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Abstract

Objective.—The objective of this exploratory study was to determine if perturbations in gut 

microbial composition and the gut metabolome could be linked to individuals with obesity and 

osteoarthritis (OA).

Methods.—Fecal samples were collected from obese individuals diagnosed with radiographic 

hand plus knee OA (n=59), defined as involvement of at least 3 joints across both hands, and 

a Kellgren-Lawrence (KL) grade 2–4 (or total knee replacement) in at least one knee. Controls 

(n=33) were without hand OA and with KL grade 0–1 knees. Fecal metabolomes were analyzed 

by a UHPLC/Q Exactive HFx mass spectrometer. Microbiome composition was determined 
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in fecal samples by 16S ribosomal RNA amplicon sequencing (rRNA-seq). Stepwise logistic 

regression models were built to determine microbiome and/or metabolic characteristics of OA.

Results.—Untargeted metabolomics analysis indicated that OA cases had significantly higher 

levels of di- and tripeptides and significant perturbations in microbial metabolites including 

propionic acid, indoles, and other tryptophan metabolites. Pathway analysis revealed several 

significantly perturbed pathways associated with OA including leukotriene metabolism, amino 

acid metabolism and fatty acid utilization. Logistic regression models selected metabolites 

associated with the gut microbiota and leaky gut syndrome as significant predictors of OA status, 

particularly when combined with the rRNA-seq data.

Conclusions.—Adults with obesity and knee plus hand OA have distinct fecal metabolomes 

characterized by increased products of proteolysis, perturbations in leukotriene metabolism, and 

changes in microbial metabolites compared with controls. These metabolic perturbations indicate 

a possible role of dysregulated proteolysis in OA.
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INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis and a leading cause of disability, 

affecting over 300 million people worldwide1. Major risk factors for OA include age, 

obesity, prior joint injuries, and genetics2,3. In an earlier study, we found that metabolomics 

could distinguish urine samples obtained from individuals with radiographic knee OA and 

obesity who progressed in severity of disease over an 18 month period, compared with 

individuals who were non-progressors, suggesting that metabolism plays a role in OA 

development4. That study showed that hippurate and trigonelline were important metabolites 

in differentiating progressors and non-progressors. These compounds are potential markers 

of gut microbiome activity5, indicating that the microbiome may be playing a role in the 

pathogenesis of OA. Emerging evidence shows that the gut microbiome may be an important 

factor in predicting and/or driving other forms of arthritis such rheumatoid arthritis (RA)6. 

Indeed, a dysbiosis of microbiome composition or activity has been proposed as a reason 

for the increased intestinal permeability seen in RA, explaining the characteristic rise in 

inflammation and joint destruction seen in this disease. If a similar mechanism exists for 

OA, this will provide an avenue to discover new mediators of OA and to identify new 

treatment options.

The investigation presented herein describes an untargeted metabolomics and microbiome 

analysis of fecal samples collected from individuals with obesity diagnosed with knee 

plus hand OA (OA cases) and controls with obesity but without hand or knee OA. This 

was a sub-study of a recently reported study (“parent study”) that compared the fecal 

microbiota, plasma cytokines, and serum lipopolysaccharide (LPS) levels between the OA 

cases and controls and examined the effect on the development of OA in germ-free mice 

transplanted with fecal samples from the cases and controls7. As noted in the parent study, 

we decided to enroll individuals with knee plus hand OA in attempt to enrich the study 
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cohort with individuals more likely to have systemic metabolic factors related to the gut 

microbiome contributing to the development of multi-joint OA. Our goal here was to define 

fecal metabolic profiles that differentiated OA cases and controls to provide insight towards 

undiscovered mechanisms of OA and/or potential therapeutic targets. Furthermore, we used 

statistical modeling approaches to evaluate the ability of the combination of metabolomics 

and microbiome data to determine factors that influence OA status.

METHODS

Participants

This exploratory study used data and biospecimens collected from a subgroup of participants 

in the Johnston County Osteoarthritis Study (JoCo OA) who were enrolled in a study at 

the time of the most recent follow-up evaluation to determine the contribution of the gut 

microbiota to OA associated with obesity (specific details of the JoCo OA study can be 

found elsewhere8). The study was approved by the University of North Carolina (UNC) 

Institutional Review Board (IRB#15–1834). Details of subject recruitment, fecal sample 

collection and fecal microbiome analysis have been recently reported elsewhere7. Briefly, 

all participants (n=92) were older than 45 years of age and had obesity (BMI ≥ 30 kg/m2). 

