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Abstract
Objective
To investigate gut microbial alteration and their functional consequences in obesity (OB)-related knee
osteoarthritis (OA) by integrating microbiome with metabolomic, proteomic, and dietary data.

Methods
Fecal and fasting plasma samples were collected from 91 knee OA patients and 12 OA-free controls, classified
into four subgroups based on OB and OA status: 66 OB*OA*, 25 OB OA*, 5 OB*OA", and 7 OB"OA". 16S rRNA gene
sequencing was performed to profile gut microbiota. MaAsLin2 modelling was applied, and dietary intake was
incorporated into the models. Plasma metabolomics (n=630 metabolites) and proteomics (n=5,416 proteins) were
integrated with microbial signatures to assess functional associations.

Results
OB*OA* patients exhibited significantly lower a- and -diversity than OB OA* (p<0.05). Seventeen microbial taxa
were identified to be significantly associated with OB*OA* (all p<7.65x107 after correcting tests for 654 ASVs), and
16 of them remained significant after adjustment for age, sex, antibiotic use, and dietary intake. PICRUSt2-based
predictive analysis on these taxa suggested that bile acid biosynthesis was upregulated in OB*OA* group. These taxa
were correlated with 376 metabolites (p<0.05) with enrichment in fatty acid biosynthesis, linoleic/arachidonic acid
metabolism, and propanoate metabolism pathways. They were also associated with 146 proteins (p<0.001) with
enrichment in PI3K-Akt signalling, ECM-receptor interaction, and lipid/atherosclerosis pathways.

Conclusion
OB*OA* patients exhibited significant gut microbial dysbiosis associated with systemic metabolic and proteomic
alterations relevant to OA pathophysiology. The microbiome-metabolome-proteome axis may provide mechanistic
insights into worsened OA outcomes in OB individuals and could inform microbiome-targeted interventions.
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Introduction

Osteoarthritis (OA) is the most com-
mon form of arthritis in adults, with
a global prevalence of approximately
7.6% reported in 2020 (1). Multiple fac-
tors including age, sex, obesity (OB),
genetic predisposition, and joint injury
contribute to the development of OA
(2). Among these, excess body weight
is a major modifiable risk factor, par-
ticularly for knee OA (3). Individuals
with OB are more than twice as likely
to develop knee OA compared to those
with a normal weight (4). Furthermore,
Mendelian randomisation (MR) studies
have provided strong evidence support-
ing a causal relationship between OB
and knee/hip OA (5).

OB-related OA represents a substantial
proportion of the clinical OA popula-
tion, yet studies specifically address-
ing this phenotype remain limited. In-
creased expression of cytokines, metal-
loproteinases, and inflammation-related
genes have been observed in OB-in-
duced OA mouse (6). However, cor-
responding studies in human subjects
are scarce. Elevated fatty acid-binding
protein 4 (FABP4) levels have been re-
ported in obese female OA patients (7),
while higher baseline fibulin-3 levels
were associated with the incidence of
knee OA in middle-aged overweight
and obese women (8). Despite the evi-
dence that obese individuals exhibit
severely disturbed plasma metabolome
and proteome (9), most previous stud-
ies on OB-related OA only focused on
a small number of biomarkers. To ad-
dress this gap, our lab recently conduct-
ed a metabolome-wide analysis spe-
cifically targeting OB-related knee OA.
This study identified lower levels of
acyl-alkyl-phosphatidylcholine C40:6
(PC ae C40:6) as being associated with
increased risk of OB-related knee OA,
higher body mass index (BMI) at 10-
year follow-up, as well as the incidence
of radiographic and symptomatic knee
OA at 5-year follow-up (10).

Given that host metabolomic and pro-
teomic alterations are often shaped by
the gut microbiota (11), these findings
prompted us to explore the gut micro-
biome as a potential upstream driver
of OB-related knee OA. A number of
studies have highlighted the roles of gut

microbiota in the development of both
OA and OB. Several microbial taxa, in-
cluding Streptococcus and Bacteroides,
were found to be positively or negative-
ly associated with OA (12). It has also
been reported that bacterial products
such as short-chain fatty acids (SCFAs)
could protect joint and slow the pro-
gression of OA by enhancing intestinal
barrier integrity, suppressing systemic
inflammation, and maintaining joint ho-
meostasis (13). In addition, gut micro-
biota has been shown to increase calor-
ic harvest, modulate appetite, and regu-
late fat storage and insulin sensitivity
in the host (14), contributing to weight
gain. Therefore, we hypothesised that
gut microbiota-induced alterations on
metabolomic and proteomic levels may
also contribute to the development of
OB-related knee OA. The aim of the
current study was to investigate gut mi-
crobial alteration and its functional con-
sequences in OB-related knee OA, with
the ultimate goal being informing more
precise and personalised intervention
strategies, such as dietary modification
and probiotic supplementation.

