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Abstract 

Osteoarthritis (OA) is the most common chronic joint disease, characterized by the 

breakdown of the articular cartilage (AC). 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 (1) spatially map metabolism across regions of OA cartilage 

and (2) identify any metabolic differences in OA articular cartilage between grades III and IV in 

hopes of revealing potential drug targets. To accomplish this, AC from femoral heads were 

removed, homogenized, and metabolites were extracted for mass spectrometry analysis to 

generate metabolomic profiles of defined grades of OA. The results revealed that distinct 

metabolic phenotypes exist between articular cartilage from grades III and IV OA hip joints, but 

not across different regions of the diseased joint. The pathways that contributed the most to these 

differences between grades were associated with ascorbate metabolism, amino acid metabolism, 

fatty acid metabolism and vitamin metabolism (H, C, E, B5). These results suggest that 

radiography-confirmed grades III and IV OA are associated with distinct global metabolic 

phenotypes. The results of this study enhance our understanding of altered cartilage metabolism 

in OA which may lead to potential drug targets to slow, halt, or reverse cartilage damage in late 

stages of OA.  
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Introduction 

The articular cartilage (AC) is a near-frictionless tissue lining the bones of joints allowing 

for smooth contact and movement. It is composed of an extracellular matrix (ECM) that 

surrounds sparingly distributed local cartilage cells, called chondrocytes. The ECM is composed 

of three main constituents: collagen, proteoglycans, and water. Of these three, water makes up 

the majority of the cartilage mass at 80% which functions to resist shear and compressive forces 

the joint may experience (1). Regular loading of the joint stimulates the synthesis of matrix 

components by chondrocytes to preserve healthy AC structure and function.2 Conversely, a lack 

of joint loading has been shown to lead to the breakdown of the AC exhibited by the loss of 

proteoglycan and the collagen type II ECM network (2). These degenerative changes are 

consistent with changes seen in osteoarthritis (OA).  

OA is a degenerative, whole-joint disease affecting upwards of 30.8 million Americans 

each year. OA costs the U.S. approximately $100 billion annually between earnings and work 

loss making it the fifth overall leading cause of chronic disability worldwide (3,4). It is 

associated with cartilage degeneration, reduced cartilage stiffness, osteophyte formation, 

synovial inflammation, and joint capsular hypertrophy (5,6). Risk factors for OA include joint 

trauma, obesity, aging, and lack of joint loading (7). Patients with OA report joint pain, reduced 

mobility, work loss, and reduced quality of life (8). Despite its high prevalence and economic 

burden, the mechanism underlying disease pathogenesis remain largely unknown.  

OA is reported in two ways: symptomatic and radiographic. Symptomatic OA is 

associated with patients reporting joint pain and/or stiffness, whereas, radiographic OA is 

associated with joint space narrowing (observed via x-ray) (9). The severity of OA is assessed 

using the Kellgren-Lawrence (K/L) grading scheme which scores patients’ radiographic 



   

 6 

characteristics on a scale of 0-4, with scores increasing with progression of OA (9). By the time 

symptomatic OA occurs and patients seek radiographic confirmation, patients are typically well 

into the later stages of OA. Therefore, new therapeutic drug targets are needed to slow or halt the 

progression of OA prior to the severe end-stage of disease. 

 

Table 1. Kellgren-Lawrence grading scheme for OA. The K/L grading scheme scores patients 

from 0-4 based on radiographic characteristics of OA. Originally published in (9). 

 
 

A better understanding of OA pathogenesis may lead to new therapeutic drug targets. 

