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Abstract

Objective: To explore how systemic factors that modify knee osteoarthritis risk are connected 

to ‘whole-joint’ structural changes by evaluating the effects of high-fat diet and wheel running 

exercise on synovial fluid (SF) metabolomics.
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Methods: Male mice were fed a defined control or high-fat (60% kcal fat) diet from 6 to 52 

weeks of age, and half the animals were housed with running wheels from 26 to 52 weeks 

of age (n=9-13 per group). Joint tissue structure and osteoarthritis pathology were evaluated 

by histology and micro-computed tomography. Systemic metabolic and inflammatory changes 

were evaluated by body composition, glucose tolerance testing, and serum biomarkers. SF 

metabolites were analyzed by high performance-liquid chromatography mass spectrometry. We 

built correlation-based network models to evaluate the connectivity between systemic and local 

metabolic biomarkers and osteoarthritis structural pathology within each experimental group.

Results: High-fat diet caused moderate osteoarthritis, including cartilage pathology, synovitis 

and increased subchondral bone density. In contrast, voluntary exercise had a negligible effect 

on these joint structure components. 1,412 SF metabolite features were detected, with high-fat 

sedentary mice being the most distinct. Diet and activity uniquely altered SF metabolites attributed 

to amino acids, lipids, and steroids. Notably, high-fat diet increased network connections to 

systemic biomarkers such as interleukin-1β and glucose intolerance. In contrast, exercise increased 

local joint-level network connections, especially among subchondral bone features and SF 

metabolites.

Conclusion: Network mapping showed that obesity strengthened SF metabolite links to blood 

glucose and inflammation, whereas exercise strengthened SF metabolite links to subchondral bone 

structure.

Keywords

Osteoarthritis; Obesity; Exercise; Metabolomics; Synovial Fluid; Systems Biology

Introduction

The development of effective disease-modifying osteoarthritis (OA) drugs is hampered by 

the chronic, multi-factorial nature of OA pathogenesis. To tackle this complexity, recent 

perspectives have highlighted the need for systems-based approaches in OA studies1,2. 

This includes an expansion from cartilage-centric studies to ‘whole-joint’ analyses3 and 

consideration of whole-body systemic factors in OA, especially in the context of obesity, 

metabolic syndrome, and inflammation4-6. One strategy for exploring complex interactions 

in OA pathophysiology is by developing data-driven network inference models, which often 

include “omic” data to infer causality or association for future hypothesis testing.

Metabolomics is a promising approach for understanding the relationship between systemic 

and local factors in OA7-9. Metabolomics involves the analysis of small molecules to 

broadly evaluate changes in cellular metabolism across tissues and organ systems10. 

Metabolomic-based analyses discriminate between healthy and OA patients when applied 

to synovial fluid (SF)11-14, synovium15, serum16,17, and urine18. In addition, comparisons of 

SF metabolites from early and late-stage OA reveal numerous differences19,20, suggesting 

that metabolites may serve as biomarkers of disease severity. Although many metabolites are 

readily detected in serum, <5% of serum metabolites were significantly correlated with SF 

levels in a paired analysis21. Thus, the SF metabolome may better reflect proximal factors 

involved in OA pathogenesis and disease progression.
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The objective of this study was to determine how obesity and exercise – two systemic 

factors that modify OA risk22,23 – affect the SF metabolome and to explore the relationship 

with ‘whole-joint’ structural changes using network correlation analysis. Mouse models of 

high-fat (HF) diet-induced obesity are widely used to study the molecular mechanisms of 

metabolic inflammation associated with the pathogenesis of metabolic syndrome and related 

metabolic diseases24,25. We previously established the utility of this model for studying 

obesity-associated knee OA26-29. We also showed that voluntary exercise in young adult 

mice fed a high-fat diet protected against early knee OA despite no reduction in body mass, 

body fat, or serum inflammatory cytokines27. These findings suggest that exercise protects 

against OA by altering local mediators of joint homeostasis.

In the current study, we evaluated the effects of long-term HF diet and voluntary wheel 

running exercise on systemic metabolic and inflammatory factors, joint structure, and 

SF metabolites in mice. These initial results were evaluated using standard analyses of 

group means. We then integrated this comprehensive set of phenotypic outcome data 

by constructing correlation-based network models for each diet and activity group. We 

hypothesized that SF metabolomic profiling would reveal distinct effects of HF diet 

and exercise on metabolic pathways related to changes in joint tissue structure and OA 

pathology. We tested this exploratory hypothesis by quantitatively comparing the correlation 

network models across each of the four diet and physical activity conditions.