OA cases had clinical and/or radiographic hand plus radiographic knee OA (defined as 

involvement of at least three joints across both hands, and a Kellgren-Lawrence (KL) grade 

2–4 in at least one knee) while controls had no hand OA and KL grade 0–1 knees. When 

knee radiographs were evaluated at the time of recruitment, 50 participants were classified 

as cases and 42 as controls. The radiographs were subsequently evaluated by the study 

radiologist who determined 9 participants recruited as controls had KL grade of 2 rather than 

1 in one knee. For the purposes of the present study, these individuals were reclassified 

as cases resulting in 59 cases and 33 controls. Descriptive statistics for participant 

characteristics were calculated using means and standard deviations for continuous 

variables and frequencies and percentages for categorical variables. Group differences were 

determined via t-tests or chi-square test or Fisher’s exact test as appropriate. Stool samples 

were collected by the participants using a collection kit and blood samples and clinical 

data were obtained following the JoCo OA study protocol8. Fecal microbiome analysis was 

performed by Illumina MiSeq 16S ribosomal RNA (rRNA) amplicon sequencing in the 

UNC Microbiome Core as described9–11. Taxa were summarized based at their taxonomic 

levels with QIIME 1.9.012.

Untargeted Fecal Metabolomics Analysis—Details of sample preparation, data 
acquisition and preprocessing are provided in the Supplementary Methods.

Multivariate and univariate statistical analysis

After filtering and pre-processing, picks were normalized and used for multivariate and 

univariate analyses13. Principal component analysis (PCA) was performed to assess data 

quality based on the tight clustering of the QC samples14. Partial least square discriminant 

analysis (PLS-DA) was used to identify differentiating peaks between OA cases and controls 

quantified by variable importance to projection (VIP) score for each peak15. VIP score is a 

measure of the variable’s importance in differentiating the phenotype in the PLS-DA model; 
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higher values indicate that a variable makes more contribution differentiating the phenotype. 

PCA and PLS-DA were performed using SIMCA 15 (Sartorius Stedim Data Analytics AB, 

Umeå, Sweden) on the normalized, preprocessed untargeted data. For PLS-DA models, the 

automatic transformation function in SIMCA was used which log transforms variables with 

a high degree of skewness (sTest < −2 or > 2) or when 0 ≤ min/max < 0.1. Data were 

mean centered and pareto scaled as described16. Peaks with a VIP ≥ 1 were considered as 

important contributors to the model17. Models were evaluated using R2 which measures the 

percentage of the variance explained by the model, and Q2 which is a measure of predictive 

ability based on a 7-fold cross validation. R2X and R2Y represent the fraction of variance of 

the X and Y matrix. Two-sided Wilcoxon Rank Sum t-tests with the Satterthwaite correction 

for unequal variances were used to determine peaks that were statistically significant 

between OA cases and controls. P-values were not adjusted for multiple testing due to 

the exploratory, rather than confirmatory, nature of this study18. This discovery, hypothesis-

generating approach has been utilized by our group in recent publications19,20. Fold changes 

were calculated using mean values for each peak. A positive fold change indicates a higher 

signal intensity in OA cases as compared to controls. Statistical analyses were conducted 

using SAS 9.4 (SAS Institute Inc, Cary, NC).

Identification and annotation of signals

Identification or annotation of peaks was performed through Progenesis QI (version 2.1, 

Waters Corporation) by matching to an in-house physical standards library (consisting of 

approximately 2000 compound standards run under the same instrument conditions as the 

study samples) as well as publicly available databases (HMDB, NIST, and METLIN)21,22. 

Assignments were made based on matches to exact mass (MS), MS/MS fragmentation 

pattern, isotopic ion pattern, or retention time (RT, for in-house library standards only). 

Evidence for identification or annotation is denoted by an ontology system developed by our 

lab as described previously19,20.

Pathway analysis

Pathway analysis was performed using the mummichog algorithm in Metaboanalyst’s MS 

Peaks to Pathways module23. All normalized features remaining after preprocessing were 

uploaded with mass-to-charge ratio (m/z), retention time, the p-value, and fold change 

between OA cases and controls for each peak. A p-value cutoff of 0.01 was used for the 

size of the permutation group that the algorithm used for selecting significant features for 

metabolite matching. A 3 ppm tolerance was used for mass accuracy for annotating peaks 

and identifying candidate pathways. All possible metabolites that were matched by m/z 
were searched in the Homo sapiens (human) [MFN] pathway library. The experimental 

list of metabolites was compared to a null distribution of randomly generated m/z features 

from the reference library to determine pathway significance24. Significance is reported as 

uncorrected p-values.