Current thought on OA pathogenesis suggests that OA results due to a metabolic imbalance, with 

catabolic pathways outweighing anabolic pathways leading to a degeneration of the AC and 

other joint tissues (10-12). A promising method to enhance our understanding of metabolic 

perturbations in OA pathogenesis is global metabolomics. Metabolomics analyzes large numbers 

of small-molecule intermediates called metabolites which “act as a spoken language, 

broadcasting signals from the genetic architecture and the environment.” (13).  Global 

metabolomics analyzes the entire metabolome which provides a more unbiased overview of 

metabolic shifts in OA to expand our understanding of cartilage metabolism in OA pathogenesis 

(14).  
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 Therefore, the goal of this study was to use global metabolomics to study the role of 

metabolism in OA pathogenesis. Metabolite extracts from radiography-confirmed grades III and 

IV AC were analyzed by liquid chromatography-mass spectrometry (LC-MS) in search of 

cartilage-associated metabolic phenotypes of OA grades. Additionally, metabolic shifts were 

investigated to determine if metabolic changes were locally constrained to specific regions of the 

disease joint or distributed widespread. Because cartilage degeneration is rarely consistent across 

the joint, we hypothesized that metabolic shifts may vary by location as well. Therefore, the 

overall goals of this study were to use LC-MS based global metabolomic profiling to (1) 

spatially map metabolic patterns in OA cartilage and (2) identify any differences in OA articular 

cartilage grades III vs. IV to generate a more comprehensive view of aberrant metabolism in OA 

pathogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 



   

 8 

Methods 

Patients and articular cartilage samples 

Under IRB approval, 11 femoral heads (n=5 grade III, n=6 grade IV) were obtained after 

total joint arthroplasty from local musculoskeletal clinics. Partial patient information was 

provided including age, sex, height, weight, and grade of OA was provided with each donated 

joint tissue (Table 2). Upon retrieval, samples were stored at 4°C until harvest.  

Table 2. Partial patient information from total joint arthroplasty donors. 

 

Metabolite extraction and global metabolomic profiling 

Femoral heads were separated into four quadrants (Fig. 1) and 100 mg of AC was shaved 

from each quadrant. Cartilage shavings were submerged in 1 mL of 3:1 methanol:water and 

homogenized using a tissue grinder for 2 consecutive hours. After homogenization, samples were 

centrifuged at 16100 x g for 10 minutes to remove cells and debris. The supernatant was 

collected and 100 µL of 4:1 methanol:water was added. The samples were frozen (-20°C) for 30  

minutes prior to centrifuging at 16100 x g for 5 minutes.  
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Figure 1. Separation of femoral head into four quadrants based on anatomical position. Viewing 

joint as a right side femoral head, Q1 and Q3 are anterior superior and inferior quadrants 

respectively, and Q2 and Q4 are posterior superior and inferior quadrants respectively. 

 

The supernatant was transferred to a new tube to evaporate samples in a vacuum 

concentrator. Samples were resolubilized with 500 µL of 1:1 acetonitrile:water. Again, samples 

were frozen (-20°C) for 30 minutes prior to centrifuging at 16100 x g for 5 minutes and 

transferred to new vials to be evaporated in a vacuum concentrator. The remaining sample was 

resolubilized with acetonitrile for a final 1:1 water:acetonitrile LC-MS injection buffer. 

Metabolite extracts were analyzed in positive mode using an Agilent 1290 UPLC system 

connected to an Agilent 6538 Q-TOF mass spectrometer. Separation of metabolites was done on 

a Cogent Diamond Hydride HILIC 150 x 2.1 mm column using our previously optimized normal 

phase gradient elution method, and spectra were consequently processed and analyzed as 

previously described (15).  

 

Statistical methods and analysis  

Data generated by LC-MS consist of metabolite features (mass-to-charge ratios; m/z 

values) and their corresponding relative abundance. Metabolite features with a median value of 

zero in every experimental cohort were removed prior to statistical analyses. A log transformed 

and standardized dataset was used for all statistical analyses. All statistical analyses were 

conducted using a metabolomics program called MetaboAnalyst (16). 
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Univariate and supervised and unsupervised multivariate analyses were used to visualize 

and narrow the dataset. The unsupervised multivariate statistical analyses that were utilized were 

hierarchical cluster analysis (HCA) and principal component analysis (PCA). HCA is used to 

visualize metabolomic profiles, identify sub-groups of sample sets, and determine if cohorts are 

different from each other. One can then group cohorts further, link pairs of observations in close 

proximity, and show which samples are most similar to each other based on their entire 

metabolomic profile. PCA linearly transforms and reduces the high dimensionality dataset into 

latent variables – specifically principal components (PCs) – to explain the variability in the 

dataset. Each PC is a combination of metabolite features that contributed most to the clustering 

of samples. 

