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Abstract 

Shifts from physiological loading conditions, such as overloading or reduced loading, can 

lead to an imbalance that increases catabolic pathways resulting in cartilage degeneration 

consistent with that of osteoarthritis (OA). The risk of developing OA and the mechanism 

by which chondrocytes respond to reduced mechanical loading remains unclear. This is 

of particular concern in space, where reduced mechanical forces during prolonged 

microgravity (10-6 g) exposure could lead to OA, compromising flight crew mobility and 

leading to reduced quality of life post-spaceflight. We encapsulated human chondrocytes 

in an agarose gel of similar stiffness to the pericellular matrix to mimic the cartilage 

microenvironment and exposed encapsulated chondrocyte constructs to SM using a 

rotating wall vessel (RWV) bioreactor to better assess the cartilage health risks associated 

with spaceflight. Global metabolomic profiling detected a total of 1205 metabolite 

features across all samples, with 497 significant metabolite features by ANOVA (FDR-

corrected p-value < 0.05). Unsupervised statistical analyses did not show clear separation 

between SM and control cohorts, suggesting that short-term (< 4 days) exposure to 

microgravity does not induce large-scale shifts in chondrocyte metabolism. However, we 

detected specific metabolic shifts in response to simulated microgravity (SM) exposure 

by identifying clusters of co-regulated metabolites in a HCA clustergram and by ranking 

metabolites by OPLS-DA VIP scores. Microgravity-induced metabolic shifts mapped to 

histidine, amino sugars, fatty acid, butanoate, phosphatidyl phosphate, methionine, and 

cysteine metabolism, valine, leucine, and isoleucine degradation; glycine, serine, 

threonine, methionine, cysteine, glutathione, arginine, proline, and glutamate metabolism. 

The specific metabolic shifts that occurred in response to microgravity exposure were 

consistent with early osteoarthritic metabolomic profiles in human synovial fluid, which 

suggests that even short-term exposure to microgravity (or other reduced mechanical 

loading environments) may lead to the development of OA.  

 

 

Introduction 

 Hyaline cartilage is a durable and smooth connective tissue comprised of a dense 

matrix of collagen and elastic fibers.1,2 Cartilage is derived from the mesoderm and at the 

cellular level is constructed from progenitor chondroblasts. Once chondroblasts are 

embedded in an extracellular matrix, they are termed chondrocytes. Hyaline cartilage that 

lines the ends of long bones is termed articular cartilage.1,3,4 Articular cartilage is 

comprised of a dense extracellular matrix (ECM) with a sparse distribution of 

chondrocytes that make up less than 5% wet weight of articular cartilage.2,5,6 Surrounding 

chondrocytes is a thin tissue region termed the pericellular matrix (PCM).7 The ECM is 

comprised of molecules, primarily two major load-bearing macromolecules: collagens 

and proteoglycans.2  

Articular cartilage can be divided into the following zones based on the 

organization of chondrocytes and ECM components: the superficial zone, the middle 

zone, the deep zone, and the calcified zone.2 The superficial zone protects further layers 

from shear stresses and composes 10-20% of articular cartilage thickness. This zone 

contains a relatively high number of flattened chondrocytes.2 The middle zone provides 

an anatomic and functional bridge between the superficial and deep zones and represents 

40-60% of the total cartilage volume.2 The deep zone provides great resistance to 
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compressive forces, contains the largest diameter of collagen fibrils, has the highest 

proteoglycan content, and the smallest water concentration, while representing roughly 

30% of articular cartilage volume. The last zone, the calcified zone, provides the greatest 

amount of resistance to compressive forces and carries the highest proteoglycan 

content.2,8 The calcified zone makes up the smallest portion of articular cartilage, at 

roughly 5%.8 Articular cartilage contains no nerves due to its avascular nature, with 

exception in the surrounding membrane called the perichondrium.1,4 The perichondrium 

is a dense layer of connective tissue that covers the external surface of non-load bearing 

hyaline cartilages.9  

The main function of articular cartilage is to provide a smooth surface for 

articulation and the transmission of loads with a low frictional coefficient.2 The ability to 

withstand high cyclic loads with little to no evidence of damage or degenerative change 

