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HIGHLIGHTS 
- Grades III and IV cartilage and bone exhibit distinct metabolic perturbations 
- Metabolic alterations across the joint during late-stage disease are not uniform 55 
- GAG homeostasis in each tissue is negatively influenced during late-stage OA 
- Metabolic perturbations in tissue and space reveal OA crosstalk 

ABSTRACT 
Osteoarthritis is the most common chronic joint disease, characterized by the abnormal 60 
remodeling of joint tissues including articular cartilage and subchondral bone. However, there are 
currently no therapeutic drug targets to slow the progression of disease because disease 
pathogenesis is largely unknown. Thus, the goals of this study were to identify metabolic 
differences between articular cartilage and subchondral bone, compare the metabolic shifts in 
osteoarthritic grade III and IV tissues, and spatially map metabolic shifts across regions of 65 
osteoarthritic hip joints. Articular cartilage and subchondral bone from 9 human femoral heads 
were obtained after total joint arthroplasty, homogenized and metabolites were extracted for liquid 
chromatography-mass spectrometry analysis. Metabolomic profiling revealed that distinct 
metabolic endotypes exist between osteoarthritic tissues, late-stage grades, and regions of the 
diseased joint. The pathways that contributed the most to these differences between tissues were 70 
associated with lipid and amino acid metabolism. Differences between grades were associated 
with nucleotide, lipid, and sugar metabolism. Specific metabolic pathways such as 
glycosaminoglycan degradation and amino acid metabolism, were spatially constrained to more 
superior regions of the femoral head. These results suggest that radiography-confirmed grades 
III and IV osteoarthritis are associated with distinct global metabolic and that metabolic shifts are 75 
not uniform across the joint. The results of this study enhance our understanding of osteoarthritis 
pathogenesis and may lead to potential drug targets to slow, halt, or reverse tissue damage in 
late stages of osteoarthritis.   

Keywords: osteoarthritis, articular cartilage, bone, hip, metabolism 80 

1. INTRODUCTION 

Osteoarthritis (OA) is the most prevalent joint disease affecting over 32.5 million US adults, costs 
the US $185 billion per year, and is the leading cause of disability worldwide [1-4]. The current 85 
paradigm of OA pathogenesis suggests that disease results from metabolic imbalances at the 
tissue level where catabolic pathways outweigh anabolic pathways, resulting in abnormal 
remodeling and eventual breakdown of the articular cartilage (AC), subchondral bone (SB), and 
other surrounding tissues (e.g., synovitis) [5-7]. Although it is well established that metabolic 
dysfunction is associated with OA, global metabolomic profiling is advantageous because it 90 
detects thousands of small-molecule intermediates called metabolites to generate a global 
biochemical endotype that is representative of the overall physiological status of the tissue [8]. 
Applying this method to study AC and SB, additional insight into the role of metabolism in OA 
pathogenesis can be gained.   A single study has utilized metabolomic profiling to analyze 
osteophyte cartilage tissue compared to cartilage from the lateral posterior femoral condyle, which 95 
exhibits similarities to healthy cartilage, and found that metabolic pathways altered were 
suggestive of cartilage degradation (phenylalanine, arginine, and proline metabolism) and 
endochondral ossification (taurine and hypotaurine metabolism)[9]. Similarly, only one previous 
study has employed metabolomic profiling of OA sclerotic SB compared to non-sclerotic SB and 
found that metabolic pathways altered were suggestive of a high rate of bone turnover and matrix 100 
deposition (taurine and hypotaurine metabolism, amino acid metabolism, pyrimidine and purine 
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metabolism) and regulation of inflammation and repair in damaged joints (sphingolipid 
metabolism). Despite these recent advances, more data are needed to clarify the metabolic 
derangement in joint tissues[10]. 

105 
It is well-known that OA is a whole-joint disease, with established interdependence and crosstalk 
between AC and SB. Despite this, no study to date has investigated metabolic shifts in diseased 
AC and SB in a single study. This tissue-centric approach is limiting because it fails to investigate 
the potential crosstalk between AC and SB in disease progression. Therefore, the primary goal 
of this pilot study was to investigate the altered metabolism in OA tissues (AC and SB) that 110 
compose the osteochondral unit (OU) to gain a greater understanding of aberrant metabolism in 
disease progression. To accomplish this, metabolites were extracted from grades III and IV OA 
tissues (AC and SB) and analyzed by liquid chromatography-mass spectrometry-based global 
metabolomic profiling to gain insight into tissue-specific metabolic differences, the OU, and 
metabolic differences associated with grade in late-stage OA. 115 

A secondary goal of this study was to spatially map metabolic shifts across the OA joint tissues 
to determine if metabolic dysfunction is uniform across the joint or locally constrained. Multiple 
studies have employed finite element models to spatially mapped the femoral head and found 
that load distribution is not uniform across the joint, showing that superior regions of the femoral 120 
head experience the greatest stress and cartilage contact pressure[11-14]. Furthermore, 
microscopic and macroscopic indicators of OA (e.g., chondrocyte clustering, AC lesions) are not 
uniformly distributed across diseased joint tissues[15,16]. Therefore, we hypothesized that 
metabolic alterations would not be uniform across the diseased joint and that regions that 
experience the greatest mechanical stress may exhibit greater evidence of OA metabolic 125 
perturbations. The identification of disease-associated metabolic shifts that localize to specific 
regions of the joint will provide insight into late-stage disease progression and may reveal new 
therapeutic targets for more spatially targeted treatments in the joint. 

130 
2. METHODS 

2.1 Patients and femoral head samples 
Under Institutional Review Board (IRB) approval, femoral heads from end-stage OA (grade III or 
IV) joints were obtained with consent following total joint arthroplasty. OA grade was assigned 135 
based on the widely accepted Kellgren-Lawrence grading scheme which scores radiographic 
characteristics on a scale of 0-4 with scores increasing with progression of OA. Radiographic 
characteristics that are considered evidence of OA include: osteophyte formation, sclerosis of 
SB, presence or absence of bony formations, and joint space narrowing which is a surrogate for 
AC thickness and meniscal integrity[17,18]. 140 

To investigate the relationship between spatial distribution of OU components and metabolism, 
femoral heads were separated into four quadrants for tissue collection. Quadrants were 
determined based on previous studies that have spatially mapped stress distributions across the 
femoral head (Fig. 1A-C)[11-14]. Femoral heads from end-stage OA joints exhibit substantial 145 
degradation, in particular in load-bearing regions. Therefore, it was not possible to obtain sufficient 
tissue from every quadrant for each femoral head. Femoral heads that did not have sufficient 
tissue collected from 6 out of the 8 quadrants (for both AC and SB) were excluded from this study. 
Therefore, while 18 femoral heads were initially obtained following total joint arthroplasty, 9 
femoral heads had sufficient tissue in the required number of quadrants to be included in this pilot 150 
study (n=3 grade III, n=6 grade IV, n=9 excluded). Partial participant information was provided 
with each donated femoral head including age, sex, height, and weight (Table 1). 
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[insert Table 1] 
155 