Methods

Study participants

The current study was conducted as
part of the ongoing Newfoundland Os-
teoarthritis Study (NFOAS), which re-
cruited OA patients between November
2011 and September 2017 at St Clare’s
Mercy Hospital and Health Sciences
Centre General Hospital in St John’s,
Newfoundland & Labrador (NL), Can-
ada (16). OA diagnosis was based on
the American College of Rheumatol-
ogy OA clinical diagnostic criteria (17)
and was confirmed by the attending
orthopaedic surgeon, as well as the pa-
thology reports on the replaced joints.
OA-free controls derived from a previ-
ous study, the Complex Diseases in the
Newfoundland population: Environ-
ment and Genetics (CODING) study
(18), which recruited participants from
the same source population in NL. In-
dividuals with no clinically diagnosed
or self-reported OA in any joint were
defined as controls. OB was defined as
BMI=30 kg/m?.

Ethics approval for this study was ob-
tained from the Health Research Eth-
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ics Authority of Newfoundland and
Labrador (HREB no. 2011.311 and no.
2017.121). All study participants pro-
vided written informed consent prior to
enrolment.

Data and sample collection

For fecal sample and dietary intake data
collection, an OMNIgene*GUT collec-
tion kit (DNA Genotek, Ottawa, Cana-
da) and two questionnaires were mailed
to each participant. Each kit contained
detailed user instructions, a spatula, a
collection tubes pre-filled with DNA
preservation solution, a bio-specimen
bag, and toilet accessories. The DNA
preservation solution was able to main-
tain DNA integrity at room temperature
for up to 60 days or at -80 °C for up to
one year. The questionnaires collected
information on dietary intake pattern
within the 12 months and antibiotic use
within the three months prior to fecal
sample collection, respectively (Full
questionnaires are provided in the on-
line Supplementary file). Participants
were instructed to complete the ques-
tionnaires, collect their fecal sample ac-
cording to the manufacturer’s instruc-
tions to minimise contamination, record
the collection date and time, and then
return the sample tube and question-
naires to the laboratory.

Upon receipt, 1 ml of each fecal sample
was immediately aliquoted into a sterile
screw-cap vial and stored at -80 °C until
analysis. The average time from sample
collection to freezing was 9+8.3 days.
Metagenomic DNA was extracted us-
ing the QIAGEN PowerSoil DNA Kit
(QIAGEN, Hilden, Germany) following
the manufacturer’s instructions. DNA
quality was assessed using a Qubit fluo-
rometer and DNA samples were stored
at -20°C until microbiome analysis.
Sequencing libraries were prepared
with the Illumina DNA Prep kit (Illu-
mina, San Diego, USA). Starting with
1 ng of DNA per sample, the process
included enzymatic shearing and adap-
tor tagging, PCR amplification with
barcode integration, purification by
beads, and normalisation using Illu-
mina beads approach. The V4-V5 vari-
able region of the 16S rRNA gene was
amplified with Phusion High-Fidelity
DNA polymerase (Thermo Fisher Sci-

1332

entific, Waltham, USA) using primers
515FB  (GTGYCAGCMGCCGCGG-
TAA) and 926R (CCGYCAATTYMT-
TTRAGTTT), each containing sample-
specific barcodes. PCR products were
then verified on Coastal Genomics
Analytical Gels (Coastal Genomics,
Burnaby, Canada). Amplicons were
cleaned and normalised with the Charm
Biotech Just-a-Plate 96-well Normali-
zation Kit (Charm Biotech, Cape Gi-
rardeau, USA). Finally, sequencing of
the 16s rRNA gene V4-V5 region was
performed on the Illumina MiSeq 1100
platform using 300+300 bp paired-end
reads with XLEAP chemistry at the
Integrated Microbiome Resource (Dal-
housie University, Halifax, Canada).
Fasting plasma samples were used for
both metabolomic and proteomic pro-
filing. Metabolomic profiling was per-
formed using the Biocrates MxP Quant
500 Kit (BIOCRATES Life Sciences
AG, Innsbruck, Austria), which quanti-
fies up to 630 different endogenous me-
tabolites. A full list of the measured me-
tabolites is provided in Supplementary
Table S1. The profiling was performed
on an API5500 Qtrap® tandem mass
spectrometry instrument (Applied Bio-
systems/MDS Analytical Technologies,
Foster City, USA) coupled with a liquid
chromatography at The Metabolomic
Innovation Centre (TIMC; https://me-
tabolomicscentre.ca). The Biocrates
MetlQ software was used to manage
the entire assay workflow from sample
registration and automated calculation
of metabolite concentrations to the data
export for downstream analysis. Me-
tabolite concentrations were reported
as uMol/L.