makes articular cartilage unique.2,10 The compressive resistance of cartilage comes from 

negative electrostatic repulsion forces provided by the relationship between proteoglycan 

aggregates and interstitial fluid.2 The application of forces during joint loading causes the 

immediate increase in interstitial fluid, which causes fluid flow out of the ECM 

generating a large frictional drag on the matrix.2,11 After removal of the compressive 

force, interstitial fluid is able to flow back into the tissue.2 

 Under normal circumstances, loading of the joints has no adverse effects on 

cartilage.12 Like other musculoskeletal tissues, cartilage is mechanosensitive and 

responds to mechanical loads.13 Normal physiological loading conditions are required to 

maintain the cartilage structural integrity. Several studies have shown that substantially 

increased mechanical loads result in changes to the cartilage structure that impacts its 

ability to carry out its loading-bearing function. One study found cartilage explants to 

have reduced aggrecan and collagen type II within 1-2 hours following loading.14,15 

Another study found that after 3-5 days post loading, cartilage discs lost 20.9% of 

proteoglycan content compared to unloaded controls when cyclically compressed for 24 

hours.16 Similarly, another study on cyclical loading found overloading enhanced 

proteoglycan loss in cartilage over a 24-hour period during loading and in the post 

loading period.17 

On the contrary, recent work also suggests that reduced mechanical loading 

environments lead to changes in cartilage integrity. One study found that patients on bed-

rest experience loss of cartilage thickness after only 14 days due to increased activity of 

catabolic pathways.18-25 Similarly, another study found immobilization and decreased 

joint loading can lead to cartilage thinning that results in osteoarthritic changes to the 

matrix.14 In scenarios of reduced mechanical loading, such as bedrest, musculoskeletal 

tissue integrity is compromised due to increased activity of catabolic pathways.25,26 High 

impact loads and reduced loading environments both result in changes in cartilage 

structure, similar to that of osteoarthritis.12,27 

Osteoarthritis (OA) is a debilitating joint disease that causes cartilage 

degeneration.28 OA increases significantly with age, as over 70% of the population over 

the age of 65 present with this disease.12,29 The prominent hallmark of OA is the loss of 

articular cartilage. Studies suggest that OA articular cartilage exhibits changes to the 

integrity of the homeostatic ECM, which include decreased aggrecan, proteoglycan, and 

glycosaminoglycan (GAG) content and an increased collagen content.30,31 OA collagen 

content has also been found to change from collagen type II to type I.30,32 The first 
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observable indication of OA is GAG content, comprising 15-30% of the ECM.31 

However, it is now commonly accepted that OA impacts all joint tissue including the 

subchondral bone, synovium, meniscus in the knee, periarticular ligaments, and adipose 

tissue, such as the infrapatellar fat pad in the knee.33 OA presents in the form of joint 

pain, reduced function, stiffness, and joint instability.34 Treatment of OA falls into four 

categories: nonpharmacologic, pharmacologic, complementary and alternative, and 

surgical.35 Treating OA starts with the least invasive approach, as surgical measures are 

reserved for severe cases that cannot be helped with anti-inflammatory medication.  

OA is a potential health risk for astronauts exposed to reduced loading 

environments in space. The force of gravity is greatly reduced to 10-6 g. This dramatically 

reduces the mechanical loads experienced by the articular cartilage and other 

musculoskeletal tissues. Several studies have investigated the effects of microgravity on 

articular cartilage. In a study on the effects of spaceflight and simulated microgravity on 

scaffold-free cartilage, weaker staining of the extracellular matrix of samples put on the 

International Space Station (ISS) was observed.1 Breakdown of matrix components is 

often observed in the OA cartilage.36 Researchers also found a higher aggrecan content in 

samples under normal gravitational forces compared those on the ISS.1 Another study 

found that joint tissue from mice exposed to 30 days of spaceflight demonstrated less 

proteoglycan compared to articular cartilage ground control samples.37 Despite 

significant progress in this field, more data is needed to clarify the effects of microgravity 

on articular cartilage and the subsequent risks of developing OA post-spaceflight. 