Materials and Methods

Animals, Treatments, and Phenotyping

All experiments were conducted following approval by the AAALAC-accredited IACUC at 

the Oklahoma Medical Research Foundation. Male C57BL/6J mice were purchased from 

The Jackson Laboratory (USA) through the Diet-Induced Obese Mouse service, which 

assigns animals to one of two irradiated, purified open source diets (Research Diets Inc., 

USA) beginning at 6 weeks of age: 1) control-fat diet (CF) containing 10% kcal fat 

(D12450Bi), or 2) high-fat diet (HF) containing 60% kcal fat (D12492i). 24 CF and 26 HF 

fed animals were delivered to OMRF at 20-21 wks of age and maintained on their respective 

diets. Ages were staggered so that behavioral and metabolic tests could be conducted on 

aged-matched animals. At 26 wks of age, 12 CF and 12 HF mice were assigned to the 

exercise treatment group, which involved single-housing with running wheels as previously 

described30. Individual animals were assigned to the exercise group so that the distribution 

and average body mass of animals were similar to those in their diet-matched sedentary 

cohort. Following activity assignments, all animals (including sedentary) were single-housed 

for the remainder of the study. Animals underwent various metabolic, functional, and 

imaging tests over the course of the study (Fig. 1). Mice were euthanized at 52 wks of 

age by rapid decapitation using a guillotine device to minimize tissue metabolic alterations 

caused by exposure to carbon dioxide or anesthesia agents. Additional details are provided 

in the Supplemental Methods.
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Serum Analysis

Serum was aliquoted and frozen at −80°C until analysis. Samples were shipped on dry 

ice to Dr. Virginia Kraus’s laboratory at Duke University for analysis. Concentrations of 

IFN-γ, IL-1β, IL-6, IL-10, IL12p70, IL-8 (KC), and TNF-α were measured using the 

Mouse Pro-inflammatory Ultra-Sensitive sandwich immunoassay 7-plex kit (#K15012C, 

MSD, USA). Serum concentrations of adiponectin (#K0013182, MSD), IGF-1 (#MG100, 

R&D, USA), leptin (#MOB00, R&D), CCL2, also known as MCP-1, (#MJE00, R&D), 

and VCAM-1 (#MVC00, R&D) were measured following manufacturer instructions. Serum 

dilutions, lowest levels of detection, intra-assay coefficients of variation, and additional 

details are provided in the Supplemental Methods.

Joint Structural Analysis

High-resolution micro-computed tomography (CT) scanning was performed on the right 

knee using a vivaCT 40 scanner (Scanco Medical, Basserdorf, Switzerland) following prior 

protocols30. Subchondral bone and proximal tibial epiphyseal trabecular bone density and 

morphology were evaluated as previously described31. The right knee was then processed 

and prepared for histological grading28. Two experienced graders evaluated multiple stained 

sections from the medial and lateral joint compartments. Slides were organized by animal, 

randomized by treatment, and assigned a temporary identification code to blind graders 

to group assignment. Each grader independently assigned Modified Mankin OA scores 

separately for the medial/lateral femur and tibia, with a maximal site-specific score of 

24. Osteophyte severity and synovial pathology were evaluated as recently described29. 

Modified Mankin OA outcomes were previously reported for sedentary CF and HF 

animals28. Additional details are provided in Supplemental Methods.

Synovial Fluid Metabolomics

SF was collected from the left knee immediately following death using the calcium sodium 

alginate compound method32 and maintained at −80°C until analysis. Samples were shipped 

on dry ice to the June Laboratory for further processing. A pilot study confirmed the 

feasibility of mouse SF metabolomic analyses (Fig. S1). Proteins were precipitated with 

acetone, and metabolites were extracted using 50:50 water:acetonitrile following previously 

established protocols11. Metabolite extracts were analyzed in positive mode using an Agilent 

1290 UPLC system connected to an Agilent 6538 Q-TOF mass spectrometer (Agilent Santa 

Clara, CA). Mass spectra were then processed using MZMine 2.14 for peak detection, 

noise threshold (1000), retention time and mass-to-charge (m/z) ratio normalization, and 

alignment of peaks33. For quality control, a pooled sample analyzed three times over the 

span of 24 hours showed a mean coefficient of variation (CV) value of 11.9 and median CV 

of 8.0 for 573 features. Metabolite features were defined based on all detected m/z values 

and corresponding relative abundance of each m/z value. Additional details are provided in 

Supplemental Methods.

Data Analytics and Statistics

Pre-exercise diet treatment effects on body composition, glucose intolerance and gait 

biomechanics were analyzed by two-tailed Student’s t-test. The effects of diet and exercise 
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treatments on systemic metabolic and inflammatory related outcomes and joint structural 

outcomes were evaluated by two-way ANOVA (Prism 8.4.3 for Mac OS X) (Table S1). 