Proteomic profiling was performed us-
ing the Olink® Explore HT platform
(Olink®, Uppsala, Sweden), which
quantifies more than 5400 proteins
with >99% specificity. A complete list
of the measured proteins is provided
in Supplementary Table S2. Proteomic
profiling was conducted at the McGill
Genome Centre (https://www.mcgill-
genomecentre.ca) following the manu-
facturer’s standard protocol. Each sam-
ple included three internal controls (ex-
tension, incubation, and amplification).
The extension control was used for nor-
malisation and calculation of normal-

ised protein eXpression (NPX) values,
while the incubation and amplification
controls monitored assay performance
and technical integrity. Each assay plate
also included three external controls: a
plate control (pooled human plasma)
for data normalisation and quality con-
trol (QC) of each run, a sample control
to assess potential variation between
runs, and a negative control (buffer)
to detect any unexpected signals. Data
QC and analysis were performed using
Olink® NPX Manager software, and
protein levels were reported as NPX
values.

Statistical analyses

Gut microbial sequencing data were
processed using the Microbiome
Helper pipeline based on QIIME2
(https://github.com/LangilleLab/micro-
biome_helper). Amplicon Sequence
Variants (ASVs) were generated using
Deblur(19). Within-sample o-diversity
was estimated using Shannon, Simp-
son, Chaol, and Abundance-based
coverage estimators (ACE) indices,
while between-sample p-diversity was
assessed using Bray-Curtis dissimilar-
ity and visualised by principal coordi-
nate analysis (PCoA). Statistical sig-
nificance of a-diversity measures was
assessed using analysis of covariance
(ANCOVA) with age, sex, and antibi-
otic use as covariates. Group differenc-
es in B-diversity were evaluated using
permutational multivariate analysis of
variance (PERMANOVA), also adjust-
ing for age, sex, and antibiotic use. To
identify taxonomic differences across
the four defined subgroups (OBTOA*,
OB-OA*, OB*OA-, and OBOA"), we
applied Microbiome Multivariable As-
sociation with Linear Models 2 (MaAs-
Lin2) with zero-inflated negative bino-
mial (ZINB) model, adjusting for age
and sex. Statistical significance level
was set at 0=7.65x107 to control for
multiple testing for 654 ASVs with
Bonferroni correction method. Antibi-
otic use and dietary intake were then
incorporated into the models stepwise
to examine their effects on OB/OA out-
comes. Functional metagenomic pre-
dictions were performed with Phyloge-
netic Investigation of Communities by
Reconstruction of Unobserved States
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Table I. Characteristics of the study participants.

OB*OA* OB OA* OB*OA- OBOA- P! P? p?
n=66 n=25 n=5 n=7
Age (years) 61.6+49 652 +6.1 522+80 54.1+46 0.01 4.82x10° 5.35%10*
BMI (kg/m?) 365+52 272+19 333+30 276+1.8 <2x10°'° 0.15 1.23x10°
Sex: female (n) 46 12 4 6 0.09 0.51 0.67
Antibiotics use (n) 14 0 2 1 0.02 0.60 1™

Values are either mean =+ standard deviation or counts. p-values were obtained using Student’s t-test or Wilcoxon rank-sum test for continuous variables (age
and BMI) and Chi-squared test or Fisher’s exact test for categorical variables (sex and antibiotic use), as appropriate. For antibiotic data, 57/66 OB*OA*
patients, 21/25 OB-OA* patients, and all non-OA patient completed the questionnaire. P1: OB*OA* vs. OB-OA*; P2: OB*OA* vs. OB*OA"; P3: OB*OA* vs.

OB OA

(PICRUSt2)(20), which infers the func-
tional potential of microbial communi-
ties by placing sequences and relative
abundances into a reference phyloge-
netic tree and leveraging an expanded
genomic database with improved gene
and pathway prediction algorithms.
For metabolomics, metabolites with
values below the limit of detection
(LOD) in more than 25% of the sam-
ples were excluded. For the remaining
metabolites, values <LOD were im-
puted using a linear regression model
in which concentration of a given me-
tabolite was regressed on age, sex, and
BMI. Principal component analysis
(PCA) revealed no batch effect. A total
of 622 metabolites passed QC and were
included in subsequent analysis. For
proteomics, data points were excluded
if they showed insufficient total read
counts, abnormal or unbalanced inter-
nal control signals, unexpected signals
in negative controls, or deviations from
the expected signal pattern of external
controls. A total of 5,416 proteins were
assessed, all of which passed QC and
were included in the analysis. Associa-
tions between metabolite, protein, and
the identified microbes were evaluated
using Spearman correlation. Metabo-
lite pathway enrichment was performed
in MetaboAnalyst 6.0 (https://www.
metaboanalyst.ca). Protein functional
enrichment was assessed using Kyoto
Encyclopedia of Genes and Genomes
(KEGG) (21) and Gene Ontology (GO)
(22) databases.