2.2 Metabolite extraction and global metabolomic profiling via LC-MS 

100 mg of AC (n=31) and 100 mg of underlying SB (n=34) were shaved from each quadrant using 
the established quadrant system (Fig. 1A-C). All AC shavings and SB punches were submerged 
in 1 mL of 3:1 methanol:water (Sigma Aldrich, St. Louis, MO) because methanol is miscible with 160 
water allowing efficient extraction of lipophilic and hydrophilic metabolites. Moreover, it can be 
easily removed via vacuum concentration as it is highly volatile. Next, all samples were and 
homogenized using a tissue grinder (SPEX SamplePrep, Metuchen, NJ) for 15 second 
increments until fully homogenized. Samples were centrifuged at 500 x g for 10 minutes to remove 

cells and debris. The supernatant was collected and 100 μL of 4:1 methanol:water was added to 165 
extract metabolites for 30 minutes at -20°C prior to centrifugation at 16100 x g for 5 minutes. A 

vacuum concentrator (Savant AES 1010, ThermoFisher Scientific, Waltham, MA) was used to 

evaporate solvent from the supernatant, and the dried pellet was resuspended with 500 μL of 1:1 

acetonitrile:water (Sigma Aldrich, St. Louis, MO) for 30 minutes at -20°C prior to centrifugation at 

16100 x g for 5 minutes. Solvent was evaporated from supernatant by vacuum concentration and 170 
the dried pellet was resuspended with 1:1 water:acetonitrile for liquid chromatography-mass 
spectrometry (LC-MS) analysis. 

Following metabolite extraction, all samples were analyzed by liquid chromatography-mass 
spectrometry (LC-MS) analysis. Specifically, extracts containing lipid- and water-soluble 175 
metabolites were analyzed in positive mode using an Agilent 1290 UPLC system coupled to an 
Agilent 6538 Q-TOF mass spectrometer (Agilent, Santa Clara, CA). Separation of metabolites 
was achieved using a Cogent Diamond Hydride HILIC column (150 x 2.1 mm) (MicroSolv, 
Eatontown, NJ) and optimized gradient elution method to separate and elute polar metabolites 
including polar lipids. Spectra were consequently processed and analyzed as previously 180 
described[19-21]. 

[insert Figure 1] 

2.3 Statistical and pathway analyses 185 
Obtained MS1 data consisting of mass-to-charge ratios (m/z), metabolite abundances, and 
retention times were processed using Agilent Masshunter Qualitative Analysis software and MS 
Convert. All data were then exported and converted using XCMS. Next, data were log transformed 
to correct for non-normal distribution and autoscaled (mean centered and divided by standard 
deviation of each variable). All statistical analyses were conducted in MetaboAnalyst [22]. To 190 
visualize and analyze differences between groups, statistical analyses employed included 
unsupervised multivariate hierarchical cluster analysis (HCA) and principal component analysis 
(PCA), supervised partial least-squares discriminant analysis (PLS-DA), and univariate fold 
change analysis. Volcano plot analysis, which combines both fold change and statistical 
significance, was also performed. Here, false discovery rate (FDR) corrections using the 195 
Benjamini-Hochberg method were applied to correct for multiple comparisons and a metabolite 
features significance threshold of 0.05 was used. HCA was visualized as a heatmap to identify 
populations of co-regulated metabolites. Populations of differentially expressed metabolite 
features were mapped to metabolic pathways using pathway enrichment analyses using the 
Functional Analysis module in MetaboAnalyst. Pathway library Kyoto Encyclopedia of Genes and 200 
Genomes (KEGG) was used to match metabolite features to putative metabolite identifications 
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(mass tolerance: 5 ppm, positive mode). Pathway significance was determined using an FDR-
corrected a prior threshold of p < 0.05. 

205 
3. RESULTS 

3.1 Osteochondral unit components are metabolically distinct 
In total, 1,570 metabolite features were detected by LC-MS in both diseased AC (n=31) and SB 
(n=34) collected from grade III and IV OA patients. To investigate if the metabolome of OU 210 
components were metabolically distinct, unsupervised (HCA, PCA) and supervised (PLS-DA) 
multivariate statistical analyses were performed (Fig. 2 A-C). HCA displayed nearly perfect 
clustering between AC and SB samples (Fig. 2A) and PCA showed minimal overlap between the 
profiles of each tissue. (Fig. 2B). Similarly, PLS-DA showed distinct separation between AC and 
SB (Fig. 2C). To further visualize OU metabolic endotypes and identify unique populations of 215 
statistically significant metabolite features, fold change and volcano plot analyses were 
performed. Fold change analysis identified 360 metabolite features that had higher concentrations 
in AC compared to SB, whereas 384 metabolite features had higher concentrations in SB 
compared to AC (Fig. 2D, Table S1). Furthermore, volcano plot analysis considers significance 
(FDR-corrected p-value < 0.05) and revealed that 318 metabolite features were significant and 220 
expressed in higher concentrations in AC compared to SB, and 372 metabolite features were 
significant and expressed in higher concentrations in SB compared to AC (Fig. 2E). 

Next, statistically significant metabolite features identified by fold change and volcano plot 
analyses underwent pathway enrichment analysis. Metabolite features that had the highest 225 
concentration in AC, compared to SB, were involved in ubiquinone biosynthesis, porphyrin 
metabolism, and lipid metabolism (arachidonic acid metabolism, glycosphingolipid metabolism) 
(Table 2, Table S2). Conversely, metabolite features involved in amino acid metabolism (alanine, 
aspartate, glutamate, valine, leucine, isoleucine), nucleotide metabolism (pyrimidine metabolism, 
aminoacyl-tRNA biosynthesis), and energy metabolism (TCA cycle) were highest in concentration 230 
in SB compared to AC (Table 2, Table S2). 

[insert Figure 2] 
[insert Table 2] 

235 
3.2 Changes in metabolic profiles correspond to radiography-confirmed grade of OA 
To examine if metabolic differences exist between grade III and IV OA OU tissues, a four-group 
comparison (grade III AC, grade IV AC, grade III SB, grade IV SB) was performed. HCA showed 
clustering of tissues within their respective cohorts (Fig. 3A). Specifically, both grades of AC 
cluster together as well as both grades of SB with near perfect separation within grade (Fig. 3A). 240 
PCA was then used to analyze the variation amongst the four groups and visualize their 
metabolomes. Clear separation was observed between tissues and tissue grade, with minimal 
overlap observed between cohorts (Fig. 3B). PLS-DA was used to further examine the four 
groups, with some overlap observed between cohorts (Fig. 3C). 

