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Abstract 

Space sojourns are crucial for understanding aeronautics, physics, the solar 

system, and evaluating the possibility of interplanetary travel. However, there are many 

potential health risks associated with space travel such as prominent detrimental effects 

on both the cardiovascular and musculoskeletal systems. In space, astronauts experience 

a micro-gravitational force of 10-6 G. The musculoskeletal system has been of particular 

focus for the risks of microgravity because of the mechanosensitive nature of the tissues. 

Due to the reduced joint loading in space, there is high concern for mobility issues during 

and after spaceflight. Osteoarthritis (OA) is one of the chief concerns for space travel. 

OA can be debilitating to patients, and is the most common degenerative joint disease, 

but there are no current interventions to restore or prevent OA due to the poor 

understanding of the underlying disease mechanism. OA is thought to be caused by 

abnormal loading of the joint, and a microgravity environment causes altered loading of 

joints that may be similar to conditions of OA generation. To investigate the effects of 

microgravity on chondrocyte metabolism, and implications for OA, human chondrocytes 

were encapsulated in a three-dimensional agarose gel construct to mimic the 

microenvironment of cartilage. Gel constructs were then introduced to a simulated 

microgravity (SM) environment using a rotating cell culture system (RCCS). Global 

metabolomics, a method that analyzes thousands of small, intermediate molecules within 

a sample, was used to analyze the effects of microgravity on chondrocyte metabolism. 
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Introduction 

 

Space sojourns are crucial for understanding aeronautics, physics, the solar 

system, and evaluating the possibility of interplanetary travel and living. However 

important these space missions may be, there are many potential health risks associated 

with space travel. Thus, it is more important than ever that these health risks play a key 

role in the framework of risk management.  

The two biggest potential health risks for astronauts are both associated with the 

space environment: radiation and microgravity (5). Radiation, defined from a physics 

standpoint, is the emission and transmission of energy either by waves or particles 

through space. Though there are many types of radiation, the most threatening type is 

ionizing radiation (i.e., galactic cosmic rays, solar flare particles, and radiation belt 

particles) which has been associated with Cancer (1). According to NASA, the effective 

doses of radiation in space can range from 50 and 2,000 mSv, which corresponds to 

between 150 and 6000 chest X-Rays! Not only is this ionizing radiation exposure 

associated with cancer, but it is also associated with visual changes, central nervous 

system (CNS) functionality, and even hyperoxia (2-4).  

Under the Earth’s conditions, the gravitational force is 1G. In space, astronauts 

experience a microgravitational force of 10-6 G. The effects of microgravity on the human 

body and subsequent health risks of microgravity exposure have been studied in the 

context of changes in cephalic fluid characteristics, epigenetic modifications, and 

musculoskeletal change (6-7). 
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 The musculoskeletal system (bone, cartilage, ligaments, tendons, muscle) has 

been of particular focus for the risks of microgravity because of the mechanosensitive 

nature of the tissues. Mechanical loading is necessary for the maintenance of 

musculoskeletal tissue and function. Thus, the minimal loading experienced in 

microgravity conditions is of particular concern for astronauts.   

Much of the research studying the effect of microgravity on the musculoskeletal 

system has focused on bone. One of the major concerns has been calcium metabolism in 

space. In three male subjects aboard the MIR 18 spaceflight of 115 days, urinary calcium 

excretion and bone resorption, both determined by kinetics and bone markers, increased 

up to 50% (16). Changes in areal bone mineral density (aBMD) in bones of the skull, 

spine, and legs as well as increased bone resorption were observed in the astronauts 

aboard the Mir Space Station and International Space Station (ISS) causing concern for 

diseases such as Osteoporosis (8). Osteoporosis is characterized by a significant decrease 

in bone mass and results in fractures secondary to bone fragility.  Although there is major 

concern for bone resorption and diseases such as osteoporosis, studies using exercise 

regimes like resistance training have shown reversal and even prevention of bone loss in 

bed-rest patients. After 17 weeks of HEM (resistance exercise training), there was a 

prevention of bone mineral density loss overall in the body, increased bone metabolism, 

and net calcium balance showing hope for disease prevention (13). Extensive studies can 

be found on effects of SM on bone, though this is not the case for many of the other 

musculoskeletal tissues.  