Dietary patterns were categorised into
the following 11 main food categories:
white meat, red meat, processed meat,
plant-based protein, dairy products,
fruits, vegetables, refined carbohy-
drates and sweets, grains and cereals,
beverages, and nuts and seeds (Details
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of the components included in each cat-
egory are provided in Suppl. Table S3).
The frequency of consumption for each
food category was ranked into quar-
tiles, and participants were assigned
accordingly. To examine whether the
dietary intake influenced the significant
microbial taxa, food intake frequency
was incorporated into the model with
adjustment for age, sex, and antibiotic
use. Dietary intake frequencies were
categorised into quartiles with quartile
1 was set as reference, and associations
were considered indicative of dietary
influence only when quartiles 2 to 4 all
showed statistically significant associa-
tions in the same direction.

Statistical significance was evaluated
using Student’s #-test or Wilcoxon
rank-sum test for continuous variables
and Chi-squared test or Fisher’s exact
test for categorical variables, as appro-
priate. All statistical analyses and visu-
alisation were performed in R v. 4.3.2
with vegan (23), picante (24), ggplot2
(25), Maaslin2 (26), phyloseq (27), gg-
picrust2 (28) packages.

Results

Participants’ characteristics

A total of 91 patients with knee OA
and 12 OA-free controls were included
in this exploratory study and classified
into four subgroups based on OA and
OB status: OB*OA* (n=66), OB-OA*
(n=25), OB*OA" (n=5), and OB-OA"
(n=7). The OB*OA* group was younger
than OB"OA* but older than both non-
OA subgroups. In addition, the OB*OA*
group had a significantly higher pro-
portion of female participants and a
greater number of individuals with a
history of antibiotic use within the three
months prior to fecal sample collection
compared with the OB-OA* group (all

p<0.05; details in Table I and Suppl.
Table S4).

Diversity of the gut microbiome
Sequencing of the16S rRNA V4-V5 re-
gion yielded a total of 6,119,490 paired-
end reads, with an average of 59413
reads per sample. ASVs present in less
than 10% of samples were excluded,
resulting in 654 ASVs for downstream
analyses, encompassing 8 phyla, 14
classes, 30 orders, 52 families, and 153
genera.

a-diversity was assessed using diver-
sity indices (Shannon and Simpson)
and richness estimators (Chaol and
ACE) with adjustment for age, sex, and
antibiotic use. Patients in the OB*OA*
group exhibited lower a-diversity com-
pared with OB-OA* (all p<0.05) except
for Simpson index (p=0.27). No signifi-
cant differences were observed among
the other three subgroups. In addition,
OB*OA* patients showed borderline
lower Chaol and ACE in a-diversity
compared with OB*OA" and OB-OA"
(p=0.052-0.07) (Fig. 1A). Both indices
are primarily sensitive to species rich-
ness, suggesting a trend toward reduced
microbial richness in the OB*OA*
subgroup. p-diversity, evaluated us-
ing Bray-Curtis dissimilarity, showed
that the first two principal coordinates
explained 15.17% of the variation in
microbial composition. Pairwise PER-
MANOVA with adjustment for age,
sex, and antibiotic use indicated that the
microbial communities in the OB*OA*
group were significantly different from
those in OB"OA* and OB'OA" groups,
whereas no significant differences were
observed among the other subgroup
comparisons (Fig. 1B). Although the
OB*OAY* group had a higher proportion
of individuals with a recent history of
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Fig. 1. A: Differences in o-diversity between four OA/OB subgroups assessed by Shannon, Simpson, Chaol, and ACE indices. Significance was evaluated
using analysis of covariance (ANCOVA) with adjustment for age, sex, and antibiotic use history.
B: (-diversity differences between the four OA/OB subgroups were estimated by Principal coordinates analysis (PCoA) based on Bray-Curtis distance.
Significance was evaluated using Permutational Multivariate Analysis of Variance (PERMANOVA) with adjustment for age, sex, and antibiotic use history.
C: The proportions of bacteria at different taxonomic levels in each subgroup. At the order, family, and genus levels, the subfigures only displayed the top

10 most abundant bacteria.

antibiotic use compared with the OB-
OA* group, adjusting for antibiotic ex-
posure did not eliminate the observed
differences in diversity.

Differences in microbial abundances

Relative abundance stack plots dem-
onstrated that Bacteroidota and Fir-
micutes were the predominant phyla
across all groups. At the class level,
Bacteroidia, Clostridia, and Bacilli
were the most abundant taxa, while
at the order level, communities were
primarily composed of Bacteroidales,
Oscillospirales, Lachnospirales, and
Lactobacillales. Wilcoxon rank-sum
testing revealed that the OB*OA* group
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had a lower abundance of Peprostrepto-
coccales-Tissierellaless compared with
OB-OA* (p=1.27x107). At the family
level, Barnesiellaceae, Lachnospirace-
ae, Ruminococcaceae, Prevotellaceae,
and Oscillospiraceae were dominant,
and OB*OA* had a lower abundance of
Peptostreptococcaceae compared with
OB-OA* (p=1.62x10*). Detailed taxo-
nomic profiles at each level are present-
ed in Figure 1C.