245 
Finally, a median intensity heatmap analysis was performed to visualize overall global 
metabolomic profiles to reveal patterns of co-regulated and differentially expressed metabolite 
features. Using ward clustering, clusters of metabolite features were identified and then subjected 
to pathway enrichment analyses where metabolites features were mapped to metabolic pathways 
(Fig. 3D). Metabolite features that had higher concentration in grade III AC mapped to the pentose 250 
phosphate pathway and lysine degradation (Fig. 3D, Cluster 2, Table 3, Table S3). Conversely, 
metabolite features higher in grade IV AC mapped to glycosaminoglycan (GAG) degradation, 
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biosynthesis of unsaturated fatty acids, and ubiquinone biosynthesis (Fig. 3D, Cluster 1, Table 3, 
Table S3). Metabolite features that were higher in concentration in grade III SB mapped to amino 
acid metabolism (valine, leucine, isoleucine, alanine, aspartate, glutamate), the TCA cycle, and 255 
pantothenate and CoA biosynthesis (Fig. 3D, Cluster 3, Table 3, Table S3). Finally, metabolite 
features that were higher in grade IV SB mapped to porphyrin metabolism, primary bile acid 
biosynthesis, and GAG degradation (Fig. 3D, Cluster 4, Table 3, Table S3). Therefore, a shared 
pathway between grade IV tissues, both AC and SB, was GAG degradation. 

260 
[insert Figure 3] 

Pairwise comparisons were also performed to investigate the metabolomes of samples that differ 
by tissue (grade III AC vs. grade III SB; grade IV AC vs. grade IV SB) and OA grade (AC grade 
III vs grade IV; SB grade III vs. grade IV). Pairwise comparisons revealed distinct metabolomes 265 
between tissues and OA grade (Fig. 4-5; Fig. S1-2; Table 3, Tables S4-7). The results of pairwise 
comparisons are further discussed in the Supplemental Material. Overall, the results of pathway 
enrichment analyses of fold change, volcano plot, and median metabolite intensity heatmaps from 
pairwise and multigroup comparisons strongly suggest that the metabolic endotypes of OU 
components reflect OA grade (Table 3). 270 

[insert Figure 4] 
[insert Figure 5] 
[insert Table 3] 

275 
3.3 Metabolic endotypes differ based on spatial location 
Lastly, AC and SB from late-stage OA participants that differ by spatial location were examined 
using a four-quadrant system (Fig. 1A-C). Specifically, quadrants 1 and 2 corresponded to 
anterior superior and inferior regions, whereas quadrants 3 and 4 corresponded to posterior 
superior and inferior regions, respectively. To investigate the metabolome of AC and SB 280 
quadrants, HCA and PLS-DA were used to visualize data. Both statistical tests displayed overlap 
between AC (Fig. 6A-B) and SB (Fig. 6D-E) quadrants which can be attributed to quadrants 
clustering by patient. 
[insert Figure 6] 

285 
To identify clusters of co-regulated and differentially expressed metabolite features in AC 
quadrants, a median intensity heatmap analysis was performed. Clusters then underwent 
pathway enrichment analyses to identify biological pathways detected within and across 
quadrants (Fig. 6C, F, Table 4, Table S8). Metabolite features that had higher concentration in 
quadrant 1 mapped to tryptophan metabolism, lysine degradation, ubiquinone biosynthesis, and 290 
porphyrin metabolism (Fig. 6C, Clusters 2, 6, Table 4, Table S8). Metabolite features that were 
higher in concentration in quadrant 2 were contained in cluster 1, but no statistically significant 
pathways were detected. Metabolite features with higher concentrations in quadrant 3 
corresponded to mannose type O-glycan biosynthesis and N-glycan biosynthesis (Fig. 6C, 
Cluster 5, Table 4, Table S8). Metabolite features that had higher concentrations in quadrant 4 295 
mapped to linoleic acid metabolism and primary bile acid biosynthesis (Fig. 6C, Cluster 3, Table 
4, Table S8). GAG degradation was detected in quadrants 1 and 3. Alanine, aspartate, and 
glutamate metabolism was detected in both quadrants 3 and 4 (Table 4, Table S8). Taken 
together, data suggest spatial location influences, and somewhat reflects, AC metabolism during 
times of late-stage OA. 300 

[insert Table 4] 
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Similarly, a median intensity heatmap analysis was performed to identify co-regulated and 
differentially expressed metabolite features in SB quadrants (Fig. 6F, Table 5, Table S9). 305 
Metabolite features that were higher in concentration in quadrant 1 mapped to amino acid 
metabolism (tyrosine, histidine, phenylalanine, tryptophan, alanine, aspartate, glutamate, valine, 
leucine, and isoleucine), porphyrin metabolism, glutathione metabolism, retinol metabolism, folate 
biosynthesis, pyrimidine metabolism, ubiquinone biosynthesis, and GAG biosynthesis (Fig. 6F, 
Clusters 2, 6, Table 5, Table S9). Metabolite features that were higher in concentration in quadrant 310 
2 mapped to lysine degradation (Fig. 6F, Cluster 5, Table 5, Table S9). Metabolite features higher 
in concentration in quadrant 3 mapped to fatty acid degradation and phosphatidylinositol signaling 
(Fig. 6F, Cluster 3, Table 5, Table S9). Metabolite features higher in concentration in quadrant 4 
were contained in cluster 1, but no statistically significant pathways were detected. Pathways 
detected in both quadrants 1 and 3 included purine, arginine, and proline metabolism (Table 5, 315 
Table S9). Pathways detected in quadrants 1, 3, and 4 included aminoacyl-tRNA biosynthesis, 
pantothenate and CoA biosynthesis, and lipid metabolism (glycosphingolipid biosynthesis, GAG 
degradation, glycerophospholipid metabolism) (Table 5, Table S9). A pathway that was detected 
across all quadrants was primary bile acid biosynthesis (Table 5, Table S9). Like AC quadrants, 
SB samples that differ by spatial location exhibit distinct metabolic profiles. 320 

[insert Table 5] 

4. DISCUSSION 325 

To the best of our knowledge, this pilot study is the first study to perform global metabolomic 
profiling to study the OU components AC and SB and their spatial location in late-stage OA 
samples. The goals of this study were to identify metabolic differences between OU tissues, 
examine metabolic endotypes associated with grade III and IV OU tissues, and spatially map 330 
metabolic differences across regions of AC and SB from OA hip joints. In brief, differences in 
metabolism between OU components were detected and suggest the osteoarthritic OU 
components may have different cellular energy requirements. Additionally, different metabolic 
themes were associated with each OA grade, and pathways like GAG degradation were detected 
in both OU components and in both grade III and IV samples. Finally, regions of the femoral head 335 
that experience peak stress had distinct metabolic endotypes from others. Taken together, this 
study provides evidence that LC-MS-based global metabolomic profiling can be used to study OA 
as a whole joint disease, revealing disease-associated metabolic shifts in OU tissues and spatially 
constrained metabolic shifts associated with disease progression. 