A handful of studies have investigated the effects of microgravity on articular 

cartilage. Studies focused on human chondrocytes, cells present in the articular cartilage 
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(AC), after even short exposures to simulated microgravity (SM) showed upregulation of 

cytoskeleton genes and proteins indication cells responding and reorganizing the 

cytoskeleton (13). Hind-limb unloading (HLU) and bed-rest studies have demonstrated 

that reduced mechanical forces associated with reduced joint loading lead to proteoglycan 

loss in AC, meaning that reduced loading secondary to microgravity is a concerning 

problem for space travel. Other studies investigating the effects of microgravity on AC 

show cytoskeletal reorganization and reduction in ECM production and mineralization 

similar to those seen in reduced joint loading from bed rest or HLU (13). Given the 

similarities in chondrocyte response to reduced joint loading and microgravity, there is a 

concern that exposure to microgravity may lead to degenerative joint diseases, such as 

osteoarthritis (OA).  

Osteoarthritis is the most common type of degenerative joint disease affecting 

approximately 240 million people world-wide (11). OA pathology includes progressive 

loss and destruction of AC, formation of osteophytes, thickening of the underlying 

subchondral bone, inflammation of the synovium, and degeneration of the ligaments in 

the joint (11). Risk factors for OA include joint injury, obesity, aging, joint unloading, 

and heredity (11). Generally, OA patients present with deep and aching joint pain related 

to activity, reduced function, stiffness, joint instability, and reduced movement resulting 

in an overall decrease in quality of life. By the time these symptoms present, irreversible 

damage likely exists. For end-stage OA, the only available treatment is a joint 

replacement (16). Despite the obvious burden on patients as well as the healthcare 

system, there are no current interventions to restore or prevent cartilage degeneration 

mostly due to the poor understanding of the underlying disease mechanism. Due to 
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reduced joint loading in space, there is high concern for mobility issues during and after 

spaceflight. The development of OA and subsequent reduced mobility are major health 

concerns in space.  

Despite these findings, more data are needed regarding the effects of microgravity 

on the AC and the risk of developing OA. To add to the field of knowledge, we sought to 

deepen our understanding of chondrocyte mechanotransduction. We utilized human 

chondrocytes encapsulated in a three-dimensional agarose gel construct of a similar 

stiffness to the pericellular matrix (PCM), the region surrounding chondrocytes in the 

articular cartilage, to mimic the microenvironment and then exposed these cells to 

simulated microgravity (SM) using a rotating wall vessel (RWV) bioreactor. The 

chondrocyte response to SM was analyzed using mass-spectrometry based global 

metabolomic profiling to gain a fully encompassing view of metabolic shifts. Further, 

these metabolites secreted into the surrounding media from the encapsulated 

chondrocytes in SM was analyzed with the hope that they could be detected in human 

synovial fluid as potential markers of OA as a future means of diagnosing the disease in 

astronauts.  

Methods 

  

Cell culturing   

The human chondrosarcoma cell line SW1353 (SW 1353 [SW 1353, SW-

1353] (ATCC® HTB94™)) cells were cultured in a high glucose Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 5% Penicillin-

Streptomycin and incubated at a 37˚C in a humidified atmosphere of 5% CO2. Cells were 

maintained at 70% confluency throughout the study.  
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Agarose gel constructs  

Chondrocytes from the SW1353 cell line were counted and embedded in 4.5% 

agarose gels at a density of 1x106 cells/mL as previously described (17). Water and 

agarose were mixed and when cool enough, chondrocytes were mixed in. The 

chondrocyte-agarose mixture was pipetted into cylindrical constructs using a 96 well cell 

plate. Gels were carefully removed from the 96 well plate and placed into media prior to 

further experimentation.  