Taxa ratios were compared between
subgroups. Relative abundances of
taxa with the same name at the same
taxonomic level were summed, and
ratios were calculated between these
values. At the phylum level, OB*OA*

displayed higher Proteobacteria/Eury-
archaeota, ProteobacterialFirmicutes,
and  ProteobacterialActinobacteriota
ratios than OB-OA* (all p<8.93x10%).
At the class level, OB*OA* exhibited a
higher Gammaproteobacterial Metha-
nobacteria ratio compared with OB-
OA* (p=1.92x10"%).

MaAsLin2 with ZINB model, adjusted
for age and sex, identified four taxa with
significant differences between OB"OA*
and OB*OA", seven between OB*OA"
and OB*OA*, and six between OB-OA-
and OB*OA* (all p<7.65x107 after cor-
rection for 654 ASVs). The taxon most
positively associated with OB*OA* was
Muribaculaceae (p=4.51x107; p=8.8

Clinical and Experimental Rheumatology 2026
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Table II. Results from the microbiome multivariable association with linear models (MaAsLin2) analyses.

Taxonomy Model 1 Model 2
p+SD p-value p+SD p-value

OBOA*vs. d_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Rikenellaceae; 2.14+033 129x10"°  230+0.38 1.54x107°
OB*OA* g_Alistipes_1;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f Ruminococcaceae; 529+1.08 1.01x10°¢ 534 +1.11 1.45x10°

g_Angelakisella;

d_Bacteria; p_Proteobacteria; c_ Gammaproteobacteria; o_Enterobacterales; 3.02 +0.65 3.68%10° 2.55+0.83 2.13x1073

f_Pasteurellaceae; g_Haemophilus;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Lachnospirales; f_Lachnospiraceae_1; 6.46 +1.46 101x10°  *645+157 *4.09x10°
OB*OA"vs. d_Bacteria; p_Firmicutes; c_Clostridia; o_Christensenellales; f_Christense- -144+£0.28 238x107  -1.50+0.25 2.31x10°
OB*OA* nellaceae; g_Christensenellaceae_R-7_group;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae_1; 340+0.71 1.45%10° 391 +0.56 3.52x10"2

d_Bacteria; p_Firmicutes; c_Clostridia; o_Lachnospirales; f_Lachnospiraceae_2; S5.13+£1.12 478x10°  -229+1.25 0.06

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae_2; 3.52+0.78 6.23x10° 427+093 4.63x10°

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae; 6.97 +1.60 1.24x10° 6.53+1.88 5.17x10*

g_Faecalibacterium;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Butyricicoccaceae; 2.61+0.62 292x10°  *2.85+0.60 *220x10°

g_Butyricicoccus;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Oscillospirales; f_Ruminococcaceae; -11.35+2.75 358x10°  -1133+300 1.62x10*

¢_Ruminococcus;
OBOA"vs. d_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Rikenellaceae; 6.89 +1.06 8.66x10""  *#324 +1.53 *0.03
OB*OA* g Alistipes_2;

d_Bacteria; p_Bacteroidota; ¢c_Bacteroidia; o_Bacteroidales; f_Muribaculaceae; 8.85+1.75 451x107  *733+1.04 #*226x10"?

g_Muribaculaceae;

d_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Bacteroidaceae; 565+1.23 3.97x10° 7.02+1.09 1.17x10°1°

g_Bacteroides;

d_Bacteria; p_Firmicutes; c_Clostridia; o_Lachnospirales; f_Lachnospiraceae; 4.05+094 1.59x10°  *5.19+0.67 *1.15x10'*

_Anaerostipes;

d_Bacteria; p_Firmicutes; c_Bacilli; o_Erysipelotrichales; f_Erysipelatoclostri- 399+097 374x10°  *273+1.16 *0.02

diaceae; g_Erysipelatoclostridium;

d_Bacteria; p_Bacteroidota; c_Bacteroidia; o_Bacteroidales; f_Prevotellaceae; 7.12+1.80 7.31x107 6.73+3.26 3.90x102

g_Prevotella_7;

In Model 1, p-values were obtained using MaAsLin2 with a zero-inflated negative binomial (ZINB) model, adjusted for age and sex.
In Model 2, p-values were obtained with additional adjustment for antibiotic use. Furthermore, for results marked with an asterisk (*), we further adjusted for the
dietary factors significantly associated with those taxa. The P+SD values represent the coefficients and standard deviation for the OB*OA* group.

in OB'OA" vs. OB*OA* comparison),
while the strongest negative associa-
tion was observed for Ruminococcus
(p=3.56x10"; p=-11.3 in OB*OA" vs.
OB*OA* comparison). Details of all
comparisons are provided in Table II.

Analysis of dietary influence revealed
that that processed meat consumption
was negatively associated with Lach-
nospiraceae  abundance, vegetable
consumption was negatively associated
with Muribaculaceae, fruit consump-
tion was positively associated with
Anaerostipes, and beverage consump-
tion was positively associated with
Alistipes. In addition, red meat intake
was positively associated with Ery-
sipelatoclostridium abundance, while
Butyricicoccus showed a negative asso-
ciation with the consumption of refined
carbohydrates and sweets (all p<0.05).
After incorporating dietary intake into
the models, along with age, sex, and
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antibiotic use, 16 out of 17 bacterial
taxa remained significant (all p<0.05).
However, Lachnospiraceae_2 was no
longer significant between OB*OA" and
OB*OA* (p=0.067).