To further visualize the dataset and identify specific differences between cohorts, we 

used partial least-squares discriminant analysis (PLS-DA), variable importance in projection 

scores (VIP) and volcano plot analysis. PLS-DA is similar to PCA but is a supervised statistical 

analysis that is utilized to seek out differences between cohorts and reveal metabolites that are 

contributing to the separation between cohorts. PLS-DA is especially useful to this study because 

it assigns variable important in projection (VIP) scores to metabolites that are the most important 

in discriminating between cohorts.  Volcano plot analysis was also utilized to identify 

significantly upregulated and downregulated metabolites with a significance level of 0.05 and 

false discovery rate (FDR) corrections were applied to correct for multiple comparisons.  

Specific metabolite features of interest identified by VIP scores and volcano plot analysis 

were then matched to metabolite identities and metabolic pathways using MetaboAnalyst (16). 
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Results  

Changes in cartilage metabolism are not localized to specific regions of the femoral head 

A total of 5673 metabolite features were detected across all human AC samples (n=11).  

This dataset was refined to 476 detected features by removing features with a median intensity of 

zero. First, overall differences in global metabolomic profiles of the eight experimental groups 

(grade III quadrants 1-4, and grade IV quadrants 1-4) were observed (Fig. 2). HCA and PCA 

were utilized to view the variation in the dataset, in which we do not see clear separation 

between quadrants or grades of OA (Fig. 2A-B).  PLS-DA was then utilized to seek out 

differences between cohorts. Separation between grades was not observed between the eight 

experiment groups, but two large clusters of samples exist which correspond to the cohorts of 

grade III and IV samples (Fig. 2C). This led us to our first conclusion that distinct metabolic 

phenotypes do not exist in the quadrants of the articular cartilage covering the femoral head. 

These results suggest that global shifts in cartilage metabolism occur across the entire diseased 

joint, not just specific regions.  

 

 
 

Figure 2. A total of 5,673 metabolites were analyzed by both unsupervised hierarchical 

clustering (HCA) and principal component analysis (PCA) and supervised partial least-squares 
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discriminant analysis (PLS-DA). (A). Unsupervised HCA visualized by a dendrogram did not 

distinguish distinct clusters between the eight experimental groups (grade III quadrants 1-4, and 

grade IV quadrants 1-4). HCA assigns Euclidean distances to illustrate dissimilarity between 

samples and reveal clusters of samples with similar metabolomic profiles. (B) PCA, similar to 

HCA, did not display distinguished clusters between experimental groups. PCA is shown as a 

scatterplot with the first two PC on the x and y axes. The x axis shows PC1, which accounts for 

18.7% of the variation in the dataset. PC2 is on the y-axis and accounts for 14.3% of the 

variation in the dataset. (C) Supervised PLS-DA finds complete separation between grade III and 

IV samples, but not between quadrants within their respective grade. PLS-DA is shown as a 

scatterplot of the top two components, with component 1 accounting for 16.5% and component 2 

accounting for 9.2% of the variation in the dataset. The colors in A-C correspond to sample 

cohorts: red – III quadrant 1, green – III quadrant 2, dark blue – III quadrant 3, light blue – III 

quadrant IV, pink – IV quadrant 1, yellow – IV quadrant 2, gray – IV quadrant 3, and black – IV 

quadrant 4. 

 

Changes in metabolism correspond to radiography-confirmed grade of OA 

 Because some discrimination was observed between grades III and IV samples by 

supervised methods, quadrant identifiers were removed to focus on grade differences (Fig. 3). 

When analyzing grade differences, unsupervised analyses HCA and PCA show some clustering 

of samples within their respective grades (Fig. 3A-B). PLS-DA further visualized the variation in 

the dataset and revealed clear discrimination between grades III and IV with almost all samples 

clustering within their respective cohorts (Fig. 3C). This led us to our second conclusion that 

distinct metabolic phenotypes do exist between articular cartilage from grades III and IV OA hip 
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joints. These results suggest that radiography-confirmed grades of OA are associated with 

distinct global metabolomic phenotypes in AC, and there is a global metabolic shift from one 

grade to the next in late stages of OA.  