The overall goal of this study was to add to this field of knowledge by exposing 

chondrocytes to simulated microgravity (SM) and analyze their response using global 

metabolomic profiling. To do this, human chondrocytes were encapsulated in an agarose 

gel of similar stiffness to the pericellular matrix to mimic the cartilage microenvironment 

and exposed encapsulated chondrocyte constructs to SM using a rotating wall vessel 

(RWV) bioreactor. The response to SM was analyzed using global metabolomic profiling 

to gain an untargeted and unbiased view of metabolic shifts. Exposing encapsulated 

chondrocyte cells to SM for a period of four days will induce shifts in metabolism.  

 

 

Methods  

Cell Culture  

The human chondrosarcoma cell line SW1353 (HTB-94) was purchased from the 

American Type Culture Collection and cultured in a complete high glucose Dulbecco’s 

modified eagle’s medium (DMEM) supplemented with 1% Penicillin-Streptomycin and 

10% fetal bovine serum. The cell line was incubated in a 37ºC humidified atmosphere 

with 5% CO2 and passaged to P10 – P14 prior to beginning the chondrocyte 

encapsulation protocol. Cell cultures were maintained and split at 80% confluency 

throughout the duration of the study.  

 

Chondrocyte Encapsulation 

SW1353 cells were encapsulated in 4.95% agarose gels at a concentration of 

800,000 cells/gel. Cell concentration was chosen based on the density of chondrocytes in 

human articular cartilage.2 Agarose powder and water were combined in a beaker and 

microwaved for 10 second increments until the mixture was homogeneous. A portion of 
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the agarose mixture was removed and resuspended SW1353 cells were added and mixed 

thoroughly, while avoiding bubbles. The cell-agarose mixture was then transferred and 

pipetted into a 96 well plate and allowed to solidify and polymerize.38 Gels were removed 

from the plate using a small laboratory spatula. Careful consideration was paid to not cut 

off edges of the construct when being removed.  

 

Rotary Cell Culture System (RCCS)  

32 cylindrical constructs were obtained from the 96 well plate. Each gel was 

weighed to maintain consistency. Half of the solidified cartilage constructs were placed 

into RCCS vessels and filled with media for exposure to SM on the RCCS bioreactor 

(SM cohort). The remaining cartilage constructs were placed into RCCS vessels and 

filled with media for exposure to normal gravitational forces (control cohort). 

RCCS vessels were attached to the RWV bioreactor inside of the incubator (37ºC, 

5% CO2). The RWV bioreactor was turned on and manually set to 13.2 rpm to correctly 

position the cartilage constructs in constant free fall. The vessels were carefully watched 

throughout the duration of the experiment to maintain constant free fall and prevent the 

formation of bubbles. The remaining RCCS vessels were left in the incubator (37ºC, 5% 

CO2) on an open self to serve as controls. Both SM and control constructs were 

maintained under either 10-6 g or normal gravitational forces for a period of four days.  

 

Metabolite Extraction – Gel 

 At the end of the four-day time period, cartilage constructs and media were 

removed from each SM and control vessel. Gel constructs were removed from vessels, 

weighed, and transferred into a homogenization tube with steel beads. 1 mL of 3:1 

methanol:water was added and homogenized using the SPEX SamplePrep tissue 

homogenizer two times for 5 minutes followed by vortexing samples for 20 seconds each. 

Samples were centrifuged and supernatant was collected and mixed with 80% v/v 

methanol to be kept at -20ºC for 30 minutes. Samples were subjected to vortex and 

centrifugation before drying supernatant down in the vacuum concentrator. Proteins were 

precipitated with 5 volumes of an aqueous acetonitrile solution, centrifuged, and 

supernatant was dried down in the vacuum concentrator prior to storing at -80ºC until 

mass spectrometry analysis.39  

 

Metabolite Extraction – Media 

 Media was harvested from each vessel and centrifuged to remove cells and debris. 