340 
4.1 Global metabolomic profiling detects differences between articular cartilage and 

subchondral bone   
Global metabolomic profiling detected differences between OU components. Metabolite features 
higher in AC were associated with lipid metabolism (glycosphingolipid and arachidonic acid 
metabolism) and oxidative-phosphorylation (ubiquinone biosynthesis). A previous study 345 
conducted by Seito et al., demonstrated the importance of glycosphingolipids in OA development: 
alterations to chondrocyte-derived glycosphingolipids caused an imbalance in chondrocyte-
homeostasis which contributed to the development of OA in transgenic mice[23]. Therefore, the 
detection of imbalanced glycosphingolipid biosynthesis in AC supports the idea that 
glycosphingolipids are key regulatory components for AC that negatively influenced tissue health 350 
when imbalanced. Arachidonic acid is an unsaturated fatty acid, is associated with prostaglandin 
synthesis, and has been linked to OA pro-inflammatory responses, suggesting that disease 
associated metabolic shifts in AC are associated with prostaglandin generation for regulation of 
inflammation[24-26]. However, previous studies have primarily focused on this metabolic pathway 
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in knee synovial fluid (SF) and its influence on joint lubrication and inflammation[26-28]. Thus, 355 
additional research is required to underpin the relationship between arachidonic acid metabolism 
at the hip joint and in other joints effected by OA.   

Ubiquinones are electron carriers involved in oxidative phosphorylation; therefore, the detection 
of this pathway may suggest late-stage osteoarthritic AC requires higher ATP demand to support, 360 
or rebuild, degrading tissues but further investigation is required to underpin ATP demand during 
late-stage OA. Lastly, porphyrin metabolism is related to the production of heme, which is 
paramount to many biological processes. In a previous study, porphyrin was detected in high 
abundances in SF obtained from end-stage OA patients[29]. The detection of this pathway in 
diseased SF and AC in the present study, it is possible that this pathway is more dysregulated as 365 
OA progresses and metabolites in this pathway are secreted into the SF. However, further 
investigation is required to better understand the relationship between porphyrin metabolism, AC, 
and OA disease progression. 

Metabolite features higher in SB were associated with amino acid metabolism (alanine, aspartate, 370 
glutamate, valine, leucine, and isoleucine metabolism), nucleotide-related pathways (pyrimidine 
metabolism and aminoacyl-tRNA biosynthesis), and energy pathways (TCA cycle). Nucleotide-
related pathways are important for DNA and amino acid synthesis[30]. Amino acids are the 
building blocks of proteins which are necessary structural elements of the bone extracellular 
matrix. Because osteophytes often form during late-stage OA, the detection of increased levels 375 
of amino acids and nucleotide-related pathways may reflect increased protein synthesis to 
support bone remodeling and subsequent osteophyte formation. An additional function of amino 
acids is to enter the TCA cycle to generate ATP. This may suggest that SB utilizes amino acids 
to generate ATP to help combat the breakdown and wear and tear of late-stage OA. A single 
study previously study also detected amino acid, energy, and nucleotide-related pathways in 380 
mouse bone, validating our findings in SB[31]. These findings suggest that osteoarthritic SB may 
have a higher cellular demand for nucleotides and amino acids for energy generation, protein 
synthesis, and bone deposition compared to AC. Taken together, detected pathway differences 
between AC and SB in the present study align with and support previous studies utilizing OA 
models and tissues. However, while the observed metabolic differences provide insight into OA 385 
in AC and SB, these differences cannot solely be attributed to OA disease progression as healthy 
controls were absent. Thus, observed differences may also reflect differences in physiology 
between AC and SB. Future work including healthy controls will confirm detected differences and 
attribute these differences to either physiology or OA disease progression. 

390 
4.2 Distinct metabolic endotypes correspond to radiography-confirmed OA grade 
Global metabolomic profiling of osteoarthritic grade III and IV AC and SB confirmed that metabolic 
changes occur during late-stage OA. Metabolite features that had the highest concentration in 
grade IV AC, compared to grade III AC, mapped to biosynthesis of unsaturated fatty acids, primary 
bile acid biosynthesis, pyrimidine metabolism, and histidine metabolism. Conversely, metabolite 395 
features highest in grade III AC, compared to grade IV AC, mapped to pantothenate CoA 
biosynthesis and purine metabolism. Those highest in grade III SB compared to grade IV SB 
mapped to arachidonic acid metabolism, galactose metabolism, and glycosphingolipid 
biosynthesis. Conversely, metabolite features associated with arachidonic acid metabolism, 
galactose metabolism, and glycosphingolipid biosynthesis were highest in grade IV SB compared 400 
to grade III SB. GAG degradation was a statistically significant pathway that was detected across 
all groups. 

Galactose metabolism was a metabolic pathway that was detected at statistically significant levels 
in only one group, grade III AC. Galactose is involved in many cellular processes including 405 
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intracellular recognition, glycosylation, GAG synthesis, and can be used to derive cellular 
energy[32,33]. Previous studies have investigated the role of galactose and its potential role in 
regulating chondrocyte activity and found that ATDC5 chondrogenic cells and chondrocytes 
cultured with different concentrations of galactose exhibited increased expression of cartilage 
matrix type II collagen, aggrecan, and extracellular matrix[32]. This may suggest that galactose 410 
promotes chondrogenesis, cartilage repair, and potentially regeneration. Thus, perturbations in 
galactose metabolism in OA AC may be attempting to combat degradation in the cartilage matrix 
and generate energy for matrix component synthesis due to the limited bioavailability of other 
energy sources during late-stage OA. A noteworthy pathway detected in grade IV AC samples 
was unsaturated fatty acid biosynthesis. Mono and polyunsaturated fats have been associated 415 
with reduced joint space width (JSW) in humans[34] and increased cartilage degradation in 
mice[35]. Radiographic confirmation of grade III and IV OA is associated with a measurable 
reduction in JSW, with these results supporting supports previous findings that fatty acids 
influence the pathophysiology of OA[17,36-38]. Taken together, it is evident that acute metabolic 
differences exist between grade III and IV AC, however, further research is required to understand 420 
changes in metabolism as disease progresses from early-stage (grade I and II) to late-stage OA. 

There is a large gap in knowledge surrounding OA metabolic alterations in SB. In this study, 
metabolite features involved in pantothenate CoA biosynthesis and purine metabolism exhibited 
the greatest alterations in grade III SB. Pantothenate CoA biosynthesis is related to vitamin B5 425 
metabolism, functions as an essential cofactor for lipid synthesis, and can aid in controlling 
inflammation[39,40]. The detection of this pathway may suggest SB is inflamed and/or is aiding 
in the synthesis of lipids. Metabolite features associated with purine metabolism were higher in 
grade III SB. Like pyrimidine metabolism, purine metabolism is important for DNA and amino acid 
synthesis, which may play a role in osteophyte formation in late-stage OA[41,42]. Alternatively, 430 
products of purine metabolism (i.e., purine nucleotide adenosine) are key mediators in the 
purigenic signaling system, which plays an established role in mediating cell proliferation, 
differentiation, function, and death in chondrocytes and bone cells and has been previously linked 
to OA[43-48]. 