Tidemark scoring and serum data did not meet assumptions for homoscedasticity or 

normality of residuals and were therefore log-transformed. Tests showing a significant effect 

of diet, exercise, or interaction effects (p<0.05) were followed up with multiple-comparison 

post-hoc tests to identify individual group differences as specified in figure legends. For 

SF metabolomic analyses, metabolite features with a median intensity of zero across all 

experimental groups were removed from the analysis. Remaining intensity values of zeroes 

were considered below the detection limit and thus replaced with one-half the minimum 

intensity value identified in the dataset34. Statistical analyses were completed in MATLAB 

(Mathworks, Inc.) and MetaboAnalyst34. Metabolite features were matched to metabolite 

identities using the KEGG database in MS Peaks to Pathways in MetaboAnalyst35. 

Implicated pathways were determined using MS Peaks to Pathways in MetaboAnalyst 

utilizing Mummichog34,36. Relevant pathways were identified by a priori FDR-corrected 

significance levels of qFDR=0.05 using the KEGG database. Sample size justification and 

sample processing procedures are described in detail in Supplemental Methods.

Correlation Network Analysis

Correlation-based networks were constructed for each diet and physical activity condition 

separately using established methods37. Data sets for joint structure outcomes (24 variables), 

systemic metabolic and inflammatory outcomes (19 variables), and SF metabolite levels 

(264 variables) (Table S3) were obtained for 9 animals per group and integrated using diet- 

and activity-specific Pearson’s correlation matrices calculated for each group using the R 

“psych” package38. For groups with >9 animals, nine were randomly selected to maintain 

equal degrees of freedom across all networks. Only correlation coefficients with r>∣±0.5∣ 
and qFDR<0.05 were considered for network construction. The qFDR criterion resulted in 

a minimum correlation coefficient of r>∣±0.7∣. Networks were visualized in Cytoscape39. 

Graph theory-based network properties and odds ratio analyses were calculated in R using 

“iGraph”40 and built-in functions, respectively. Odds ratios (OR) were calculated to estimate 

the likelihood of associations (observed versus expected) occurring between joint structural 

parameters and synovial fluid metabolites relative to associations between joint structural 

parameters and systemic factors. Dijkstra’s algorithm identified nodes contributing the 

shortest path in each network linking body weight to the whole-joint OA score. The r-value 

was used as the edge weight, which was then transformed to a distance matrix for Dijkstra’s 

algorithm. Additional methods are described in Supplemental Methods.

Results

Effect of HF diet and wheel running on systemic metabolic and inflammation outcomes

Prior to initiating the exercise phase of the study, HF diet mice developed greater body 

mass (6.8 g [4.5, 9.1]; mean difference [95% CI of difference]) and showed mild glucose 

intolerance (Fig. S2). On average, HF animals ran significantly shorter distances and 

durations per day than CF animals (4.5 km less per day [3.5, 5.4] and 153 min less per 

day [121, 185]), especially as animals aged (Fig. S3A,B). An exploratory analysis of wheel 

running biomechanics in a subset of animals showed that HF animals ran slower with 
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longer hindfoot contact times. Absolute peak hindlimb forces were 33% greater in HF mice; 

however, peak normal and propulsive forces were lower in HF animals when normalized to 

body weight (Fig. S3C-E).

At study end, body mass and body fat remained substantially elevated in HF mice regardless 

of activity (Fig. 2A). Exercise led to a modest reduction in body mass, body fat, and 

gonadal fat pad mass in CF but not HF animals (Fig. 2A). In contrast to the pre-exercise 

test, fasting blood glucose and glucose tolerance were not altered by a HF diet alone at 

one year of age and were modestly reduced by exercise in CF versus HF mice (Fig. 2B). 

Gonadal fat stromal vascular fraction immune cells (CD45+ cells) were evaluated in a 

subset of animals (Fig. 2C), with exercise reducing CD45+ immune cells in CF but not HF 

mice. As with prior studies28, a HF diet increased the relative number of pro-inflammatory 

adipose tissue myeloid cells (F4/80+CD11c+), which was partially reduced by exercise in 

HF mice (Fig. 2C). At the systemic level, the effect of exercise on serum inflammatory 

mediators was modest compared to a HF diet. HF feeding increased serum leptin, IL-8, 

CCL2, and IL-10 (Fig. 2D). Exercise reduced serum leptin levels in CF mice and normalized 

the concentration of IL-10 between CF and HF animals (Fig. 2D). Other metabolic and 

inflammatory mediators (i.e., adiponectin, IGF-1, IL-6, IL-1β, VCAM-1, and IL-12p70) 

were not altered by HF diet or exercise (Fig.2D, Fig. S4).