 

RCCS Initiation 

The control gels were cultured in petri dishes using 50mL of DMEM and the 

experimental gels were placed into the RCCS vessels with 50mL of DMEM medium for 

4 days in 5% CO2 at 37˚C. The optimal RMP to keep all gel constructs in free fall upon 

RCCS initiation ranged between 11.0-13.6.  

 

Maintaining the RCCS 

The DMEM medium was not replaced during the experimental time period 

because the time point was only four days. The RCCS was observed daily for any 

bubbles in the media and to ensure the chondrocyte-agarose gels were in constant free 

fall. Any bubbles were removed from the vessel resulting in the vessel being removed 

from SM for approximately seven minutes on average. The speed of the RCCS had to be 

altered several times due to one or multiple gel constructs touching the wall of the vessel 

or bouncing off of the vessel.  
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RCCS Completion 

After four days, the chondrocyte-agarose gel construct was removed using 

sterilized tweezers and placed into a tissue homogenizing tube. All media was removed 

and frozen at -80˚C until metabolite extraction. Upon completion, the RCCS was 

removed from the incubator and sterilized using a 10% bleach solution.  

 

Metabolite extraction and global metabolomic profiling  

After four days, chondrocyte-agarose gel constructs were flash frozen in N2 and 

then submerged in 1 mL of 3:1 methanol:water. Constructs were homogenized using a 

SPEX Sample Prep 1200 GenoLyte tissue grinder for three 25 second intervals. After 

homogenization, samples were centrifuged at 16100 x g for 10 minutes to remove cells 

and debris. The supernatant was collected and 100uL of 4:1 methanol:water was added 

for metabolite extraction. The samples were frozen (-20 ˚C) for 30 minutes prior to 

centrifuging at 16100 x g for 5 minutes. The supernatant was transferred to a new tube 

and placed in an Automated Environmental SpeedVac vacuum concentrator for two 

hours. To precipitate out proteins, 500mL of 1:1 acetonitrile:water was added and then 

stored in the freezer (-20 ˚C) for 30 minutes. Samples were then vortexed for 1 minute, 

centrifuged at 16100 x g for 5 minutes, and then dried in the vacuum concentrator for two 

hours.  

Metabolites were also extracted from the surrounding media to look for potential 

biomarkers. 1mL of media was extracted and centrifuged at 500g for 5 minutes to remove 

cells and debris. Supernatant was collected and 100mL of 4:1 methanol:water was added. 
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Samples were frozen (-20 ˚C) for 30 minutes and then vortexed for 3 minutes prior to 

centrifuging at 16100 x g for 5 minutes. The supernatant was transferred to a new tube to 

evaporate samples in a vacuum concentrator for two hours. To precipitate out proteins, 

500mL of 1:1 acetonitrile:water was added and then stored in the freezer (-20 ˚C) for 30 

minutes. Samples were then vortexed for 1 minute, centrifuged at 16100 x g for 5 

minutes, and then dried in the vacuum concentrator for two hours.  

 

Confocal imaging and live/dead cell staining  

Two rounds of confocal imaging were performed. After 4-day exposure time, 

constructs were removed from the RCCS vessels and control dishes and placed 15mL 

falcon tubes with 12mL of media. These falcon tubes were placed into a cooler with 

heating pads and hand warmers to ensure the temperature was 37 ˚C. The samples were 

transported to Montana State University in Bozeman, Montana for imaging.  

Constructs were gently washed using 200uL of PBS to remove DMEM medium prior to 

staining. Constructs were placed in a 12 well plate and mixed with 8uL of calcein AM to 

stain live cells, and 75uL of propidium iodide (PI) to stain dead cells (17). The cell plate 

was incubated at a 37˚C in a humidified atmosphere of 5% CO2 for 30 minutes prior to 

taking images. Absorbance was detected from the top of the plate using a plate reader, 

Calcein absorbance was detected at 485nm/535nm and PI absorbance was measured at 

530nm/620nm (17).  