435 
Amongst grade IV SB metabolite features, statistically significant pathways detected included 
pyrimidine and histidine metabolism. Histidine has been previously linked to different types of 
arthritis (i.e., OA and rheumatoid arthritis). Sitton et al., examined free histidine levels in synovial 
fluid (SF) and serum in both OA and rheumatoid arthritis patients and found that that free histidine 
decreases in rheumatoid arthritis patients and increases in OA patients[49]. Although SF nor 440 
serum was obtained for histidine concentration analysis in our current study, the detection of 
dysregulated histidine metabolism in osteoarthritic SB in the present study supports previous 
findings and suggests an involvement of histidine metabolism in late-stage OA SB.   Like grade III 
and IV AC findings, end-stage OA displays different metabolic perturbations between grade III 
and IV SB. Future work can generate, compare, and pinpoint metabolic perturbations that change 445 
overtime as disease progresses. 

A statistically significant metabolic pathway detected in all four groups was GAG degradation. A 
known hallmark of OA is a loss of GAG chains of proteoglycans, leading to cartilage 
degradation[50,51]. Measuring levels of GAGs helps gauge chondrocyte and overall cartilage 450 
health. Previous studies have studied GAG loss during OA progression by measuring GAG 
concentration in SF. Kulkarni et al., obtained grade I-IV SF from OA patients and measured GAG 
concentration using spectrophotometric dye binding assays and found that GAG concentration 
increased as OA grade increased, reflecting greater cartilage degradation[52]. These previous 
findings and the detection of altered GAG degradation in osteoarthritic AC in the study herein 455 
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support the paradigm that GAGs are a key component of cartilage, reflect chondrocyte health, 
and are negatively influenced during disease. 

GAGs are also a key component of bone where they monitor the activity of osteoclastic and 
osteogenic factors, regulate the bioavailability of these factors, are a key structural component of 460 
the extracellular matrix, and influence bone remodeling[53]. Mansouri et al., investigated GAGs 
and their role in bone remodeling by studying a specific proteoglycan, syndecan-2, and associated 
GAGs using a transgenic mouse model. Overexpression of syndecan-2 increased bone surface 
and mass because resorption was inhibited, increased bone marrow cell apoptosis, and 
decreased osteoblast and osteoclast precursor populations. These data suggest that GAGs may 465 
act as novel facilitators of crosstalk between bone remodeling cells. Considering the work of 
Mansouri et al., and the detection of GAG degradation in this study, it is likely that underlying SB 
remodeling is impacted during late-stage OA. To our knowledge no study to date has assessed 
changes in metabolism across all grades of OA, therefore, generating metabolic profiles of all 
grades, as well as healthy tissues, could improve current understanding of GAG degradation and 470 
general metabolic changes relating to disease progression over time. 

4.3 Metabolism reflects spatial location of osteochondral unit components 
It is well established that moderate mechanical loading is necessary for joint tissue 
homeostasis[54-56] and that superior regions of the femoral head experience the greatest 475 
stress[11-14]. However, it remains unknown if crosstalk between OA OU components and 
metabolic disturbances across the joint are influenced by spatial location. To determine it 
metabolic shifts were spatially constrained to specific regions of the joint, AC and SB samples 
were taken from four quadrant locations (Fig. 1A-C). We found that metabolic shifts were not 
uniform across the joint, with variations in metabolic pathway perturbations in each quadrant. 480 
Previous evidence has identified superior regions of the femoral head to experience peak stress 
during physiological loading, which corresponds to quadrants 1 and 3 (Fig. 1A-C). In this study, 
metabolite features from quadrants that correspond to superior regions experiencing higher 
mechanical loads mapped to amino acid metabolism (alanine, aspartate, glutamate, lysine), 
porphyrin metabolism, and GAG degradation. The detection of amino acid metabolism in 485 
quadrants that experience peak stress may suggest that amino acids are utilized for energy-
generation purposes and protein synthesis to maintain the structural integrity of the extracellular 
matrix. Given that GAG degradation is an established hallmark of OA, superior quadrants that 
experience the greatest stress also had the greatest evidence of metabolic alterations consistent 
with OA. Overall, the detection of metabolic metabolite features and pathways associated with 490 
end-stage OA, such as GAG degradation, in regions that experience peak stress may lead to 
drug targets and improved treatments that are localized to specific regions of the joint to slow, or 
prevent, disease progression. 

4.4 Limitations 495 
This study is not without limitations. Firstly, the number of participants (n=9), and samples (n=65), 
used for this study is small. Secondly, incomplete participant information was provided (i.e., 
weight, age, sex) and radiographic scans were unable to be accessed to support OA grade 
assignment. Thirdly, there were uneven ratios of male to female participants and grade III to grade 
IV samples. Finally, the lack of healthy, grade I, and II OU tissues limit analyses and therefore 500 
limits conclusions. 

4.5 Conclusions 
To our knowledge, this is the first study to examine OU component metabolism in late-stage 
osteoarthritis AC and SB. Our data demonstrate that differences in metabolism exist when 505 
comparing tissue components, metabolic endotypes reflect OA grade, and that metabolic 
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perturbations experienced by the joint during late-stage disease are not uniform across the joint. 
Numerous statistically significant pathways were detected including energy and nucleotide-
related pathways and those related to OU tissue homeostasis. It was evident that GAG 
homeostasis in OU components is negatively influenced during late-stage OA, as well as other 510 
metabolic pathways. Furthermore, these data support the notion that OA is a whole-joint disease, 
and that OU components, and their spatial location, should be examined to best address cartilage-
bone crosstalk during disease and late-stage OA. By doing so, potential targets to slow, halt, or 
reverse disease progression in localized regions of the joint may be identified to overall reduce 
the physical and economic burdens of OA. Expansion of this study may identify the role of the OU 515 
during each stage of disease progression to improve the current understanding of OA 
pathogenesis. 
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TABLES 

Table 1. Partial patient information from total joint arthroplasty donors. Age = years. Height = 
inches (in). Weight = kilograms (kg). Side = right (R) or left (L) *Indicates missing patient 
information. 720 

Patient Age 
(years) 

Sex Height 
(inches) 

Weight 
(kg) 

Grade Side 

Patient 1 59 M 68 99.8 IV R 

Patient 2 41 M 73 82 IV R 

Patient 3 * F 64 98 IV R 

Patient 4 44 M * * IV L 

Patient 5 67 M 79 118 IV R 

Patient 6 79 M 69 78 IV R 

Patient 7 70 M 71 73.8 III L 

Patient 8 70 M 70 * III L 

Patient 9 69 F 71 * III L 
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Table 2. Metabolic pathways associated with articular cartilage and subchondral bone identified 
by fold change and volcano plot analyses. All pathways listed have a FDR-corrected significance 
level < 0.05. Articular cartilage = AC. Subchondral bone = SB. 725 

Tissue Pathway 

AC Porphyrin metabolism 

Arachidonic acid metabolism 

Glycosphingolipid biosynthesis 

Ubiquinone biosynthesis 

SB Alanine, aspartate and glutamate metabolism 

Valine, leucine and isoleucine degradation 

Pyrimidine metabolism 

Aminoacyl-tRNA biosynthesis 

Citrate cycle (TCA cycle) 
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Table 3. A) Unique metabolic pathways associated with individual groups including grade III and 730 
IV articular cartilage, and grade III and IV subchondral bone. B) Metabolic pathways detected in 
more than 1 group. Pathways were identified from fold change, volcano plot, and median 
metabolite intensity heatmap analyses. All pathways listed have a FDR-corrected significance 
level < 0.05. Articular cartilage = AC. Subchondral bone = SB. G3 = grade III. G4 = grade IV. 