 

Figure 3. Removal of quadrant identifiers elucidates global metabolomic profiles of OA AC 

between grades III and IV. (A) Grade III and IV separate into distinct clusters by HCA as 

illustrated in the dendrogram. The dendrogram assigns Euclidean distances to show dissimilarity 

between samples and reveal clusters of samples with similar profiles. (B) PCA displays some 

clustering of samples within their respective cohorts: grade III and IV OA AC. PCA is shown as 

a scatterplot of the first two PCs (PC1 and PC2), which account for 22.4% and 17.3% of the 

overall variation in the dataset, respectively. (C) PLS-DA finds clear separation between grades 

III and IV OA AC. PLS-DA is visualized as a scatterplot of the top two components, which 

account for 20.6% and 10.2% of the overall variation in the dataset. Red corresponds to grade III 

and green corresponds to grade IV in A-C.  

 

Differentially regulated metabolite features between grades 

 To identify specific metabolites that contributed to the discrimination between cohorts, 

VIP scores from PLS-DA and volcano plot analysis were employed. Metabolite features with the 
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highest VIP scores contributed most to the separation between grade III and IV AC. These 

metabolite features included myo-inositol and ubiquinol and mapped to ascorbate metabolism 

and fatty acid oxidation. 

 Volcano plot analysis was used to identify differentially regulated metabolite features 

between grades using both fold change and false discovery rate (FDR) adjusted p-value. 

Metabolite features significantly upregulated in grade IV compared to grade III included biotin, 

pantetheine, nitronaphthalene and mapped to vitamin B5-CoA biosynthesis from pantothenate 

and vitamin H metabolism. Metabolite features significantly upregulated in grade III compared 

to grade IV included leukotriene, L-citrulline, L-methionine and mapped to vitamin E 

metabolism, urea cycle/amino group metabolism, aspartate and asparagine metabolism. Taken 

together,  PLS-DA and volcano plot analysis suggest that a shift in metabolism from grade III to 

IV may be attributed to changes in vitamin metabolism, the urea cycle, fatty acid oxidation, and 

amino acid metabolism. 

 

Figure 5. (A) Variable importance in projection (VIP) scores display specific metabolites of 

interest based on which VIP scores contributed most to the separation between grade III and IV 

cartilage from PLS-DA. On the y-axis mass-to-charge ratios (m/z values) are listed. On the right-
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hand side, the green and red indicate if that metabolite feature was in greater abundance in grade 

III or IV cartilage. (B) Volcano plot analysis reveals metabolite features upregulated and 

downregulated in grade III and IV by p-value and fold change analysis. Dashed lines indicate the 

FDR-corrected p-value threshold of 0.05 (horizontal) and a fold change threshold of 2 (vertical). 

The upper right and left quadrants contain significant (p<0.05) upregulated and downregulated 

features with a large fold change. Specific metabolite features are labeled in blue.  

 

Cofounding variables 

 

 Differences were evaluated in metabolic profiles between grade III and IV of OA, 

quadrants within each grade, and quadrant differences between grade III and IV OA. BMI, age, 

and sex are possible covariates. Overall, the average age of donors was 64. The average age of 

donors with grade III OA was 70.8, whereas, within grade IV the average age was 58. Overall, 

the average BMI across all samples was 32.26. The average BMI of donors with grade III OA 

was 35.425, whereas, within grade IV the average BMI was 29.72. Of these 11 samples, there 

was a 7:4 male:female ratio where grade varied among each sex. With this limited patient 

information, differences between grades of OA could also be associated with these other factors.  
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Discussion 

To our knowledge, this is the first study to generate LC-MS-based global metabolomic 

profiles of OA articular cartilage. We found that distinct metabolic phenotypes exist between 

radiography-confirmed grades III and IV OA cartilage, but metabolic shifts are not constrained 

to specific regions of the diseased joint. Differences between grades III and IV OA were 

associated with extracellular matrix component metabolism (ascorbate metabolism), the urea 

cycle, amino acid metabolism (aspartate metabolism, asparagine metabolism), oxidative stress 

(vitamin E, vitamin B5), fatty acid oxidation, and vitamin metabolism (B5, E, H, C).   

