated not only with changes in microbial composition but also with func-
tional metabolic remodeling.

4.3. Microbial Glycosaminoglycan Metabolism and Cartilage CS Alteration

Glycosaminoglycans are essential components of the cartilage extracellular matrix
[49,50], and inflammatory, infectious, or mechanical stress can accelerate their release or
degradation [51-53]. In the present study, CS abundance in articular cartilage was lowest
in high-humidity CIA mice, while P. stercorea showed CS-degrading capacity in vitro.
These findings connect the humidity-associated enrichment of microbial glycosaminogly-
can degradation functions with altered cartilage CS homeostasis. Nevertheless, fecal me-
tabolite profiling and cartilage immunofluorescence reflect different biological compart-
ments. Therefore, without isotope tracing or another direct transport experiment, intesti-
nal CS degradation cannot be claimed to cause cartilage CS depletion. Rather, the present
data support a testable model in which high humidity promotes microbial functional re-
modeling and inflammatory amplification, which may jointly contribute to impaired CS
homeostasis during arthritis progression.

4.4. Humidity-Dependent Effects of CS Supplementation

The divergent effects of oral CS under the two humidity conditions suggest that its
impact on arthritis may depend on the environmental and microbial context. Under high
humidity, where microbial glycosaminoglycan degradation was enriched and tissue CS
was reduced, CS supplementation was associated with improved arthritis outcomes. In
contrast, under normal humidity, CS supplementation was associated with worsened ar-
thritis manifestations and reduced cartilage CS staining. The mechanism underlying this
humidity-dependent divergence remains unclear. One possible explanation is that high
humidity reshapes the gut microbial ecosystem in a way that alters CS utilization, degra-
dation-product formation, intestinal absorption, or downstream inflammatory responses.
However, these possibilities were not directly tested in the present study. Therefore, our
findings should not be interpreted as evidence that CS supplementation is uniformly pro-
tective in arthritis. Rather, they suggest that the biological effects of oral CS may be context
dependent and influenced by humidity-associated microbial metabolism. Further studies
are required to determine whether differences in microbial CS utilization, degradation-
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product formation, intestinal absorption, or immune responses account for the divergent
effects observed under normal and high humidity conditions.

4.5. Limitations

Several limitations of this study should be acknowledged. First, our findings were
obtained from a murine CIA model, and further studies are required to determine
whether similar humidity-sensitive microbiota—cartilage interactions occur in human RA.
Second, although integrated multi-omics analysis, P. stercorea supplementation, in vitro
CS degradation, and CS intervention experiments support a microbiota—CS—joint relation-
ship, the evidence directly linking intestinal CS degradation to articular cartilage CS de-
pletion remains indirect. Fecal CS levels and cartilage CS abundance were measured in
different biological compartments, and isotope-tracing or direct transport experiments
were not performed. In addition, the oral bioavailability of CS is relatively limited and
variable; therefore, the effects of oral CS supplementation should not be interpreted as
direct evidence of systemic replacement of cartilage CS. Rather, these effects may reflect
combined interactions among orally administered CS, gut microbial metabolism, intesti-
nal processing, and downstream changes in cartilage CS abundance and arthritis severity.
Therefore, the proposed gut microbiota—CS—cartilage axis should be interpreted as a sup-
ported mechanistic model rather than a fully resolved linear causal pathway. Third, alt-
hough P. stercorea emerged as a humidity-associated functional candidate, additional mi-
crobial species and metabolites may also participate in glycosaminoglycan metabolism
under high-humidity conditions. Fourth, the upstream host pathways connecting envi-
ronmental humidity to intestinal barrier impairment and microbial remodeling, as well as
the immune pathways linking cartilage metabolic disruption to inflammatory amplifica-
tion, were not fully defined. Finally, the mechanism underlying the humidity-dependent
effects of CS supplementation remains unclear and warrants further investigation. De-
spite these limitations, the present findings provide experimental evidence linking high
humidity to microbiota-dependent metabolic remodeling and arthritis exacerbation. Un-
derstanding how climate-related environmental exposures influence microbial function
and host tissue metabolism may help refine preventive or adjunctive strategies for im-
mune-mediated inflammatory diseases.

5. Conclusions

In summary, high humidity aggravated CIA and was associated with microbiota-
dependent remodeling, impaired intestinal barrier markers, enrichment of glycosamino-
glycan degradation functions, and reduced cartilage CS. P. stercorea emerged from the
present multi-omics dataset as a humidity-associated functional candidate and demon-
strated CS-degrading capacity. The intervention results support a context-dependent in-
teraction among humidity, P. stercorea, CS metabolism, and arthritis severity. Direct trac-
ing and host mechanism studies are now needed before the proposed gut microbiota—
cartilage axis can be considered fully causal or translated into humidity-control or micro-
biome-targeted clinical recommendations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms14071540/s1, Figure S1: Humidity (A) and
temperature (B) variation in the man-made climate box; Figure S2: Line charts depicting the dy-
namic changes in arthritis scores across five independent murine experiments; Figure S3: LEfSe
identified the differential microbial species between HT-CIA and HT-blank. Significant differences
are shown (LDA score >2). HT-CIA: the CIA mice under high humidity; HT-blank: the control mice
under high humidity; Figure 54: LEfSe identified the differential KEGG pathways between HT-CIA
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