735 
A) Pathways detected in 1 group 

Group Pathway 

AC G3 N-Glycan biosynthesis 

Tryptophan metabolism 

Pentose phosphate pathway 

Galactose metabolism 

AC G4 Biosynthesis of unsaturated fatty acids 

Arachidonic acid metabolism 

Glycosphingolipid biosynthesis 

Phosphatidylinositol signaling system 

SB G3 Pantothenate and CoA biosynthesis 

Aminoacyl-tRNA biosynthesis 

Purine metabolism 

Primary bile acid biosynthesis 

SB G4 Pyrimidine metabolism 

Histidine metabolism 

B) Pathways detected in more than 1 group 

AC G3, AC G4, SB G3, SB G4 Glycosaminoglycan degradation 

AC G3, AC G4, SB G4 Ubiquinone biosynthesis 

Porphyrin metabolism 

AC G3, AC G4 Lysine degradation 

SB G3, SB G4 Citrate cycle (TCA cycle) 

Alanine, aspartate and glutamate metabolism 

Valine, leucine and isoleucine degradation 
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Table 4. A) Unique metabolic pathways associated with specific quadrants including grade III and 
IV articular cartilage quadrants 1-4. B) Metabolic pathways that were detected in multiple articular 
cartilage quadrants. Pathways were identified from clusters of co-regulated metabolites in a 
median metabolite intensity heatmap analysis and those listed have a FDR-corrected significance 740 
level of 0.05. Articular cartilage = AC. Q1-Q4 = Quadrants 1-4. 

A) Pathways detected in 1 quadrant 

Quadrant Pathway 

AC Q1 Tryptophan metabolism 

Lysine degradation 

Ubiquinone biosynthesis 

Porphyrin metabolism   

AC Q3 Mannose type O-glycan biosynthesis 

N-Glycan biosynthesis 

AC Q4 alpha-Linolenic acid metabolism 

Primary bile acid biosynthesis 

B) Pathways detected in more than 1 
quadrant 

AC Q1, AC Q3 Glycosaminoglycan degradation 

AC Q3 AC Q4 Alanine, aspartate and glutamate metabolism 
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Table 5. A) Unique metabolic pathways associated with only one specific quadrant including 745 
grade III and IV subchondral bone quadrants 1-4. B) Metabolic pathways that were detected in 
more than 1 quadrant. Pathways were identified from clusters of co-regulated metabolites in a 
median metabolite intensity heatmap analysis and those listed have a FDR-corrected significance 
level of 0.05. Subchondral bone = SB. Q1-Q4 = Quadrants 1-4. 

750 
A) Pathways detected in 1 quadrant 

Quadrant Pathway 

SB Q1 Glycosaminoglycan biosynthesis 

Tyrosine metabolism 

Folate biosynthesis 

Phenylalanine metabolism 

Retinol metabolism 

Pyrimidine metabolism 

Histidine metabolism 

Glutathione metabolism   

Porphyrin metabolism 

Phenylalanine, tyrosine and tryptophan 
biosynthesis 
Valine, leucine, and isoleucine metabolism 

Alanine, aspartate and glutamate metabolism 

SB Q2 Lysine degradation 

SB Q3 Phosphatidylinositol signaling system 

Fatty acid degradation 

B) Pathways detected in more than 1 
quadrant 

SB Q1, SB Q2, SB Q3, SB Q4 Primary bile acid biosynthesis 

SB Q1, SB Q3, SB Q4 Aminoacyl-tRNA biosynthesis 

Pantothenate and CoA biosynthesis 

Glycosphingolipid biosynthesis 

Glycerophospholipid metabolism 

Glycosaminoglycan degradation 

Ubiquinone   biosynthesis 

SB Q1, SB Q3 Purine metabolism 

Arginine and proline metabolism 
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FIGURES (Color to be used for ALL figures in print) 
755 