Logistic Regression modeling

Logistic regression models were built using SAS 9.4 to examine the odds of an OA 

diagnosis based on subject characteristics, metabolite peaks, and microbiome taxa. These 

variables were considered candidate predictors if there was an association with OA status 
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at p < 0.10 based on either the t-test with Satterthwaite correction or chi-square test. 

Continuous variables were standardized prior to modeling. For each logistic regression 

model, a stepwise selection procedure starting with the candidate predictors used an entry 

criterion of p < 0.1 and a removal criterion of p > 0.05 to select the final models. Goodness 

of fit for each final model was assessed using the Hosmer-Lemeshow goodness-of-fit test. 

If the Hosmer-Lemeshow test was statistically significant (p < 0.05) then the distribution of 

the continuous variables was examined to determine if categorizing any of the variables at 

the median would improve the goodness of fit. The receiver operating characteristic curves 

(ROCs) were generated for each model, and the area under the curve (AUC) and the 95% 

confidence interval were calculated. Each model’s AUC was compared with the subject 

characteristics only model to determine whether the AUCs were significantly different using 

the “ROCCONTRAST” statement in SAS PROC LOGISTIC.

RESULTS

Participant demographics and clinical data

Characteristics of the 92 study participants are provided in Table 1. The two groups (OA 

cases vs controls) did not differ significantly in terms of age, gender, or race. BMI was 

significantly higher (p= 0.002) in OA cases (35.9 ± 4.2 kg/m2) than controls (33.3 ± 3.3 

kg/m2). OA cases had a significantly (p<0.001) higher KL score compared to controls and 

14 OA cases had undergone unilateral knee replacement surgery, consistent with our study 

design. There were no between group differences in use of NSAIDs, proton pump inhibitors, 

laxatives, or opioids (Supplementary Table S1).

Metabolomics analysis and OA status

After filtering and pre-processing, 18,850 peaks were normalized and used for downstream 

analyses. The unsupervised PCA shows that the QC study pools clustered in the center of 

the study samples from which they were derived (Supplemental Figure S1). Supervised 

multivariate analysis by PLS-DA of the untargeted data was able to differentiate OA 

cases and controls with good model statistics (R2Y = 0.98, R2X= 0.325, Q2 = 0.64) 

(Figure 1). Table 2 shows the top 100 most statistically significant important metabolites 

by p-value based on t-test between OA cases and controls that could be identified or 

annotated using the in-house physical standards library or publicly available MS databases. 

The majority of annotated peaks were di- and tri-peptides, all of which were higher in OA 

cases than controls. Many of these top 100 metabolites were also differentiators of OA 

cases and controls in the PLS-DA model as indicated by a VIP > 1 (Table 2). Additional 

identifications and annotations are provided for all peaks with a p<0.05 between OA 

cases and controls (Supplementary Table S2). Although we use p-values to indicate peaks/

metabolites of interest, those with a VIP ≥ 1 and/or large fold changes (absolute value ≥ 

2) are particularly important for differentiating OA cases and controls. The MS Peaks to 

Pathways module in Metaboanalyst, which uses retention time and m/z values rather than 

identifications/annotations, identified several metabolic pathways that were significantly 

perturbed between OA cases and controls. The two most significantly perturbed pathways 

(Figure 2) included leukotriene metabolism (p < 0.0001) and tryptophan metabolism (p < 

0.0001). Other significant (p < 0.05) pathway perturbations included those involved in fatty 
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acid synthesis/metabolism (R Group Synthesis, Glycosylphosphatidylinositol (GPI)-anchor 

biosynthesis), amino acid metabolism (glycine, serine, alanine, and threonine metabolism) 

and pyruvate metabolism.

Relationship between fecal metabolites and the fecal microbiome

A list of metabolites was curated from the literature25–27 that have been shown to be direct 

products of the microbiome, or whose levels are strongly influenced by microbiome activity 

(Supplementary Table S3). Each of the 18,850 peaks from the normalized untargeted data 

were searched for any potential matches to these microbiome-related metabolites. Table 3 

shows a list of peaks with these identifications/annotations that had a p-value < 0.1. Because 

this is an exploratory study, a less stringent p-value was used to identify potential differences 

in these microbiome-related metabolites. Among these compounds are metabolites related 

to tryptophan metabolism, which agrees with the pathway analysis results. Most of these 

peaks also had a VIP > 1 (Table 3) in the PLS-DA model, indicating their importance is 

distinguishing OA cases from controls.