Minimal effect of wheel running on HF diet-induced OA outcomes and joint structure

A HF diet significantly increased the modified Mankin OA score (1.6 [0.7, 2.5]; mean 

difference [95% CI of difference]; p=0.0005, 2-way ANOVA) (Fig. 3A). Exercise did not 

alter the OA score (p=0.93) or interact with diet (p=0.87). The increased OA score in HF 

diet mice was due to an increase in cartilage structural damage and loss of Safranin-O 

staining (Fig. 3A,C). Exercise reduced hypertrophic chondrocytes in the calcified cartilage 

in CF but not HF mice (Fig. 3A). Neither HF diet nor exercise altered cartilage tidemark 

number. HF diet did not increase the severity of anterior-posterior osteophytes (Fig. 3A) 

despite observing this effect at an earlier timepoint28. Although the effect of exercise 

on osteophyte severity was inconclusive, the average score was reduced with exercise 

irrespective of diet (−0.37 [0.002, −0.74]; p=0.051, 2-way ANOVA). Mild synovitis was 

detected in animals fed a HF diet, with an increase in the maximal synovial lining 

cell number in sedentary animals (+1.0 cells [0.35, 1.7]; p=0.004) and possible synovial 

thickening (9.7 μm [−0.5, 19.8]; p=0.06) (Fig. 3B). Neither HF diet nor exercise altered 

IFP mass, a potential mediator of joint inflammation (Fig. 3B). Taken together, these results 

indicate that long-term HF diet induced moderate OA pathology. The results also show that 

voluntary wheel running exercise had minimal impact on knee OA, independent of diet.

Subchondral cortical and trabecular bone were also evaluated for OA-related joint structure 

changes. A HF diet increased subchondral cortical bone mineral density in the medial tibial 

plateau (33.2 mg HA/cm3 [14.1, 52.2]; p=0.001, 2-way ANOVA) (Fig. 4A). A HF diet 

also increased the trabecular bone mineral density in sedentary mice (p=0.01), but exercise 

blocked this effect (Fig. 4A). The most substantial effect of HF diet and exercise was 

on trabecular connectivity density, which was reduced by a HF diet and by exercise in 

CF animals (Fig. 4B; 2-way ANOVA: diet, p=0.002; activity, p=0.69, interaction, p=0.01). 
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This reduction in connectivity density was associated with a possible, but inconclusive, 

increase in trabecular thickness in sedentary HF animals but not in exercising animals 

(2-way ANOVA: interaction, p=0.06).

HF diet and wheel running induce distinct SF metabolomes

A total of 1,412 features were detected in the knee joint SF (Fig. 5A). Hierarchical cluster 

analysis of median metabolite profiles showed the most distinct metabolomic profile in HF 

sedentary mice (Fig 5A). In contrast, HF exercise mice had SF metabolomic profiles most 

similar to CF sedentary mice. Cluster-based pathway analyses revealed distinct effects of 

diet and exercise on SF metabolite classes. For example, exercise downregulated metabolites 

involved in fatty acid metabolism, steroid biosynthesis, pyruvate metabolism, tryptophan 

metabolism, and lysine degradation (e.g., clusters 3 and 7, Fig. 5B). In contrast, SF 

metabolites from HF sedentary mice were positively associated with short-chain fatty acids, 

coenzyme-A biosynthesis, and branched chain amino acid degradation (e.g., cluster 4, Fig. 

5B). A full enrichment analysis of clusters, including specific metabolite features and non

significant pathways, is included in Table S2.

The effects of diet and exercise on specific SF metabolite features were further evaluated 

by volcano plots (Fig. 6). In sedentary cohorts, HF diet downregulated 15 metabolite 

features and did not upregulate any metabolite features in comparison to CF diet mice 

(Fig. 6A). In contrast, in exercise cohorts, a HF diet upregulated 18 metabolite features 

and downregulated 8 features in comparison to CF diet mice (Fig. 6B). When HF diet 

comparisons were based on more stringent criteria (Fig. 6C), all altered features were unique 

to either sedentary or exercise cohorts except for one, whose predicted annotation was alpha

Tocotrienoxyl radical. A complementary approach was taken to evaluate mechanosensitive 

SF metabolites. In CF mice, exercise increased 12 metabolite features and lowered 25 (Fig. 

6D); whereas, in HF diet cohorts, exercise increased 11 metabolite features and lowered 

3 (Fig. 6E). When exercise comparisons were based on more stringent criteria (Fig. 6F), 

all but one feature were unique to either CF or HF diet cohorts. The feature present in 

both cohorts, which is predicted to be an alpha-Tocotrienoxyl radical, appears to have a 

diet-specific response to exercise, being reduced by exercise in CF mice and increased in HF 

mice. However, this interaction effect requires a 2-factor analysis to confirm.

Correlation-based network analysis reveals integrative response to diet and exercise

Correlation-based networks were generated for each of the four unique diet and physical 

activity cohorts by integrating systems-level metabolic and inflammatory biomarkers, 

subchondral bone and OA pathology data, and SF metabolite features (Table S1). All 

networks had similar global properties and a high tendency to form modules based mainly 

on many positively correlated pairs of SF metabolite features being the same across 

networks (Table S2, Fig. S5). However, exercise had diet-specific effects on the network 

diameter and percent negative correlations (Table S2). These differences were due to 

10-15% of the correlated pairs of variables, including all negatively correlated pairs, being 

unique to each diet and activity condition.