 

Data analysis and statistical methods 
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Data generated consist of metabolite features, including mass-to charge ratios and 

m/z values, and the corresponding relative abundance. Metabolite features with a median 

intensity of zero in each experimental cohort were removed prior to statistical analyses. 

Data was transformed using a log transformation and standardized for all analyses. All 

statistical analyses were performed using a metabolomic program called MetaboAnalyst 

(19).  

 Both univariate, supervised and unsupervised multivariate tools were used to 

visualize and narrow the dataset. Hierarchical cluster analysis (HCA) and principal 

component analysis (PCA), unsupervised multivariate statistical analyses, were utilized. 

The goal of HCA is to visualize metabolomic profiles, identify sub-groups of sample sets, 

and to determine if the cohorts are distinct from one another. This allows for further 

grouping of cohorts, linking of pairs of observations in close proximity, and 

distinguishing which samples are most similar to one another based on their entire 

metabolomic profile. The goal of PCA is to identify natural cluster of groupings of 

samples by linearly transforming the data to preserve as much of the variance in the 

original data as possible.  

 For further analysis and visualization of the data set, partial least-squares 

discriminant analysis (PLS-DA) and volcano plot analysis were utilized. PLS-DA aims to 

identify supervised clusters or groupings of samples and reveal underlying variation. This 

allows for a deeper understanding of metabolites that are strongly correlated and are 

contributing to the separation between cohorts. Volcano plot analysis was utilized to 

determine which metabolites were significantly (significant level of 0.05) upregulated 



13 
 

and downregulated. False discover rate (FDR) corrections were applied to correct for the 

possibility of multiple comparisons.  

Results 

 

Chondrocyte viability  

This study used confocal microscopy to determine the cell viability of 

chondrocytes exposed to SM. Confocal microscopy allows for the ability to control the 

depth of the field and eliminate background noise from the focal plane which was 

necessary to analyze the 3D constructs. Although it was not possible to perform a 

quantitative measurement of the live cells compared to the dead cells in the constructs, 

images obtained indicate a successful encapsulation of human chondrocytes into 3D gel 

constructs (Fig. 1-4).  

   

Figure 1: Two confocal micrographs depicting live cells obtained from separate control 

gel constructs that were not exposed to microgravity. The presence of these cells 

indicates successful chondrocyte encapsulation. Green fluorescence indicates live cells 

present in the constructs. (A) One live chondrocyte at 75um depth. (B) One live 

chondrocyte at 75um depth. The other green fluorescence is suspected to be a fiber, likely 

from a lab coat.  
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Figure 22: Two chondrocyte micrographs obtained from two separate experimental gels 

that were exposed to 4 days of SM. The green, fluorescent stain indicates the cells present 

are alive. (A) Two live chondrocytes embedded in the control construct at 75um depth. 

(B) Two live chondrocytes embedded in a control construct obtained at 75um depth.  

   

Figure 3: Three confocal micrographs obtained from two separate control gels that were 

not exposed to SM. Red fluorescence indicates dead cells. (A) One dead chondrocyte 

embedded in a construct. (B) Three dead chondrocytes embedded in a construct.  
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Figure 4: Two confocal micrographs obtained from separate experimental constructs 

exposed to 4 days of SM. Red fluorescence indicates dead cells. (A) Four dead 

chondrocytes embedded in construct. (B) One dead chondrocyte embedded in construct. 

 

Metabolomic profiles of constructs are distinct from surrounding media 

 

 A total of 1,862 metabolite features were detected across all samples (n=12). The 

dataset was refined by removing features with a median intensity of zero. To being, 

overall differences in global metabolomic profiles of all constructs and all media were 

observed (Fig. 5). PCA and HCA were used to observe variation in the dataset where we 

saw clear separation between the metabolomic profiles of constructs and the surrounding 

media excretions (Fig. 5A and C). PLS-DA was utilized next to seek out other differences 

between the two cohorts. Separation between constructs and media was observed (Fig. 