Logistic regression was used to identify important predictors of OA status and to increase 

our understanding of the relationship between OA status and these predictors. The 

candidate predictors that had p-value < 0.1 based on the t-test or chi-square test were 

gender, BMI, 2,998 metabolite peaks, and 13 microbiome taxa. Table 4 summarizes the 

results for 5 logistic regression models. Model 1 included subject characteristics, and 

the final model included BMI with higher standardized BMI values increasing the odds 

of an OA diagnosis. Model 2 included only metabolite peaks as predictors, and the 

final model included two unknown peaks. One peak was dichotomized at the median 

to improve model fit. Higher standardized peak intensities and values greater than the 

median for the other peak were associated with increased odds of an OA diagnosis. 

Predictors for model 3 included only microbiome-related metabolites, and the final 

model included hippuric acid (PDb) and propionic acid (PDc), and higher standardized 

peak intensities were associated with decreased odds of an OA diagnosis. Model 4 

included both the microbiome-related metabolites and microbiome taxa as predictors, 

and the final model included hippuric acid (PDb), propionic acid (PDc), and the taxon 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Clostridiales;f_;g_ with higher standardized values 

of the 3 predictors being associated with increased odds of OA. Model 5 included 

the microbiome-related metabolites, microbiome taxa, and BMI as predictors, and the 

final model included N-acetyl-D-glucosamine (OL1), hippuric acid (PDb), propionic acid 

(PDc), k_Bacteria;p_Firmicutes;c_Clostridia;o_Clostridiales;f_;g_, and BMI with higher 

standardized values of the metabolites and microbiome taxa associated with decreased odds 

of OA and higher standardized BMI values associated with increased odds of OA. Figure S2 

shows the ROC curves for the 5 models. The AUC for all models that included microbiome 

taxa and/or metabolites was higher than the AUC for the subject characteristics model. 

The AUC for the model with microbiome-related metabolites, microbiome genus, and BMI 

(model 5) was significantly higher compared to the subject characteristics model 1 (p=0.01).
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DISCUSSION

Several studies have used metabolomics to differentiate individuals with and without 

OA using samples from serum, urine, synovial fluid, and subchondral bone28–37. Studies 

investigating synovial fluid have found that OA subjects have significant alterations in fatty 

acid metabolism, glycerolipid metabolism, glycerophospholipid metabolism, sphingolipids, 

amino acid metabolism, leukotriene/arachidonic acid metabolism, glutathione metabolism 

and tricarboxylic acid cycle activity33–35. Metabolomics analysis of subchondral bone, 

performed by Swank et al., demonstrated that subjects with OA had altered sphingolipid 

metabolism, purine/pyrimidine metabolism, and metabolism of amino acids32. These 

investigations show that the immediate metabolic environment in the OA joint is 

characterized by alterations in energy utilization, oxidative stress, and inflammatory 

status. Analysis of serum, plasma and urine samples have shown that microbially-related 

metabolites (e.g., hippuric acid, trigonelline), amino acids (particularly arginine, ornithine, 

and branched chain amino acids), purines, and phosphatidylcholines are markers of OA 

status29–31,36,37. This shows that biospecimens that are systemic or local to the joints 

can capture many of the same metabolic changes in OA. Our analysis of fecal material 

from individuals with obesity and hand plus knee OA also showed changes in amino acids/

peptides, inflammatory metabolites (leukotrienes), and microbial metabolites in accordance 

with these previous studies, indicating that fecal samples are able to capture many of 

the important metabolic changes associated with OA that are seen in other biospecimen 

types28–37.