Figure 1. Separation of femoral head into four quadrants based on anatomical position. (A) 
Anterior and (B) posterior viewing of a right-side femoral head. (C) Quadrants 1 and 2 (Q1-Q2) 
are anterior superior and inferior quadrants respectively and quadrants 3 and 4 (Q3-Q4) are 760 
posterior superior and inferior quadrants, respectively. Both AC and SB were obtained from all 
four quadrants, therefore, eight possible samples could be obtained per participant. 
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Figure 2. Osteochondral unit components, articular cartilage and subchondral bone, have 
distinct metabolic endotypes. In total, 1,517 metabolite features were detected across all AC 
and SB samples (n=31 AC, n=34 SB, n=65 total) and were assessed using multivariate statistical 
analyses. (A) HCA revealed the metabolomes of each tissue, AC and SB cluster together. (B) 770 
PCA visualized overall variation within the dataset and revealed minimal overlap between AC and 
SB cohorts. Principal components 1 and 2 accounted for 34.8% of the variation of data. (C) PLS-
DA showed perfect clustering with no overlap of OU components, with components 1 and 2 
accounting for 26% of the variation within the dataset. (D) Fold change analysis identified 360 
metabolite features with a FC > 2 that were higher in AC samples compared to SB, whereas 384 775 
metabolite features with a FC < -2 were higher in SB compared to AC. Fold change ratio: AC/SB. 
(E) Volcano plot analysis identified 318 metabolite features that were higher in AC compared to 
SB with a FC > 2 and a p-value < 0.05. Conversely, 372 metabolite features that were higher in 
SB compared to AC had a FC < -2 and a p-value < 0.05. The colors in A-F correspond to 
osteochondral unit components: orange – articular cartilage (AC), blue – subchondral bone (SB). 780 
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Figure 3. Osteochondral unit component metabolism reflects osteoarthritis grade. (A) HCA 
displayed that osteochondral unit components (i.e., AC and SB) cluster together, and samples 
that differ by OA grade (i.e., III, IV) also mostly cluster together. (B) PCA visualized overall 785 
variation within the dataset and revealed that the metabolomes of grade III and IV AC and SB are 
metabolically distinct from each other, with greater metabolic differences exhibited between grade 
III and grade IV SB as shown my minimal overlap. Principal components 1 and 2 accounted for 
34.8% of the variation within the dataset. (C) PLS-DA revealed partial separation between grade 
III and IV AC and SB where components 1 and 2 accounted for 25.4% of the variation within the 790 
dataset. (D) Median metabolite intensity heatmap analysis revealed distinct metabolic endotypes 
across all groups and clusters of co-regulated metabolites. Clusters of co-regulated metabolites 
(1-4) outlined in black were selected and mapped to metabolic pathways. The colors in A-D 
correspond to: articular cartilage grade III – yellow, articular cartilage grade IV – pink, subchondral 
bone grade III – green, subchondral bone grade IV – blue. Articular cartilage = AC. Subchondral 795 
bone = SB. 
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Figure 4. Grade of osteoarthritis influences the metabolome of articular cartilage. (A) HCA 
showcased that the metabolomes of grade III and IV AC are distinct from one another, as shown 800 
by clustering of most samples within their respective cohorts. (B) PCA visualized overall variation 
within the datasets and found some overlap between AC grades. PC1 and PC2 accounted for 
38% of the variation within the dataset. (C) PLS-DA showed clear separation of AC grades. 
Components 1 and 2 accounted for 27.5% of the variation. (D) Fold change analysis identified 
266 metabolite features that were higher in concentration in grade III AC compared to grade IV 805 
with a FC > 2, and 259 metabolite features that were higher in concentration in grade IV AC 
compared to grade III with a FC < -2.   Fold change ratio: AC grade III/AC grade IV (E) Volcano 
plot analysis identified 192 metabolite features higher in grade III AC compared to grade IV that 
had a FC > 2 and a p-value less than 0.05, whereas 160 metabolite features were higher in grade 
IV AC compared to grade III that had a FC < -2 and a p-value less than 0.05.   The colors in A-F 810 
correspond to: grade III articular cartilage - yellow, grade IV articular cartilage – pink. Articular 
cartilage = AC. 
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Figure 5. Subchondral bone metabolome reflects osteoarthritis grade. (A) HCA showcased 
that the metabolomes of grade III and IV SB are distinct from one another, as shown by correct 
clustering of all samples within their respective cohorts. (B) PCA found minimal overlap between 
SB grades where PC1 and PC2 accounted for 42.3% of the variation within the dataset. (C) PLS-820 
DA showed clear separation of SB grades, with components 1 and 2 accounting for 41% of the 
variation within the dataset. (D) Fold change analysis identified 310 metabolite features that were 
higher in concentration in grade III SB compared to grade IV with a FC > 2 and identified 471 
metabolite features that were higher in concentration in grade IV SB compared to grade III with a 
FC < -2. Fold change ratio: SB grade III/SB grade IV. (E) Volcano plot analysis identified 288 825 
metabolite features higher in grade III SB compared to grade IV that had a FC > 2 and a p-value 
less than 0.05, whereas 427 metabolite features were higher in grade IV SB compared to grade 
III that had a FC < -2 and a p-value less than 0.05. The colors in A-F correspond to: grade III 
subchondral bone – green, grade IV subchondral bone – blue. Subchondral bone = SB.    

830 
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Figure 6. Spatial location of osteochondral unit tissues is reflected in metabolic endotypes. 
(A) HCA showed minimal separation between AC quadrants. (B) PLS-DA revealed that the 835 
metabolome of AC quadrants 1-4 are somewhat metabolically distinct from each other as shown 
by clustering of samples within respective cohorts although overlap is still evident. (C) Median 
metabolite intensity heatmap showcased metabolic endotypes by spatial location and identified 
clusters of co-regulated metabolites. Clusters of co-regulated metabolites (1-6) outlined in black 
were selected and mapped to metabolic pathways. (D) HCA showcased minimal separation 840 
between SB quadrants. (E) PLS-DA revealed clustering of samples within their respective cohorts 
although overlap is still evident. (F) Median metabolite intensity heatmap showcased metabolic 
endotypes by spatial location and identified clusters of co-regulated metabolites. Clusters of co-
regulated metabolites (1-7) outlined in black were selected and mapped to metabolic pathways. 
The colors in A-F correspond to: articular cartilage quadrant 1 = yellow, articular cartilage 845 
quadrant 2 = orange, articular cartilage quadrant 3 = pink, articular cartilage quadrant 4 = red, 
subchondral bone quadrant 1 = seafoam green, subchondral bone quadrant 2 = teal, subchondral 
bone quadrant 3 = light blue, subchondral bone quadrant 4 = dark blue.   Articular cartilage = AC. 
Subchondral bone = SB. 
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SUPPLEMENTARY FIGURES 

Figure S1. Metabolic differences exist when comparing osteoarthritis grade III articular 865 
cartilage and bone. (A) HCA showcased that the metabolomes of grade III SB and AC are 
distinct from one another, as shown by complete clustering of AC and SB samples within their 
respective cohorts. (B) PCA found complete separation between grade III SB and AC. PC1 and 
PC2 accounted for 48.9% of the variation within the dataset. (C) PLS-DA showed clear 
separation of grade III SB from AC, with components 1 and 2 accounting for 41.2% of the 870 
variation within the dataset. (D) Fold change analysis identified metabolite features that were 
higher or lower in concentration in grade III AC compared to grade III SB (fold change ratio: AC 
grade III/SB grade III). Fold change analysis identified 501 metabolite features that were higher 
in concentration in grade III AC compared to SB with a FC > 2. Conversely, fold change 
analysis identified 392 metabolite features that were higher in concentration in grade III SB 875 
compared to grade III AC with a FC < -2. (E) Volcano plot analysis identified 411 metabolite 
features higher in grade III AC compared to grade III SB that had a FC > 2 and a p-value less 
than 0.05, whereas 369 metabolite features were higher in grade III SB compared to grade III 
AC that had a FC < -2 and a p-value less than 0.05. The colors in A-F correspond to: grade III 
subchondral bone – green, grade III articular cartilage – yellow. Subchondral bone = SB. 880 
Articular cartilage = AC. 
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Figure S2. Osteoarthritis grade IV articular cartilage and subchondral bone have distinct 
metabolic endotypes. (A) HCA showcased that the metabolomes of grade IV SB and AC are 885 
distinct from one another, as shown by correct clustering of most AC and SB samples within 
their respective cohorts. (B) PCA showed separation between grade III SB and AC, with minor 
overlap. PC1 and PC2 accounted for 36.3% of the variation within the dataset. (C) PLS-DA 
showed clear separation of grade IV SB from AC, with components 1 and 2 accounting for 31% 
of the variation. (D) Fold change analysis identified metabolite features that were higher or lower 890 
in concentration in grade IV AC compared to grade IV SB (fold change ratio: AC grade IV/SB 
grade IV. Fold change analysis identified 348 metabolite features that were higher in 
concentration in grade IV AC compared to SB with a FC > 2. Conversely, fold change analysis 
identified 400 metabolite features that were higher in concentration in grade IV SB compared to 
grade IV AC with a FC < -2. (E) Volcano plot analysis identified 291 metabolite features higher 895 
in grade IV AC compared to grade IV SB that had a FC > 2 and a p-value less than 0.05, 
whereas 382 metabolite features were higher in grade IV SB compared to grade IV AC that had 
a FC < -2 and a p-value less than 0.05. The colors in A-F correspond to: grade IV subchondral 
bone – blue, grade IV articular cartilage – pink. Subchondral bone = SB. Articular cartilage = 
AC. 900 