Supernatant was collected and mixed with 80% v/v methanol and put in -20ºC prior to 

vortexing and centrifuging. Supernatant was dried down in the vacuum concentrator, 

proteins were precipitated by re-extracting with 5 volumes of an aqueous acetonitrile 

solution, centrifuged, and supernatant was collected and dried down in vacuum 

concentrator. All samples were stored at -80ºC until ready for mass spectrometry 

analysis.39  

 

Liquid Chromatography – Mass Spectroscopy (LC-MS) 

 Dried metabolite extracts were resuspended in 50:50 water:acetonitrile solution as 

the LC-MS injection solution. The LC-MS system used for analysis was an Agilent 1290 

UPLC connected to an Agilent 6538 Q-TOF mass spectrometer. Separation of 



7 

 

metabolites occurred on a Cogent Diamond Hydride HILIC 150 x 2.1 mm column using 

an optimized normal phase gradient elution method.39 

 

Live/Dead Staining and Confocal Microscopy  

 SM and control RCCS vessels were transported to Montana State University for 

live/dead staining and confocal imaging. For transportation purposes, vessels were kept 

inside of a Styrofoam transportation freezer box with hot moistened paper towels inside 

to mimic the environment of a 37ºC incubator.  

 Upon arrival to Montana State University, constructs were removed from their 

respective containers and placed in a solution with 8µmol calcein AM and 75 µmol 

propidium iodide inside of the wells of a 12 well plate. Samples were incubated within 

the solution for 30 minutes and then examined under confocal microscopy to confirm the 

viability of cells within the cartilage constructs. Live cells fluoresced green while red 

cells presented red through confocal imaging.  

 

Metabolomic Analysis with MetaboAnalyst 

 Data was analyzed with unsupervised statistical analyses Principal Component 

Analysis (PCA) and Hierarchical Cluster Analysis (HCA) to visualize overall 

metabolomic profiles. Additionally, supervised statistical analyses Partial Least Squares 

Discriminant Analysis (PLS-DA), and Orthogonal Partial Least Squares Discriminant 

Analysis (OPLS-DA) were used to visualize differences between SM and control cohorts 

and seek out specific metabolites that discriminate between SM and control samples. 

Data was processed in MetaboAnalyst through normalization by median, log 

transformation, and auto scaling.39 Metabolites with the highest VIP scores from OPLS-

DA were mapped to metabolic pathways using MetaboAnalyst Functional Analysis.40 

 

 

Results 

Chondrocyte Viability  

Confocal microscopy was utilized to determine the percent viability of 

chondrocytes exposed to SM and normal gravitational forces. Images obtained indicate 

successful encapsulation of chondrocytes within 4.5% w/v agarose gel constructs for both 

control and SM groups. Overall percent viability shows a cell viability rate of 67% 

(Figure 1). 
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Figure 1. Percentage of fluorescently tagged live (67%) and dead (33%) cells in 

preliminary rounds. Error bars represent standard error. 

 

Global Metabolomic Profiling of Constructs and Media Exposed to Short-Term 

Simulated Microgravity  

Global metabolomic profiling detected a total of 1205 metabolite features across 

all samples, with 497 significant metabolite features by ANOVA (FDR-corrected p-value 

< 0.05). Unsupervised statistical analyses visualized overall variability within the dataset 

and revealed minimal separation between control and SM cohorts in PCA plots and HCA 

dendrograms (Figure 2-3). However, PCA plot showed greater variability in the SM 

cohorts in comparison to the control cohorts, as exhibited by control samples more tightly 

clustered (Figure 2). PLS-DA showed clear separation between gel and media cohorts, 

with some separation between control and SM cohorts (Figure 4). 
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Figure 2. Unsupervised PCA plot exhibiting separation between SM and media, but 

minimal separation between SM and control samples. The two PCs are associated with 

42.3% of the variation between cohorts (PC1 = 29.1%; PC2 = 13.2%). Samples 

correspond to their respective cohort: dark blue for gel control, light blue for gel 

microgravity, red for media control, and pink for media microgravity.  
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Figure 3. Unsupervised HCA dendrogram exhibiting separation between constructs and 

media, but minimal separation between SM and control samples. Clusters of cohorts were 

identified and labeled as gel control, gel microgravity, media control, and media 

microgravity. Each cohort contained 8 samples. Line length represents Euclidean 

distances between samples.  