In addition, PICRUSt2 functional pre-
dictions were performed on both the 16
identified taxa and whole metagenome.
Analysis of the 16 identified taxa pre-
dicted an upregulation of primary and
secondary bile acid biosynthesis in the
OB*OA* group (Fig. 2A). Predictions on
the whole metagenome revealed an up-
regulation of glycosphingolipid biosyn-
thesis, glycosaminoglycan degradation,
and lipopolysaccharide (LPS) biosyn-
thesis pathways in OB*OA* (Fig. 2B).

Association between the

identified microbial taxa and

plasma metabolites and proteins
Spearman correlation analysis identified
376 metabolites to be correlated with

the 16 taxa that remained significant af-
ter adjustment for dietary factors, age,
sex, and antibiotic use (p<0.05) (Suppl.
Table S5).

Metabolite enrichment analysis was per-
formed in MetaboAnalyst 6.0 for each
set of microbe-associated metabolites.
Ruminococcaceae-associated metabo-
lites were enriched in pathways related
to unsaturated fatty acids biosynthesis,
as well as linoleic acid and arachidonic
acid metabolism. Muribaculaceae-asso-
ciated metabolites were enriched in the
propanoate metabolism and alanine, as-
partate and glutamate metabolism path-
ways. Alistipes-associated metabolites
were enriched in sphingolipid metabo-
lism and linoleic acid metabolism (Fig.
3A, details in Suppl. Table S6).
Proteomic data were available for 13
OB*OA* and 22 OBOA* patients.
Spearman correlation analysis revealed
that 146 proteins were associated with
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A: Metabolic pathway results of metabolites associated with OB-related OA-associated microbial taxa.

B: GO and KEGG enrichment result of Erysipelatoclostridium-associated proteins.

the 16 taxa (p<0.001), of which 110
were linked to Erysipelatoclostridium
(all correlations with p<0.05 are pro-
vided in Suppl. Table S7). KEGG and
GO enrichment analyses of these 110
proteins indicated significant involve-
ment of the PI3K-Akt signalling path-
way, ECM-receptor interaction, and
TNF signalling pathway (Fig. 3B).

Discussion

This exploratory study provided inte-
grative evidence linking gut microbial
signatures with metabolomic and prot-
eomic alterations and dietary factors in
OB-related knee OA. We observed that
patients with both OB and OA exhibit-
ed reduced microbial a- and B-diversity
compared with non-obese OA patients,
together with specific taxonomic shifts,
including the most enrichment of Muri-
baculaceae and depletion of Rumi-
nococcus. These microbial signatures
correlated with distinct plasma metabo-
lites and proteins involved in lipid me-
tabolism, inflammation, and extracel-
lular matrix (ECM) regulation. Taken
together, these findings highlighted a
potential mechanistic axis between gut
microbiome, systemic metabolic path-
ways, and OA pathophysiology, par-
ticularly in the setting of OB.

Reduced microbial a-diversity has been
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widely reported in OB and is often con-
sidered as a hallmark of gut dysbiosis
(29). In the current study, OB*OA™ pa-
tients had significantly lower a-diver-
sity compared with OB-OA*. Although
not statistically significant, OB*OA*
patients also demonstrated a trend to-
wards lower o-diversity in richness
compared with non-OA groups, raising
the possibility that OA itself may also
contribute to gut microbial dysbiosis.
This interpretation is consistent with
previous studies reporting gut dysbiosis
in OA patients (30), although evidence
remained inconclusive (31).
Muribaculaceae was the taxon most
strongly and positively associated with
OB*OA* patients. This finding appeared
to contrast with those in mouse studies,
where increased Muribaculaceae abun-
dance has been associated with the al-
leviation of OB (32), and its reduction
was observed in the destabilisation of
the medial meniscus (DMM) mouse
model of OA (33). However, as existing
evidence primarily comes from animal
models, further research is needed to
clarify the role of Muribaculaceae in
human patients.

The potential role of Muribaculaceae
may be explained by its metabolic func-
tions. This bacterial family degrades
complex plant polysaccharides to pro-

duce SCFAs such as butyrate and pro-
pionate (32). Butyrate has been shown
to protect against OA by regulating
autophagy and inflammatory cell death
of chondrocytes (34). Similarly, in-
dole-3-propionic acid (IPA) (microbial
metabolite produced from propanoate
metabolism) has been shown to allevi-
ate chondrocyte inflammation and ex-
tracellular matrix degradation by inhib-
iting the NF-kB signalling pathway(35).
Consistent with this, we observed en-
richment of Muribaculaceae-associated
metabolites within the propanoate me-
tabolism pathway (Suppl. Table S6),
suggesting that the increased abundance
of Muribaculaceae in OB*OA™* patients
may represent a compensatory response
to gut dysbiosis. Thus, elevated Muri-
baculaceae abundance could reflect an
adaptive microbial attempt to restore
metabolic homeostasis through en-
hanced SCFA production.