We observed that the most prominent differentiators in the fecal metabolome between 

OA cases and controls were di- and tri-peptides which were overall elevated in the 

OA subjects (Table 2). This suggests that intestinal proteolysis was increased in those 

with OA. Dysregulated proteolysis in the GI tract has been recognized as an important 

component of inflammatory diseases affecting the GI tract, particularly inflammatory 

bowel disease (IBD)38–42. Sources of proteases in the GI tract come from the pancreas, 

intestinal epithelial cells, immune cells, and the microbiota. Additionally, the microbiota 

also produce protease inhibitors (e.g., serpins43) which aid in regulating proteolytic activity 

in the gut. An imbalance in this protease/protease inhibitor system has been shown to have 

multiple deleterious effects on intestinal integrity including degradation of tight junctions, 

matrix remodeling, processing of inflammatory mediators (e.g., cytokines), and apoptosis 

of intestinal epithelial cells42. This causes the degradation and increased permeability of 

the intestinal barrier, leading to a “leaky gut” phenomenon where components of the 

intestine can cross into the bloodstream. This includes components of the microbiome 

including LPS – a potent immunostimulatory molecule that leads to increased systemic 

inflammation when present in the circulation44 and which has been associated with knee 

OA severity45. Additionally, an increase in mucosal inflammation occurs due to exposure 

of mucosal immune cells to luminal antigens, further damaging the intestinal epithelium 

and increasing permeability46. Supporting this, our pathway analysis results showed that 

leukotriene metabolism was the most significantly perturbed metabolic pathway between 

OA cases and controls (Figure 2), indicating that changes in inflammatory signaling, in 

addition to changes in proteolysis, were characteristic of OA. This cascade of events 
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connects dysregulated intestinal proteolysis with damage to the intestinal epithelium and 

a potential increase in systemic inflammation.

In the parent study7, serum LPS was found to be significantly higher in the OA cases 

than controls, suggesting that these individuals had increased intestinal permeability. No 

differences in microbiome diversity were observed, although specific taxa were nominally 

significant prior to adjusting p-values for false discovery rates7. In the current study, logistic 

regression using fecal metabolomics data in combination with BMI and the rRNA-seq data 

was superior to either factor alone in identifying individuals with OA. This suggests that all 

three of these areas play important roles in OA status.

The lack of differences in microbial diversity between OA cases and controls reported in the 

parent study indicate that metabolites are a main driver of our models. For this sub-study, we 

included models containing 1) BMI only, 2) metabolite peaks only, 3) microbial metabolites 

only, 4), microbial genus and microbial metabolites, and 5) BMI, microbial genus, and 

microbial metabolites. This process allowed us to identify the discriminatory power of 

metabolites, microbiome measurements, and BMI alone or in combination. While models 

2–4 (metabolites and/or microbiome data without BMI) gave higher AUCs than model 1 

(BMI only), the combination of all three provided the best discriminatory power, indicating 

that all three aspects are important in differentiating OA cases and controls.

Of particular interest was the finding that lower standardized peak intensities for the short 

chain fatty acid (SCFA), propionic acid, was significantly associated with an increase 

in the odds of having hand plus knee OA. Produced by the microbiome, changes in 

SCFAs have been shown to be indicative of gut dysbiosis and play a role in maintaining 

the integrity of the intestinal wall as well as influencing gut inflammatory status47,48. 

The observation that propionic acid was decreased in participants with OA indicates an 

imbalance of SCFA levels consistent with increased intestinal permeability. Additionally, 

our logistic regression models showed that the lower standardized levels of a Clostridia 
taxon (k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g__ ) was statistically 

associated with an increased odds in an OA diagnosis. Given that Clostridia are major 

butyrate producers in the gut49, this supports the finding that decreased SCFA production 

may be contributing to OA status. Furthermore, SCFAs are known to affect energy 

metabolism of the host50, potentially explaining the significant alterations in carbohydrate/

amino acid metabolism that was found in the pathway analysis. Altogether, this data 

indicates that the inflammatory/proteolytic environment in the intestine of individuals with 

OA is associated with a decrease in SCFAs/SCFA-producing microbes, which may be 

contributing to increased intestinal permeability.

Interestingly, our analysis revealed that participants with OA had differences in tryptophan 

metabolic products, particularly the microbial product indole and its metabolites (indole-3-

acetate, tryptophanol, indolepyruvate, indoleacetaldehyde) (Table 3). Produced by the 

microbiome from dietary tryptophan, indoles play a prominent role in maintaining intestinal 

barrier integrity through their actions on the aryl hydrocarbon receptor (AhR). As agonists, 

indoles activate AhR in the intestinal epithelium and aid in maintaining tight junction 

integrity and regulating intestinal immune status which aid in decreasing epithelial 
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permeability51–54. Other metabolites of tryptophan that are produced by the host, such as 

kynurenine and serotonin, are also agonists for AhR and can contribute to maintaining 

intestinal health55,56. This is seemingly in contrast to the observation that cases had 

increased intestinal permeability and inflammation, as indicated by higher serum LPS, 

changes in SCFAs, and perturbations in leukotriene metabolism. Because tryptophan – an 

essential amino acid - comes from dietary protein, the increased proteolysis seen here in 