 

Specific metabolic shifts were detected in response to SM exposure by identifying 

clusters of co-regulated metabolites in HCA clustergram (Figure 3). Clusters of co-

regulated metabolites were identified that represented microgravity-induced metabolic 

shifts: (1) differences between SM constructs and control constructs – clusters 3 (197 

metabolites) and 5 (165 metabolites), and (2) differences between SM media and control 

media – clusters 1 (454 metabolites) and 4 (686 metabolites). Differences in metabolites 

in encapsulated chondrocytes exposed to SM compared to control conditions include 

amino sugar and nucleotide metabolism (cluster 3, Figure 3). Levels of metabolites 

involved in glutathione, nitrogen, arginine, tyrosine, glutamine, glutamate, proline, 

phenylalanine, tryptophan, and aspartate metabolism were significantly lower in SM 

media compared to controls (cluster 1, Figure 3). Levels of metabolites involved in 

valine, leucine, isoleucine, glycine, serine, threonine, cysteine, methionine, and histidine 

metabolism were significantly higher in SM media compared to controls (cluster 4, 

Figure 3). 



11 

 

 
Figure 4. HCA clustergram showcasing global metabolomic profiles of SM and control 

constructs and media. Rows represent metabolite features and columns represent 

experimental cohorts. The colors express if the specific metabolite feature was higher 

(magenta) or lower (blue) based on standard deviations from the mean metabolite 

intensity across all experimental cohorts.  

 

Table 1. Pathway enrichment of HCA. 

  
Cluster 1: ↑ Ctrl ↓ SM 
Media 

Cluster 4: ↑ SM ↓ 
Ctrl Media 

Cluster 3: ↑ 
SM ↓ Ctrl 
Constructs 

Cluster 5: ↑ 
Ctrl ↓ SM 
Constructs 

Aminoacyl tRNA 
biosynthesis 

Amino acid 
metabolism (valine, 
leucine, isoleucine 
degradation, 
metabolism of 
glycine, serine, 
threonine, histidine, 
cysteine, and 
methionine) 

Amino sugar 
and 
nucleotide 
metabolism 

Vitamin B6 
metabolism  

Glutathione 
metabolism  

Pantothenate and 
CoA biosynthesis  

Valine, 
leucine and 
isoleucine 
metabolism 

Tyrosine 
metabolism 
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Amino acid metabolism 
(arginine, tyrosine, 
glutamine/glutamate, 
phenylalanine, 
tryptophan) 

Propanoate 
metabolism 

  Porphyrin 
metabolism 

Glyoxylate and 
dicarboxylate 
metabolism 

Porphyrin 
metabolism  

  Phenylalanine 
metabolism 

Pyrimidine metabolism Aminoacyl-tRNA 
biosynthesis 

    

Nitrogen metabolism       

Pathway enrichment of HCA clustergram showcasing clusters of upregulated and 

downregulated metabolic pathways for gel vs. media differences. Clusters 1, 4, 3, and 5 

correlate to HCA clustergram clusters in Figure 4. Clusters 2 and 6 from HCA 

clustergram did not reveal significant metabolic pathways. 

 

 
Figure 5. Supervised PLS-DA plot exhibiting separation between constructs and media, 

with some separation between SM and control samples. Component 1 and component 2 
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account for 36.5% of the overall variance (component 1 = 28.8%; component 2 = 7.7%). 

Samples correspond to their respective cohort: dark blue for gel control, light blue for gel 

microgravity, red for media control, and pink for media microgravity.  

 

Microgravity-induced Metabolic Shifts in Chondrocyte Constructs  

OPLS-DA was used to visualize differences in metabolomic profiles between SM 

and control cohorts and identify specific metabolites features that contributed to 

separation between cohorts. OPLS-DA revealed clear separation between SM and control 

gel cohorts (Figure 6). The T score accounts for 5.5% of the variability between gel 

cohorts, while the Orthogonal T score accounts for 29.1% of the variability within 

cohorts (Figure 6). Metabolites with the highest VIP scores contributed the most to the 

separation between SM and control gels and were mapped to metabolic pathways 

reported in Table 2. Select pathways perturbed in response to SM include di-unsaturated 

fatty acid β-oxidation, lysine, purine, vitamin B6 (pyridoxine), and urea cycle/amino 

group metabolism (FDR-corrected p-value < 0.05). 