SUPPLEMENTARY TABLES 

Table S1. All metabolite features with a fold change > 2 from all pairwise comparisons including 
articular cartilage and subchondral bone, grades III and IV articular cartilage, grades III and IV 905 
subchondral bone, grade III articular cartilage and subchondral bone, and grade IV articular 
cartilage and subchondral bone. 
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Table S2. All metabolic pathways outputted from MetaboAnalyst when comparing articular 
cartilage and subchondral bone using fold change and volcano plot analyses. 910 

Table S3. All metabolic pathways outputted from MetaboAnalyst when comparing grade III and 
IV articular cartilage and grade III and IV subchondral bone using median metabolite intensity 
heatmap analysis. 

915 
Table S4. All metabolic pathways outputted from MetaboAnalyst when comparing grade III and 
IV articular cartilage using fold change and volcano plot analyses. 

Table S5. All metabolic pathways outputted from MetaboAnalyst when comparing grade III and 
IV subchondral bone using fold change and volcano plot analyses. 920 

Table S6. All metabolic pathways outputted from MetaboAnalyst when comparing grade III 
articular cartilage and grade III subchondral bone using fold change and volcano plot analyses. 

Table S7. All metabolic pathways outputted from MetaboAnalyst when comparing grade IV 925 
articular cartilage and grade IV subchondral bone using fold change and volcano plot analyses. 

Table S8. All metabolic pathways outputted from MetaboAnalyst when comparing grade III and 
IV articular cartilage quadrants 1-4 using median metabolite intensity heatmap analysis. 

930 
Table S9. All metabolic pathways outputted from MetaboAnalyst when comparing grade III and 
IV subchondral bone quadrants 1-4 using median metabolite intensity heatmap analysis. 

Supplementary Results 
Changes in metabolic profiles correspond to radiography-confirmed grade of OA: Pairwise 935 
comparisons 
Pairwise comparisons were performed to investigate the metabolomes of samples that differ by 
tissue and OA grade. First, grade differences within tissue were assessed. HCA of AC grade III 
vs grade IV samples found that samples clustered within their respective experimental groups 
(Fig. 4A). PCA showed some overlap between grades, but PLS-DA revealed clear separation of 940 
groups (Fig. 4B-C). Fold change analysis identified 266 metabolite features that were expressed 
in higher concentrations in grade III AC compared to grade IV AC, and 259 metabolite features 
that were expressed in higher concentrations in grade IV AC compared to grade III AC. Volcano 
plot analysis identified 192 metabolite features that were significant and had higher concentrations 
in grade III AC compared to grade IV AC, and 160 metabolite features that were significant and 945 
had   higher concentrations in grade IV AC compared to grade III AC (Fig. 4E). Next, sub-
populations of metabolite features differentially expressed between AC grades identified by fold 
change and volcano plot analysis underwent pathway enrichment analysis. Metabolite features 
that were higher in grade III AC compared to grade IV AC mapped to GAG degradation, 
metabolism of xenobiotics by cytochrome P450, and tryptophan metabolism (Table 3, Table S3). 950 
Conversely, metabolite features higher in grade IV AC compared to grade III AC mapped to 
porphyrin metabolism (Table 3, Table S3). 

In a similar way, grade differences within SB samples were studied. HCA displayed clear 
clustering of grade III and grade IV SB (Fig. 5A). PCA showed minimal overlap of SB samples 955 
that differ by grade, whereas PLS-DA displayed clear separation of groups (Fig. 5B-C). To further 
examine these metabolic differences, fold change and volcano plot analyses were performed. 
Fold change analysis identified 310 metabolite features that were expressed in higher 
concentrations in grade III SB compared to grade IV SB, and 371 metabolite features that were 
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expressed in higher concentrations in grade IV SB compared to grade III SB (Fig. 5D). Next, 960 
volcano plot analysis identified 288 metabolite features that were significant and higher in 
concentration in grade III SB compared to grade IV SB, and 427 metabolite features that were 
significant and higher in concentration in grade IV SB compared to grade III SB (Fig. 5E). Pathway 
analyses on the subpopulations identified by these tests revealed both distinct and overlapping 
pathways between grade III and IV SB. Metabolite features associated with purine metabolism 965 
and amino acid metabolism (alanine, aspartate, glutamate) were higher in grade III SB compared 
to grade IV SB (Table 3, Table S4). Conversely, metabolite features associated with ubiquinone 
biosynthesis, porphyrin metabolism, and GAG degradation were higher in grade IV SB compared 
to grade III SB (Table 3, Table S4). 

970 
Additionally, tissue differences within the same grade were assessed using the same approach 
that has been previously described (Fig. S1A-E). When comparing grade III AC and SB, 
differentially expressed metabolite features identified by fold change and volcano plot analysis 
underwent pathway enrichment analyses (Fig. S1D-E).   Metabolite features higher in grade III SB 
compared to grade III AC mapped to amino acid metabolism (alanine, aspartate, glutamate, 975 
valine, leucine, isoleucine), aminoacyl-tRNA biosynthesis, and phosphatidylinositol signaling 
system (Table 3, Table S5). Conversely, metabolite features higher in grade III AC compared to 
grade III SB mapped to steroid hormone biosynthesis, ubiquinone biosynthesis, N-glycan 
biosynthesis, porphyrin metabolism, and tryptophan metabolism (Table 3, Table S5). GAG 
degradation was detected in both grade III AC and grade III SB (Table 3, Table S5). The same 980 
set of analyses were performed to compare grade IV AC and grade IV SB and differentially 
expressed metabolite features identified by fold change and volcano plot analyses underwent 
pathway enrichment analyses (Fig. S2D-E). Metabolite features that were higher in grade IV AC 
compared to grade IV SB mapped to arachidonic acid metabolism, the pentose phosphate 
pathway, galactose metabolism, ubiquinone biosynthesis, glycosphingolipid biosynthesis, and 985 
lysine degradation (Table 3, Table S6). Conversely, those higher in grade IV SB compared to 
grade IV AC mapped to amino acid metabolism (alanine, aspartate, glutamate, valine, leucine, 
isoleucine, histidine), pyrimidine metabolism, and the TCA cycle (Table 3, Table S6). Overall, the 
results of pathway enrichment analyses of fold change, volcano plot, and median metabolite 
intensity heatmaps from pairwise and multigroup comparisons strongly suggest that the metabolic 990 
endotypes of OU components reflect OA grade (Table 3). 
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