Hahn et al. Page 7

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These unique network correlations primarily occurred between variables belonging to 

different phenotype sub-groups (i.e., systemic factors, joint structure, or SF metabolites). 

Consequently, we summarized the number of vertices (i.e., variables with ≥1 correlation) 

within each sub-group to a single node and compared the number of edges (i.e., paired 

correlations) across each sub-group node for each diet and physical activity group (Fig. 7). 

We statistically evaluated these comparisons by calculating the odds ratios (OR) of observed 

versus expected edges between sub-group nodes for each diet and activity condition. In the 

CF-sedentary condition, the number of observed correlated pairs (i.e., the “connectivity”) 

between joint structure and SF metabolites versus joint structure and systematic factors 

favored systemic factors such that the OR was significantly less than one (OR: 0.25 [0.13, 

0.49] [95% CI]). Under the HF-sedentary condition, the connectivity similarly favored joint 

structure and systematic factors (OR: 0.16 [0.05, 0.56]). In contrast, connectivity between 

SF metabolites and joint structure was greatly elevated in the CF-exercise condition relative 

to systemic factors (OR: 6.21 [2.38, 23.0]). Connectivity between SF metabolites and joint 

structure features was also enhanced in the HF-exercise group relative to HF-sedentary, 

although the effect was much smaller than in CF-exercise animals such that connectivity 

between joint structure and systematic factors remained dominant (OR: 0.45 [0.24, 0.92]).

We next extracted the network modules that primarily contributed to these diet and activity 

differences. The dominant CF-sedentary network occurred through two linked vertices with 

positive connections to SF metabolites: medial tibia subchondral bone mineral density 

and serum vascular cell adhesion molecule-1 (VCAM-1). Notably, diacylglycerols and 

triacylglycerols were among the positively correlated SF metabolites (Fig. 7). Under HF

sedentary conditions, joint structure connectivity shifted further towards systemic factors 

and included increased connectivity between SF metabolites and systemic factors. In 

particular, glucose intolerance (i.e., serum glucose area-under-the-curve following a GTT 

test) and serum insulin-like growth factor 1 (IGF-1) were negatively correlated with 

multiple SF metabolites, including phosphatidylglycerols and phosphatidylcholines (Fig. 7). 

Conversely, serum interleukin-1β and infrapatellar fat pad mass were positively correlated 

with one-another and with numerous classes of SF metabolites (Fig. 7). In the CF-exercise 

condition, a high increase in connectivity between joint structure and SF metabolites 

occurred largely through two joint structure bone features: medial tibial subchondral bone 

mineral density and tibial epiphysis bone volume to tissue volume (BV/TV). These two 

vertices shared a large number of SF metabolite links, including branched chain amino 

acids and short chain fatty acids (Fig. 7). The HF-exercise network also strengthened 

connectivity to joint structure variables, such as re-establishing the module linking medial 

tibia subchondral bone mineral density and SF metabolites. However, connectivity between 

SF metabolites and systemic factors remained high, albeit with a shift to fasting blood 

glucose and serum IL-10 (Fig. 7).

Finally, to gain insight into network factors associated with knee OA, we used Dijkstra’s 

algorithm to determine the variables connecting body weight to the modified Mankin knee 

OA score. The results demonstrated a consistent involvement of SF metabolites into the 

establishment of this shortest path in all groups except the CF sedentary group. Many of 

these SF metabolites were tentatively identified as involved in extracellular lipid transport 

(Fig. 8). Altogether, these results support a reprograming of local metabolism in the joint 
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with respect to diet and physical activity level that underlies the relationship between body 

weight and OA pathology.

Discussion

We examined how systemic factors that modify OA risk affect the SF metabolome. Notably, 

HF sedentary mice had the most unique profile of SF metabolites, characterized by short

chain fatty acids, coenzyme-A biosynthesis, and branched chain amino acid degradation. 

We then integrated systemic and local phenotypic data using a correlation network analysis 

to identify metabolic pathways related to ‘whole-joint’ knee structural changes. Network 

analyses provide powerful quantitative frameworks for integrating complex data, which we 

recently illustrated in a separate study of murine OA phenotypes30. We hypothesized that SF 

metabolomic profiling would reveal how a HF diet and exercise alter metabolic pathways 

associated with specific joint tissue structural changes.

Our findings support this hypothesis, revealing both shared and distinct network modules 

involving systemic biomarkers, joint structure features, and SF metabolites across diet 

and activity conditions. HF sedentary mice were distinguished by strong links between 

SF metabolites and systemic metabolism related to IFP mass, serum IL-1β, glucose 

intolerance, and serum IGF-1. However, in HF exercise mice, the link to pro-inflammatory 

mediators was broken and a network involving subchondral bone mineral density and SF 

metabolites was re-established as observed in the CF cohorts. The impact of exercise was 

especially evident in the CF cohort, which developed dense network connections between 

SF metabolites and subchondral bone structural features.