OA cases is likely producing higher amounts of free tryptophan in the intestine, leading 

to an overall increase in tryptophan and its metabolites. Even though these AhR agonists 

are increased in cases, their protective effects do not seem to be able to counteract the 

observed increase in intestinal permeability. Significantly increasing dietary tryptophan may 

be a potential nutritional intervention strategy in OA, as this could potentially take advantage 

of the enhanced proteolysis and increase the concentration of AhR agonists high enough 

to counteract the intestinal permeability. Interestingly, individuals with inflammatory GI 

diseases, such as IBD, have shown a decreased expression of AhR57. If this also occurs 

in OA, these individuals would be less responsive to the protective effects of tryptophan 

metabolites. Further investigation of intestinal expression of AhR would provide insight to 

the viability of this treatment strategy. Increasing SCFAs in the diet (particularly through 

increasing dietary fiber) has been proposed as a treatment option for gastrointestinal and 

inflammatory disorders by maintaining integrity of the intestinal epithelium, regulating 

immune cell activity, and modulating metabolism/energy status58. Given our findings with 

reduced SCFAs in OA, this may be another potential nutritional intervention strategy for this 

disease.

Hippuric acid, a mammalian-microbial co-metabolite derived from phenylalanine and 

dietary polyphenols, was decreased in OA case fecal samples and lower standardized levels 

were statistically associated with an increased odds ratio of an OA diagnosis. In a previous 

study by our group, hippuric acid was increased in the urine of OA progressors as compared 

to non-progressors4. The difference in hippuric acid levels seen between these two studies 

may be due to a difference in biospecimen type or may indicate an increased absorption of 

hippuric acid in OA. Additionally, differences in diet, particularly in polyphenol-rich foods, 

may also account for this observation.

Strengths and Limitations

One of the strengths of this study was the use of an unbiased approach to determine 

metabolic and/or microbial features that differentiate OA cases from controls. Using this 

method, several novel metabolic features of OA were observed. Additionally, the use 

of logistic regression models provided a method to combine metabolite and microbiome 

information to further identify features of OA. However, the methods used in this study were 

exploratory in nature and were not developed to specifically target microbial metabolites. 

Further verification will be needed to discern the role of theses metabolites in OA. 

Furthermore, the sample size for this study is comparatively small, so these findings should 

be re-investigated using a larger number of subjects and other cohorts. This exploratory 

study utilized a convenience sample, and thus no formal power/sample size calculations 

were performed, and no adjustments were made for multiple testing. The high cross-

validation score of the PLS-DA model (Q2) indicates that this metabolomic differentiation 
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is likely to be reproduced in other similar sample populations. Future replication of our 

results in other populations will be needed. Lastly, the OA cases had a significantly higher 

BMI than non-OA controls, therefore some of the metabolic differences may be related to 

differences in BMI rather than OA status. Further investigation will be needed to delineate 

metabolic changes due to BMI and OA status.

Conclusion

Our study presents a novel observation that metabolites related to intestinal proteolysis, 

intestinal permeability and the microbiome are altered in OA. These findings may 

lead to exciting new therapeutic options. Future investigations are needed to study the 

expression and activity of individual proteases in the intestine (both host and microbial). 

Furthermore, the assessment of intestinal AhR status and the effectiveness of increasing 

dietary tryptophan in OA should also be investigated. Altogether, these studies would 

provide more mechanistic information connecting intestinal health with OA status and its 

potential for therapeutic targeting.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Partial Least Squares-Determinant Analysis (PLS-DA) plot demonstrating the separation of 

OA cases and controls using supervised multivariate analysis. t[1] and t[2] denote the first 

and second components respectively. R2 is the percentage of the variance explained by the 

model. Q2 is a measure of predictive ability based on a 7-fold cross validation. R2X and 

R2Y refer to the amount of variation of the X matrix (metabolites) and Y matrix (OA status) 

explained by the model.
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Figure 2. 
Metabolite pathway enrichment. P-values and fold changes were calculated for OA cases vs 

controls for over 18,850 peaks, and imported into the “MS Peaks to Pathways” module in 

Metaboanalyst. A 3 ppm tolerance was used for mass accuracy and a p-value cutoff of 0.01 

was used for the mummichog algorithm.
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