 

 
Figure 6. Supervised OPLS-DA plot for gel samples exhibiting separation between 

control and SM samples. The T score showcases the inter-group variability (T score = 

5.5%). The Orthogonal T score showcases the intra-group variability (Orthogonal T score 

= 21.9%). Samples correspond to their respective cohorts: dark blue for gel control and 

light blue for gel microgravity.  

 

 

 



14 

 

Table 2. Pathway enrichment analysis of OPLS-DA VIP for gel samples.  

Pathways  Metabolites Detected  FDR p-value 

Di-unsaturated fatty acid β-oxidation  3 0.026862 

Caffeine metabolism  3 0.026862 

Xenobiotics metabolism  3 0.026862 

Lysine metabolism  6 0.032733 

Urea cycle/amino group metabolism  8 0.037463 

Purine metabolism  3 0.045989 

Vitamin B6 (pyridoxine) metabolism  2 0.047776 

Arginine and Proline metabolism  5 0.050698 

Leukotriene metabolism  7 0.059809 

Aspartate and asparagine metabolism  7 0.07182 

Aminosugars metabolism  2 0.07363 

β-Alanine metabolism  2 0.07363 

Butanoate metabolism  2 0.087549 

Omega-6 fatty acid metabolism  2 0.087549 

Tryptophan metabolism  4 0.093935 

   

SM altered metabolic pathways in gel constructs. Enrichment of gel SM and control 

samples mapped to significant metabolic pathways via OPLS-DA VIP Scores. The 

metabolites detected in this table are those of significance. The p-value reported is FDR-

corrected. This is a condensed list of implicated pathways.  

 

Microgravity-induced Metabolic Shifts Detected in Secreted Metabolites  

OPLS-DA plot showed greater separation in SM media compared to control 

media (Figure 7). The T score accounts for 8.6% of the variability between cohorts, 

while the Orthogonal T score accounts for 26.2% of the variability (Figure 7). 

Metabolites with the highest VIP scores contributed the most to the separation between 

SM and control media and were mapped to metabolic pathways reported in Table 3. 

Select pathways perturbed in response to SM include glutathione, nitrogen, histidine, 

vitamin B3 (nicotinate and nicotinamide), and aminosugars metabolism (FDR-adjusted p-

value < 0.1). 

 



15 

 

 
Figure 7. Supervised OPLS-DA plot for media samples exhibiting separation between 

control and SM samples. The T score showcases the inter-group variability (T score = 

8.6%). The Orthogonal T score showcases the intra-group variability (Orthogonal T score 

= 26.2%).  Samples correspond to their respective cohorts: red for media control and pink 

for media microgravity.  

 

Table 3. Pathway enrichment analysis of OPLS-DA VIP for media samples. 

Pathways  Metabolites Detected p-value 

Glutathione Metabolism  3 0.04789 

Glycosylphosphatidylinositol(GPI)-anchor 

biosynthesis 2 0.059042 

Nitrogen metabolism 2 0.059042 

Histidine metabolism 5 0.062849 

Vitamin B3 (nicotinate and nicotinamide) 

metabolism 3 0.065442 

Amino sugars metabolism 3 0.065442 

β-Alanine metabolism 3 0.065442 

Androgen and estrogen biosynthesis and 

metabolism 6 0.069171 

Glycerophospholipid metabolism 7 0.075175 
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Fatty Acid Metabolism 3 0.085623 

Butanoate metabolism 3 0.085623 

Phosphatidylinositol phosphate metabolism 3 0.085623 

Methionine and cysteine metabolism 2 0.085623 

Alkaloid biosynthesis II 2 0.085726 

Vitamin E metabolism 2 0.085726 

Vitamin A (retinol) metabolism 7 0.085726 

C21-steroid hormone biosynthesis and metabolism 3 0.088689 

SM altered metabolic pathways in media. Enrichment of media SM and control samples 

mapped to significant metabolic pathways via OPLS-DA VIP Scores. The metabolites 

detected in this table are those of significance. The p-value reported is FDR-corrected. 

This is a condensed list of implicated pathways. 