Overall, we observed a consistent relationship between subchondral bone mineral density 

and SF metabolites in all groups except the HF sedentary condition. Moreover, a common 

set of annotated and unannotated SF metabolites were linked to joint structure or systemic 

factor variables in all diet and physical activity conditions, suggesting that a common 

set of metabolic pathways modulate joint homeostasis. SF metabolite features associated 

with joint homeostasis largely mapped to three classes of metabolites: 1) branched chain 

amino acids (i.e., leucine, isoleucine, and valine) and short-chain fatty acid metabolism, 2) 

phosphatidylglycerols and phosphatidylcholines, and 3) diacylglycerols and triacylglycerols 

(Fig. 7).

SF branched chain amino acids and short-chain fatty acids were positively associated with 

tibial subchondral and trabecular bone features in the exercise cohorts. These two classes 

of metabolites regulate skeletal homeostasis through multiple mechanisms. For example, 

leucine activates the mechanistic target of rapamycin complex 1 (mTORC1) pathway41, 

thereby increasing bone mass by stimulating osteoblast differentiation and activity42 and 

inhibiting osteoclastogenesis43. In addition, beta-amino-isobutyric acid, a side product of 

valine catabolism, is produced by skeletal muscle during exercise and exerts numerous 

endocrine-like beneficial effects of exercise44, including protecting osteocyte function45. 

Short chain fatty acids also promote bone mass by regulating osteoclast function46. We 

found that the short chain fatty acid propanoate was elevated in the SF of sedentary HF 

animals, whereas exercise reduced propanoate and another short-chain fatty acid, butanoate. 
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Propanoate and butanoate downregulate osteoclast genes, such as TRAF6 and NFATc1, 

by shifting osteoclast metabolism toward glycolysis46. These short chain fatty acids are 

largely produced by fermentation activity of specific gut bacterial species47, which may 

be relevant to OA risk48. In total, our findings indicate numerous potential mechanisms of 

action between the SF metabolome and subchondral bone remodeling.

Prior metabolomic studies have identified several metabolic biomarkers of OA, including 

phosphatidylcholines and the ratio of serum branched chain amino acids to histidine16,49. 

For example, SF concentrations of unsaturated phosphatidylcholines are reduced in OA 

patients undergoing joint replacement compared to controls49. We observed numerous 

negative associations of SF phosphatidylcholines with serum biomarkers of insulin 

sensitivity and positive associations with inflammation and joint adiposity. Diet and activity 

also altered SF branched chain amino acids. Given this evidence, adjusting for diet and 

activity may be necessary to establish predictive metabolic biomarkers of OA onset and 

progression.

We used correlation-based network analyses to integrate disparate phenotypic data that 

spanned from the whole organism to metabolites. This approach revealed differences across 

HF diet and exercise treatments that went largely undetected using standard comparisons of 

mean differences. Notably, exercise greatly increased connections between joint structural 

features and the SF metabolome. Bone features were the primary joint structure variables 

that established dense network modules with SF metabolites. It is not clear if other structural 

components, such as synovium or cartilage, were more minor contributors because they are 

less metabolically active, contribute less to the total joint tissue volume, or involved specific 

structural features that were less related to changes in metabolism.

In addition, modest levels of voluntary exercise were sufficient to disrupt SF metabolome 

links with serum glucose intolerance and inflammation and instead establish links to the 

anti-inflammatory cytokine IL-10 and subchondral bone in HF diet-induced obese mice. 

These findings are of interest based on the potential involvement of IL-10 in OA50. In a 

lipodystrophic mouse model that lacks fat pads throughout the body and is protected from 

post-traumatic OA, serum levels of IL-10 were greatly elevated relative to wild-type controls 

and were negatively associated with OA pathology51. We found that serum IL-10 was 

negatively associated with several classes of SF fatty acids in the HF diet exercise cohort. 

Given the recent positive pre-clinical OA therapy outcomes involving intra-articular IL-10 

gene transfer52,53, it could be worth testing if the mechanism of action involves altering SF 

lipids.

When knee OA was specifically evaluated in the network models using Dijkstra’s algorithm, 

SF metabolites related to extracellular lipid transport contributed to the shortest path linking 

body weight to knee OA in HF diet and exercise cohorts. It is surprising that a measure of 

body fat only contributed to this path in the CF sedentary cohort. One potential explanation 

for this observation is that the variation in body fat and epididymal fat was substantially 

reduced in the HF diet cohorts compared to the CF diet cohorts (Table S6). Body fat could 

contribute to the overall increase in OA pathology in the HF diet cohorts through a threshold 

effect that would not be detected by correlation. A similar phenomenon could also apply to 
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other factors, which is a limitation of the correlation network model approach. Nevertheless, 

these exploratory network-based observations provide an intriguing framework for future 

mechanistic studies investigating extracellular lipid transport in OA pathology.