5B). This allowed us to determine that there are distinct metabolomic phenotypes when 

observing constructs and surrounding media. This result suggests that there are global 

shifts occurring in the constructs themselves as well as the secretions into the surrounding 

media.  
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Figure 5: A total of 1,862 metabolites were analyzed using principal component analysis 

(PCA), partial least-squares discriminant analysis (PLS-DA) and hierarchical clustering 

(HCA).  The colors in A-C correspond to cohorts where red represent constructs and 

green represent media. (A) PCA displays two distinguished cohorts, with minimal 

overlap, between all media and all gels, regardless of whether they were control or 

experimental groups. The first two components are shown on the x and y axes. The x-axis 

shows PC1, which accounts for 31.4% of the variation in the data set. PC2 is on the y-

axis and accounts for 15.6% of the variation in the dataset. (B) Supervised PLS-DA 

displays complete separation between media and gel groups. Component 1 accounts of 

30.6% and component 2 accounts for 13% of variation in the dataset. (C) Unsupervised 

HCA, visualized via dendrogram, assigns Euclidean distances to demonstrate 

dissimilarity between samples and determine which samples have similar metabolic 

profiles. HCA was able to successfully display distinguished clusters between media and 

gel groups.  

In order to identify the specific metabolites that contributed to discrimination 

between construct and media cohorts, volcano plot analysis was utilized. A minimum of 

50 significant metabolite features was required to perform analysis that would specify the 

changes in pathways or metabolism. Data collected was not sufficient enough to perform 

this type of further analysis. 



17 
 

   

Figure 6: Volcano plot analysis reveals upregulated and downregulated metabolite 

features in constructs and media by p-value and fold change analysis. The dashed lines 

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

(vertical). Upper right and left quadrants contain the significant (p<0.05) upregulated and 

downregulated features with a large fold change. The specific metabolite features are 

labeled in blue. 

 

 

Metabolic responses of control and microgravity-exposed constructs  

 Since constructs were exposed to two different environments (microgravity versus 

normal gravitational forces), media samples were removed to focus on just the two 

cohorts of constructs. HCA and PCA did not show distinguishable clustering between 

microgravity exposed constructs and control constructs (Fig. 7A and C). When analyzing 

differences with PLS-DA, a supervised analysis, clearer discrimination between 

experimental and control groups was revealed with the majority of samples clustering 

within their respective cohort (Fig. 7B). This led to the conclusion that distinct 

metabolomic phenotypes between microgravity and control cohorts are not clear. These 
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results suggest that there are global metabolic shifts; however, the extent to which the 

shift occurs is not significant with short term microgravity exposure.  

 

Figure 7: Elucidating distinct metabolomic profiles between constructs exposed to a 

reduced loading environment compared to gels exposed to normal gravitational forces 

was difficult to achieve. Green represents the microgravity exposed constructs and red 

represents control constructs. (A) PCA shows significant overlap between the constructs 

exposed to microgravitational forces and control samples. It is evident that there is little 

clustering of samples within their respective cohorts. PCA is shown as a scatterplot with 

two principal components (PCs) which account for 26.6% and 19.6% of variation in the 

dataset. (B) PLS-DA finds a higher degree of separation between microgravity exposed 

constructs and control constructs. PLS-DA is shown as a scatterplot with the top two 

components which account for 21% and 14.7% of variation in the dataset. (C) Separation 

of control constructs and microgravity exposed constructs reveals some degree of distinct 

clusters by HCA illustrated by the dendrogram. The dendrogram assigns Euclidean 

distances to show dissimilarity between samples and revels clusters of samples that 

display similar metabolomic profiles.  
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 Although the results seen above suggest that there is not a significant difference in 

metabolites in control versus microgravity exposed constructs, volcano plot analysis 

suggest there are some differences in metabolite profiles. A minimum of 50 significant 

metabolite features was required to perform analysis that would specify the changes in 

pathways or metabolism, again insufficient data were collected to perform this type of 

analysis.   