 

Metabolomic phenotypes correlate with radiography-confirmed grade III and IV OA 

 These results herein suggest that radiography-confirmed grades of OA III and IV are 

associated with distinct metabolic shifts. Previous studies suggest that radiography does not 

correlate with many disease characteristics, presentation, or symptoms such as patient pain, 

arthroscopic evidence of OA, functional capacity (stiffness), or MRI imaging of cartilage lesions 

(17,18). Despite these previous findings, our results suggest that there may be a correlation 

between radiography-confirmed grades of OA (by K/L grading) and shifts in chondrocyte 

metabolism. This finding may support the use of radiography for OA diagnosis and tracking 

progression, while also identifying metabolic pathways that may be driving progression from 

grade III to IV OA as new drug targets.  

 

Metabolic shifts between grades III and IV OA 

Shifts in metabolism from grade III to IV OA are attributed to ascorbate metabolism, 

vitamin metabolism, the urea cycle, fatty acid oxidation, and amino acid metabolism. Ascorbate 
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(vitamin C) metabolism was upregulated in grade IV compared to grade III AC. Ascorbate 

metabolism is essential in bone formation, collagen biosynthesis, tissue repair, and plays a large 

role in protein metabolism (19). Additionally, many studies have found that ascorbate 

metabolism plays a large role in the immune system and chronic inflammation diseases (20). The 

findings herein suggest that grade IV OA may have greater cartilage damage, with chondrocytes 

working overtime to synthesize new ECM components (via ascorbate metabolism) to maintain 

cartilage structure and stability. This is consistent with previous findings that grade IV OA has 

greater evidence of cartilage degeneration, lesions, and exposed underlying subchondral bone 

(21).  

Grades III and IV OA were also distinguished from one another by metabolites involved 

in vitamin metabolism pathways. One vitamin in particular, vitamin E, is a known antioxidant, 

exhibits anti-inflammatory effects, and functions in the regulation of osteoclasts.  Previous 

studies have found that vitamin E may be a potential agent to prevent or treat OA based on its 

antioxidant and anti-inflammatory effects. Animals models of OA have shown that vitamin E 

supplements somewhat slow the progression of OA and improves the oxidative status of the 

tissue being studied (22).These results may suggest that differences between grades III and IV 

OA are attributed to distinct levels of oxidative stress in the joint. Thus, future treatment options 

may target oxidative stress reduction to slow the progression of disease.  

Vitamin B5 metabolism was another vitamin pathway contributing to the distinction 

between grades III and IV OA and further supports our finding that oxidative stress levels 

contribute to the progression of OA in the later stages. Vitamin B5 is a required cofactor in the 

production of nitric oxide, a known marker of oxidative stress (23, 24) Additionally, vitamin B5 

is known to act as an antioxidant to counteract the oxidative stress in an OA joint.   
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Taken together, the metabolic pathways perturbed between grade III and IV OA suggest 

that treatments attempting to slow the progression of OA in the late stages of disease should 

focus on oxidative stress reduction and minimizing cartilage degeneration. 

 

Limitations 

 This study has important limitations and opportunities for future studies. First, the sample 

size for this study was relatively small (n=11). With this small sample size, it is unlikely that all 

metabolic phenotypes of OA are represented. Secondly, samples obtained lacked healthy, grade 

I, and grade II OA AC. Thus, metabolic phenotypes of early OA were not generated and 

phenotypes couldn’t be compared to healthy AC. Furthermore, samples did not contain complete 

clinical information. Although age, sex, height, weight, and radiography-confirmed grade of OA 

were included, information such as medical history, ethnicity, and level of activity could 

contribute to future studies.  

 

Conclusions 

This is the first study to generate global metabolomic profiles of grade III and IV OA 

cartilage and show that radiography-confirmed grades of OA correlate to distinct metabolic 

shifts. The identified pathways in grade III and IV OA provide insight into the role of 

metabolism in OA and may potentially lead to drug targets to slow, halt, or reverse the 

progression of OA from grade III to IV. 
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