This exploratory study has a number of additional limitations. The use of only male mice 

limits our ability to generalize the results to females. In addition, the study involved 

numerous comparisons and was not powered a priori to detect statistically significant 

changes in systemic metabolic and inflammatory outcome measures reported in this study. 

Thus, these statistical analyses should be interpreted with caution. The cross-sectional nature 

of this study design prevents the evaluation of causality, especially for the analysis of SF 

metabolites where diet and disease co-vary. The extensive time and resources required to 

conduct this study also limited our ability to confirm results in a separate replication cohort, 

although our prior study similarly reported diet and activity-specific networks linking 

joint structure and metabolic phenotypes30. Another limitation is that global metabolomic 

profiling only putatively assigns metabolite identities. Future studies are required to replicate 

and validate the identified SF metabolic networks using targeted methods. A comparison 

between SF and serum metabolites would also provide valuable insight into the relationship 

between systemic and local metabolic variables. This comparison would also benefit from 

the use of agnostic serum marker analyses. Finally, function-based outcomes were only 

evaluated in a subset of animals and therefore were not included in the network analyses. 

Exercise is effective at reducing OA pain and improving function. Therefore, function and 

pain-related behavior outcomes should be included in future network studies to improve the 

clinical relevance.

In conclusion, voluntary exercise initiated after the development of diet-induced obesity in 

mice did not alter the severity of knee OA, either positively or negatively. This outcome 

is consistent with prior clinical studies showing that moderately increased physical activity 

in individuals with obesity and OA does not exacerbate radiographic OA23,54. However, a 

detailed correlation-based network analysis indicates that exercise may re-establish network 

features observed in control animals that were lost with a HF diet. Exercise also disrupted 

network links between SF metabolites and systemic glucose intolerance in obese mice 

without improving systemic glucose tolerance. These findings suggest that whole-body 

improvements in metabolic health may not be required for modest levels of physical activity 

to improve the metabolic health of joints.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Timeline of experimental procedures.
Male C57BL/6J mice were purchased from The Jackson Laboratory (JAX) through the 

Diet-Induced Obese Mouse service, which assigns animals to one of two irradiated, 

purified open-source diets (Research Diets Inc.) beginning at 6 weeks of age: 1) control

fat diet (CF) containing 10% kcal fat (D12450Bi), or 2) high-fat diet (HF) containing 

60% kcal fat (D12492i). 3 animals assigned to the exercise cohort in each diet and one 

HF-sedentary animal died during the course of the experiment due to undetermined causes, 

resulting in the following final group sizes: CF-sedentary (n=12), CF-exercise (n=9), HF

sedentary (n=13), HF-exercise (n=9). Abbreviations: OMRF (Oklahoma Medical Research 

Foundation), DEXA (dual X-ray absorptiometry system), GTT (glucose tolerance testing), 

and MRI (magnetic resonance imaging).
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Figure 2. Effect of HF diet and exercise on systemic markers of metabolism and inflammation.
A. HF diet increased body mass and percent body fat compared to CF sedentary animals. 

Exercise in CF animals reduced percent body fat and gonadal fat mass. B. In animals given 

wheel access, fasting blood glucose was elevated by a HF diet, but diet did not alter fasting 

blood glucose in sedentary animals. Exercise improved glucose tolerance in CF diet mice 

relative to HF diet mice as indicated by reduced glucose area under the curve (AUC). C. 

Gonadal fat pad stromal vascular fraction immune cells. Exercise in CF diet animals reduced 

adipose immune cells. HF diet increased fat inflammation by decreasing M2-like F4/80+, 

CD206+ cells and increasing M1-like F4/80+, CD11c+ cells. Exercise modestly reduced 

M1-like cells in HF diet mice. D. Serum adipokine, chemokine, and cytokine concentrations 

collected at the termination of the study. HF diet increased serum markers of leptin, IL-8, 

and IL-10, although exercise also altered leptin and IL-10. Bars = mean+/−sem. Bars not 

connected by the same letter are significantly different (Fisher’s LSD post-hoc test following 

p<0.05 2-Factor ANOVA).
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Figure 3. Effect of HF diet and voluntary wheel running on knee OA pathology.
A. Semi-quantitative OA histopathology scores. Scoring was conducted by two blinded 

graders throughout the joint (medial and lateral, tibia and femur). Modified Mankin 

scoring is the summation of cartilage damage, safranin-O loss, tidemark duplication, and 

hypertrophic chondrocyte scores. Data points are values for individual animals, and bars 

are mean +/− 95% CI. Significant differences between groups are indicated by bars that do 

not share a common letter (2-factor ANOVA, p<0.05, followed by Fisher’s LSD post-hoc, 

p<0.05). B. Quantitative synovial thickness, cell layer number, and infrapatellar fat pad mass 

as biomarkers of joint inflammation (mean +/− 95% CI; statistical analyses as in panel A). 