 

 

Discussion 

Cell Viability 

 The results of confocal microscopy suggest that chondrocytes were successfully 

encapsulated in an agarose gel. However, improvement of cell viability is needed to reach 

80-85% cell viability. Based on the results, 67% of chondrocytes remained viable after 

the four-day timepoint (Figure 1).  

 Improvements to the encapsulation protocol were made with each round of cell 

viability to improve staining of both live and dead cells. Consideration was paid toward 

mitigating the formation of bubbles in constructs, as this was initially thought to be a 

source of poor cell imaging. However, after several rounds, including a practice round, 

the conclusion was made that calcein AM and propidium iodide were not diffusing into 

the gels. Although cells were being visualized, they were not being adequately stained 

(live or dead) during confocal imaging. The problem was not imagining a high 

percentage of dead cells, rather a lack of cells altogether. Standard microscopy revealed 

the cells were present in each construct.  

 Future rounds of confocal microscopy will troubleshoot imagining. Increased 

concentrations of calcein AM and propidium iodide may be used to increase diffusion of 

dyes into cells. Additionally, sectioning gels prior to staining may increase diffusion of 

stains into gels. Further rounds of cell viability are needed to determine the true percent 

viability of cells in gels.   

 

Metabolic Findings 

 A total of 1205 metabolite features were detected across all control and SM 

cohorts. While no large-scale shifts in metabolism were found in response to SM based 

on unsupervised statistical analyses, supervised statistical analyses were capable of 

teasing out specific metabolites and metabolic pathways that were distinct between 

cohorts. OPLS-DA plots found separation between control and SM samples for both gel 

and media (Figure 5-6). Using a pathway enrichment algorithm, we were able to identify 

microgravity-induced metabolic shifts in both gels and secreted metabolites in media. 
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Microgravity-induced metabolic shifts in gels included di-unsaturated fatty acid β-

oxidation, caffeine, xenobiotics, lysine, and urea cycle/amino group metabolism (Table 

2). Microgravity-induced metabolic shifts in secreted metabolites in media included 

glutathione metabolism, nitrogen, histidine, and vitamin B3 (nicotinate and nicotinamide) 

metabolism (Table 3).  

 

Perturbations of Gel Cohorts in Response to Microgravity 

Metabolic pathways driving differences between the SM and control gel cohorts 

included a wide range of pathways. These pathways involved included di-unsaturated 

fatty acid β-oxidation, lysine, purine, vitamin B6 (pyridoxine), and the urea cycle/amino 

group metabolism (Table 2). The β-oxidation pathway is a catabolic process to break 

down fatty acid molecules to provide energy to the cell.41 Because chondrocytes relay on 

anaerobic metabolism to develop, maintain, and repair the extracellular matrix of 

cartilage, the presence of fatty acid β-oxidation is not unexpected. Lysine metabolism is 

involved in protein synthesis and oxidative catabolism. Lysine assists in calcium 

absorption and the formation of collagen, which may suggest changes in collagen content 

in response to SM. Purine is involved in metabolism of nucleic acids and protein 

production. Vitamin B6 and urea cycle/amino group metabolism also regulates amino 

acids and thus protein production within the body. In SM, reduced mechanical loading 

may lead to an attempt of chondrocytes to maintain cartilage integrity thus leading to an 

increase in protein synthesis. Additionally, vitamin B6 has been connected to oxidative 

stress as well as energy metabolism, both of which are linked to OA.39 All of the 

pathways, di-unsaturated fatty acid β-oxidation, lysine, purine, vitamin B6 (pyridoxine), 

and urea cycle/amino group metabolism are associated with oxidative stress as well as 

energy metabolism that have been linked to perturbed pathways in OA.42 These pathways 

suggest that short-term exposure to SM induced changes in chondrocyte metabolism 

similar to that of OA.   