In contrast, Ruminococcus displayed
the strongest negative association with
OB*OA*. This negative association was
significant when compared with the
OB*OA" group, and was also observed,
though not significant after multiple
testing correction, when compared with
the OB"OA* group. Notably, decreased
abundance of Ruminococcus has been
consistently reported in human studies
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of OA patients compared with controls
(30). This raised the possibility that Ru-
minococcus depletion may contribute to
OA pathogenesis in the presence of OB,
potentially by diminishing the capacity
for fiber fermentation and SCFA pro-
duction (36).

Alistipes abundance demonstrated a
gradient enrichment, being significantly
higher in OB*OA* compared with OB~
OA" (p=6.6, p=8.66x10'"), OB*OA
(B=4.1, p=0.002), and OB OA*($=2.1,
p=1.29x10"°) groups. This pattern sug-
gested that Alistipes may respond to the
cumulative burden of metabolic and
joint disease. Furthermore, we observed
a positive association between bever-
age consumption (including coffee and
alcohol) and Alistipes abundance. Both
caffeine and alcohol intake have previ-
ously been reported to increase Alistipes
levels (37, 38). Importantly, these ex-
posures may contribute to joint pathol-
ogy: caffeine can inhibit the expression
of cartilage matrix genes such as col-
lagen type II alpha 1 chain (COL2AI)
and aggrecan (ACAN), thereby promot-
ing chondrocyte degeneration (39); ex-
cessive alcohol consumption has been
linked to the loss of cartilage proteogly-
cans and increased risk of knee OA (40).
Furthermore, Alistipes has been associ-
ated with pro-inflammatory activity
through toll like receptor-4 (TLR4) acti-
vation and tumour necrosis factor (TNF)
production (41). Together, these find-
ings suggested that elevated Alistipes,
in conjunction with higher caffeine and
alcohol intake in OB*OA* patients, may
contribute to the disease development
via pro-inflammatory pathways and im-
paired cartilage homeostasis.

However, the association between Alis-
tipes and OA appears to vary across
populations. A study in British partici-
pants reported increased Alistipes abun-
dance in OA (42), whereas research in a
Chinese cohort found decreased levels
in overweight OA patients (43). The
NL population examined in the current
study is primarily descended from Irish
and English settlers, and the discrepan-
cies across studies may reflect popula-
tion-specific host-microbiome interac-
tions. These observations highlighted
the importance of ancestral, dietary, and
environmental factors when evaluating
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microbiome-based biomarkers and po-
tential therapeutic targets.

In addition to Alistipes, Erysipelato-
clostridium emerged as another nota-
ble taxon positively associated with
the OB*OA* group. In proteomic cor-
relation analyses, this genus accounted
for the majority of the significant cor-
relations, suggesting its central role in
shaping host molecular responses. Pre-
vious mouse studies have shown that
Erysipelatoclostridium can promote
high-fat diet-induced OB by enhancing
the transcription of glucose transporter
2 (Glut2) and fatty acid translocase
(CD36) mRNA (44). However, its role
in OA pathogenesis has remained poorly
understood. Our findings revealed that
Erysipelatoclostridium-associated pro-
teins were significantly enriched in the
PI3K-Akt signalling pathway (Fig. 3B).
This pathway is well established in OA
pathogenesis, where it drives cartilage
matrix degradation, synovial inflam-
mation, and subchondral bone dysfunc-
tion (45). In addition, TNF signalling
pathway and apoptosis pathway were
also associated Erysipelatoclostridium.
TNF-o inhibition has been shown to
alleviate inflammation by downregulat-
ing the PI3K-Akt signalling pathway
in mouse model (46). The PI3K-Akt
signalling pathway also participates in
the regulation of chondrocyte apoptosis
(45). Thus, Erysipelatoclostridium or its
metabolic products may influence joint
pathology through the modulation of
PI3K-Akt signalling, but the causality
needs further experimental validation,
particularly to determine whether mi-
crobial metabolites directly activate this
pathway in joint tissues and systemic
inflammation.

Dietary analysis provided additional
context: red meat consumption was
positively correlated with Erysipelato-
clostridium abundance. Red meat intake
is known to increase bile acid produc-
tion, particularly deoxycholic acid
(DCA), and long-term exposure to DCA
has been shown to activate the PI3K-
Akt signalling pathway in colonic cells
(47). In addition, Erysipelotrichaceae
has been reported to participate in bile
acid metabolism through the production
of bile salt hydrolase (48), and bile acids
could activate TNF-a and IL-1f3 signal-

ling pathways to exert pro-inflammatory
effects (49). PICRUSt2 also suggested
that the primary and secondary bile acid
biosynthesis pathways were upregulat-
ed in OB*OA* group. This observation
suggested a potential diet-microbe-host
signalling axis, whereby red meat-driv-
en expansion of Erysipelatoclostridium
could amplify OA-related molecular
pathways via bile acid metabolism and
PI3K-Akt activation.