C. Representative histological sagittal images from the medial compartment. Inset shows a 

magnified view of the tibial plateau as indicated by dashed rectangle. Scale bars are 100 μm.
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Figure 4. Effect of HF diet and voluntary wheel running on proximal tibia subchondral and 
trabecular bone density and morphology as measured by micro-CT.
A. Trabecular and medial compartment subchondral bone mineral density (BMD) was 

increased by a HF diet, especially in sedentary mice. B. Trabecular bone morphology 

was largely unaffected by a HF diet and voluntary wheel running. An exception was the 

trabecular connectivity density, which was reduced by a HF diet in sedentary but not 

exercise mice. BV=bone volume, TV=total volume. Data points are values for individual 

animals, and bars are mean +/− 95% CI. Significant differences between groups are 

indicated by bars that do not share a common letter (2-factor ANOVA, p≤0.05, followed 

by Fisher’s LSD post-hoc, p<0.05).
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Figure 5. Effect of diet and activity on global metabolomic features in mouse synovial fluid (SF).
A. Heatmap cluster-gram visualization of unsupervised hierarchical cluster analysis (HCA) 

based on median intensities for all 1412 detected metabolite features. HCA revealed that the 

most similar synovial fluid metabolomic profiles are from CF-Sed and HF-Ex mice. HF-Sed 

mouse synovial fluid had the most distinct metabolomic profile. Clusters of co-regulated 

metabolites were selected for pathway analysis based on a minimal number of metabolite 

features and observable separation by Euclidean distance. B. Metabolic pathways for each 

cluster were evaluated by MS Peaks to Pathway, which employs Mummichog. Pathways 

with an a priori significance level of qFDR=0.05 are indicated by an asterisk. If no significant 

pathways were identified, the top five pathways were reported. A full enrichment analysis 

for heatmap clusters is reported in Supplemental Table S2.
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Figure 6. HF diet and wheel running interact to regulate synovial fluid metabolites.
A. Volcano plot of differentially expressed metabolite features between sedentary HF and 

CF cohorts. Log2(HF/CF) plotted against −log10(FDR-corrected Student’s T-test p-value) 

to illustrate both significance and magnitude of change. Vertical dashed lines indicate 

2-fold change and horizontal lines indicate PFDR<0.1. B. Volcano plot of differentially 

expressed metabolite features between Exercise HF and CF cohorts. C. Heatmap of mean 

metabolite levels showing significantly up (red) or down (blue) regulated metabolites due 

to HF (p<0.05). Annotated metabolite derived from the Human Metabolome Database. 

D. Volcano plot of differentially expressed metabolite features between CF Exercise and 

sedentary cohorts. E. Volcano plot of differentially expressed metabolite features between 

HF Exercise and sedentary cohorts. F. Heatmap showing significantly up (red) or down 

(blue) regulated metabolites due to exercise (p<0.05). Superscript letters indicate identical 

metabolites between volcano plots and heatmaps.
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Figure 7. Correlation-based network analysis models.
Network models show distinct effects of HF diet and voluntary wheel running exercise on 

connectivity between systemic and local metabolic factors on joint structure. To help with 

interpreting the overall network for each diet and activity experimental group (Figure S5), 

network variables were categorized into one of three sub-group nodes: Joint Structure, SF 

Metabolites, or Systemic Factors. The number of variables with ≥1 significant correlations 

(r>∣±0.5∣ and qFDR<0.05) are shown in the large circles for each designated sub-group node 

of network variables, which are provided in Table S3. The number of correlated pairs of 

variables connecting the sub-groups are shown adjacent to the lines, whose thickness was 

proportional to the positive correlations (grey lines) and negative correlations (purple lines). 

Superscript letters indicate the primary network modules linking the indicated sub-groups 

to SF metabolites. Unabridged networks for each diet and activity group are shown in 

Figure S5. DAG: diacylglycerols; TAGs: triacylglycerols; PG: phosphatidylglycerol; PC: 

phosphatidylcholine; BCAA: branched chain amino acids; SCFA: short chain fatty acids.
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Figure 8. Correlation network shortest path results linking body weight to the modified Mankin 
whole-joint knee OA score.
∣r∣-values were used to estimate edge weights and transformed to a distance matrix for 

Dijkstra’s shortest path algorithm. The algorithm was applied to the full network (Figure S5) 

to identify the network variables (“nodes”) that most closely link body weight to knee OA 

across each diet and physical activity condition. Note that all diet and activity conditions, 

except for the CF sedentary group, involved synovial fluid (SF) metabolites in the shortest 

path. A tentative annotation of the metabolites based on m/z values indicates an enrichment 

for metabolites involved in extracellular lipid transport, as indicated by arrow heads. The 

glucose intolerance node refers to the glucose area under the curve value following a glucose 

tolerance test. Cartilage damage refers to this specific sub-component score of the modified 

Mankin OA score. Proteoglycan loss refers to the Safranin-0 stain loss sub-component score 

of the modified Mankin OA score.
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