   

Perturbations of Secreted Metabolites from Gels in Response to Microgravity 

Microgravity-induced metabolic shifts revealed from metabolites secreted from 

constructs included glutathione metabolism, nitrogen metabolism, histidine metabolism, 

and vitamin B3 (nicotinate and nicotinamide) metabolism (Table 3). Glutathione 

metabolism is often found as a result of oxidative stress.43 Glutathione is a tripeptide 

antioxidant composed of three amino acids – cysteine, glycine, and glutamate.44 

Glutathione metabolism is detected in OA samples, as it is an antioxidant. High levels of 

oxidative stress have been linked to OA.45 Often times, increased oxidative stress and 

antioxidants are seen during exercise (mechanical loading). These results suggest that 

perturbations in glutathione metabolism may be indicative of varying levels of oxidative 

stress and early OA changes in response to even short-term microgravity exposure and 

reduced mechanical loading environments.  

Both nitrogen and vitamin B3 metabolism are linked to nitric oxide (NO) by their 

respective pathways. 39,46 Vitamin B3 is a cofactor in the production of NO by NO 

biosynthesis.39 Nitrogen metabolism generally involves the breakdown of ammonia 

(NH3) into the neutral or charged form ammonium ion (NH4
+). However, nitrogen can 

combine with oxygen to form NO. Nitrogen and vitamin B3 metabolism play a catabolic 

role in the development of OA and mediates the inflammatory response.39,46 These results 
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suggest that short-term microgravity exposure may lead to changes in inflammatory 

pathways, consistent with that of OA.  

 Histidine metabolism is another pathway involved in OA pathogenesis.43 Amino 

acid metabolism involves histidine metabolism.43 Changes to amino acid metabolism 

may suggest cartilage structural integrity is being challenged by deviations from 

physiological loading environments and thus attempts are being made to maintain the 

cartilage ECM through protein synthesis.   

 

Comparison of Secreted Metabolites to Early OA Profiles 

We identified many similarities between metabolites secreted from gels exposed 

to short-term SM and our previous work studying metabolites in OA synovial fluid. 

Metabolites involved in the following pathways were perturbed in both SM media and 

early OA synovial fluid: histidine, amino sugars, fatty acid, butanoate, phosphatidyl 

phosphate, methionine, and cysteine metabolism, valine, leucine, and isoleucine 

degradation; glycine, serine, threonine, methionine, cysteine, glutathione, arginine, 

proline, and glutamate metabolism. Overlap was seen between some pathways and early 

and late OA profiles; however, the majority fell into the category of early OA profiles.42  

The results suggest that short-term (< 4 days) exposure to microgravity does not 

induce large-scale shifts in chondrocyte metabolism. However, the specific metabolic 

shifts that occurred in response to microgravity exposure were consistent with early OA 

metabolomic profiles in human synovial fluid, which suggests that even short-term 

exposure to microgravity (or other reduced mechanical loading environments) may lead 

to the development of OA. Because similarities were detected between secreted 

metabolites in media and synovial fluid it is possible to detect these metabolites in 

astronaut synovial fluid post spaceflight as candidate biomarkers of early OA.  

 

Limitations  

 Cell viability analysis may have been impacted by transport time and suitable 

culture environment to our collaborators at MSU. It is possible that this resulted in loss of 

cell viability due to an environment not suitable to cell culture on this transport. Future 

studies may solve this issue by obtaining a confocal microscope on site to avoid transport 

to MSU or improving the transport conditions to improve viability. This study is limited 

by small sample sizes. Future studies will increase the sample size to confirm 

microgravity-induced metabolic shifts detected in media and gels. Metabolite features 

were matched to potential identities and implicated pathways but confident identification 

was lacking in this study. Future work will use targeted metabolomics to confirm 

metabolite feature identities and implicated pathways as microgravity-induced metabolic 

perturbations. Lastly, this work is limited by the use of the SW1353 cell line. This is a 

chondrosarcoma cell line that does exhibit differences in comparison to primary 

chondrocytes. Primary chondrocytes obtained from human cartilage will be used for 

future work to model the in vitro microenvironment of cartilage more accurately.  

   

Significance  

To our knowledge, this is the first study to generate global metabolomic profiles 

of encapsulated chondrocytes in response to short-term SM exposure. Importantly, this 

work enhances our ability to study chondrocyte mechanotransduction in SM in vitro by 
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encapsulating chondrocytes in a three-dimensional agarose construct of physiological 

stiffness that better mimics the cartilage microenvironment. Metabolic pathways 

perturbed in response to SM were consistent with early OA. This better informs the 

health risks associated with space travel.  
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