Furthermore, in the PICRUSt2 predic-
tions based on the whole metagenome,
we observed that glycosaminoglycan
degradation and LPS biosynthesis path-
ways were upregulated in the OB*OA*
group. The degradation of glycosami-
noglycans in the extracellular matrix
of cartilage is considered an early land-
mark of the OA pathogenesis, contrib-
uting to diminished cartilage resilience
and progressive joint deterioration
(50). This microbial functional signa-
ture therefore mirrors one of the central
pathogenic processes in OA. In parallel,
enhanced microbial capacity for LPS
biosynthesis provided a potential mech-
anistic link between OB-associated dys-
biosis and OA progression. Circulating
LPS levels are elevated in OB individu-
als through multiple mechanisms, in-
cluding increased intestinal permeabil-
ity and shifts in gut microbial compo-
sition (51). Elevated systemic LPS can
activate TLR4-mediated inflammatory
pathways, thereby promoting low-grade
systemic inflammation and accelerating
OA-related joint damage (51). Together,
these findings suggested that the gut
microbiome in OBTOA* patients may
contribute to OA pathogenesis both by
directly amplifying ECM degradation
and by exacerbating systemic metabolic
inflammation via LPS production.
Several limitations should be con-
sidered when interpreting the present
findings. First, this was an exploratory
study with a relatively small sample
size, especially in the two non-OA sub-
groups (OB*OA~ group (n=5) and the
OB OA™ group (n=7)), which may limit
statistical power and generalisability.
Given that the majority of our partici-
pants are senior, we were unable to fully
confirm the presence of sub-clinical or
radiological OA in the non-OA control
group. Moreover, some participants had
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a history of antibiotic use, particularly
in the OB*OA* group. Although antibi-
otic exposure was adjusted with other
covariables in the differential analysis,
its potential influence cannot be com-
pletely excluded. In addition, given
the characteristic of the participants in-
cluded in this study, some medications
such as non-steroidal anti-inflammatory
drugs (NSAIDs), metformin, and pro-
ton pump inhibitors might be common-
ly used, and they may also influence
the gut microbial community. Unfor-
tunately, these data were not collected
in the current study. Therefore, future
studies with larger and more balanced
cohorts, along with more comprehen-
sive medication information, are war-
ranted to validate these observations.
In addition, although all participants
were instructed to complete the ques-
tionnaires, only 90 out of 103 were re-
trieved, which may introduce recall or
reporting bias. Second, proteomic data
were only available for 35 participants,
and we examined correlations between
17 taxa and more than 5,400 proteins,
resulting in over 90,000 statistical tests.
Given the high dimensionality of the
data, applying stringent multiple test-
ing corrections would have markedly
reduced statistical power and increased
the risk of false negatives. Instead, we
applied a conservative threshold of
p<0.001 to reduce false positives while
still prioritising potentially meaningful
associations. Nevertheless, the possi-
bility of residual false-positive findings
cannot be excluded. Last, microbiomic
profiling was performed using 16S
rRNA gene sequencing, which provid-
ed reliable genus-level taxonomic reso-
lution but lacked accuracy at the spe-
cies or strain level (52). Since microbial
functions can vary substantially within
genera, future studies employing shot-
gun metagenomic sequencing will be
important to achieve higher taxonomic
and functional resolution.

As an emerging and rapidly evolving
field, dietary modification and probiotic
supplementation have been investigat-
ed as potential therapeutic approaches
for joint disorders including rheuma-
toid arthritis (53) and OA (54). How-
ever, obesity-related OA represents a
specific phenotype with its own distinct
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microbiomic characteristics. Our find-
ings may offer valuable insights for the
design of future clinical trials involv-
ing microbiome-based interventions
such as microbiota transfer therapy. In
addition, the associations we observed
between gut microbiota and dietary pat-
terns may help inform future studies
exploring targeted dietary modification
strategies on OA treatment.

Conclusion

In conclusion, this exploratory study
identified a distinct gut microbial sig-
nature in obesity-related knee OA pa-
tients, characterised by reduced o- and
B-diversity and specific changes in
bacterial abundances. These microbial
shifts were associated with circulating
metabolites and proteins involved in in-
flammation, lipid metabolism, and joint
tissue regulation, while functional pre-
dictions suggested enhanced bile acid
biosynthesis, glycosaminoglycan degra-
dation, and LPS biosynthesis in obesity-
related knee OA. Although the exact
mechanisms require further validation,
our findings suggested that gut micro-
biome plays a key role in linking OB
to OA through systemic metabolic and
inflammatory pathways, highlighting it
as a potential target for future therapies.
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