  

 

Figure 8: Volcano plot analysis reveals upregulated and downregulated metabolite 

features in microgravity exposed and control constructs by p-value and fold change 

analysis. The dashed lines indicated the FDR-corrected p-value of 0.05 (horizontal) and a 

fold change threshold of 2 (vertical). Upper right and left quadrants contain the 

significant (p<0.05) upregulated and downregulated features with a large fold change. 

The specific metabolite features are labeled in blue. 

 

Metabolic responses of control and microgravity-exposed media  

 The second source of interest for this study was to analyze potential differences in 

global metabolomic profiles of the surrounding media between experimental and control 

cohorts. HCA and PCA, unsupervised statistical analyses, were not able to clearly cluster 
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microgravity exposed and control cohorts (Fig. 9A and C).  However, PLS-DA was able 

to show clear discrimination of the two cohorts with all of the samples clustering within 

their microgravity or control cluster, respectively (Fig. 9B). This led to the third 

conclusion that distinct global metabolomic phenotypes are not clear when analyzing 

surrounding media and the respective secretions. Overall, global secretions from 

encapsulated chondrocytes are not significantly different in response to 4 days of 

microgravity exposure according to unsupervised statistics.  

 

Figure 9: Elucidating distinct metabolomic profiles between media collected from 

reduced loading environment compared to media collected from normal gravitational 

forces was difficult to achieve. Green represents the microgravity exposed media and red 

represents control media. (A) PCA shows significant overlap between media exposed to 

microgravitational forces and control samples. It is evident that there is little clustering of 

samples within their respective cohorts. PCA is shown as a scatterplot with two principal 

components (PCs) which account for 32.1% and 19.5% of variation in the dataset. (B) 

PLS-DA finds a higher degree of separation between microgravity exposed media and 

control media. PLS-DA is shown as a scatterplot with the top two components which 

account for 17.3% and 18.9% of variation in the dataset. (C) Separation of control media 
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and microgravity exposed media reveals some degree of distinct clusters by HCA 

illustrated by the dendrogram. The dendrogram assigns Euclidean distances to show 

dissimilarity between samples and revels clusters of samples that display similar 

metabolomic profiles.  

 Similar to the results seen when comparing control versus experimental 

constructs, volcano plot analysis was able to distinguish a handful of significantly 

upregulated and downregulated metabolites in the microgravity exposed and control 

medias. A minimum of 50 significant metabolite features was required to perform 

analysis that would specify the changes in pathways or metabolism, but again insufficient 

data were collected to perform this type of further analysis. Although further analysis 

could not occur, this result may indicate that microgravity does induce some minimal 

metabolic shifts.  

 

Figure 10: Volcano plot analysis reveals upregulated and downregulated metabolite 

features in microgravity exposed and control media by p-value and fold change analysis. 

The dashed lines indicated the FDR-corrected p-value of 0.05 (horizontal) and a fold 

change threshold of 2 (vertical). Upper right and left quadrants contain the significant 

(p<0.05) upregulated and downregulated features with a large fold change. The specific 

metabolite features are labeled in blue. 
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Discussion 

 Despite advances in understanding how spaceflight may contribute to 

degenerative joint diseases such as OA, the lack of understanding of underlying 

mechanisms remains a major obstacle within the research field. This study demonstrates 

a potential design for deepening the understanding of chondrocyte mechanotransduction 

in a reduced loading environment via 3D encapsulation of chondrocytes in agarose gel 

constructs. This design is capable of providing insight into the viability of chondrocytes 

exposed to microgravity as well as an encompassing view of the associated metabolic 

shifts. To our understanding, this is the first study to successfully encapsulate and expose 

chondrocytes to microgravity in 3D constructs and generate LC-MS-based global 

metabolomic profiles. Though a pilot study, significant conclusions can be made from the 

collected data. The main goals of this project were to: (1) generate a procedure that would 

allow for successful introduction and maintenance of human chondrocytes in 

microgravity for 4 days, and (2) analyze the metabolomic activity and associated shifts in 

response to the reduced loading environment. 

 

Chondrocyte encapsulation and microgravity exposure  

 These results herein suggest chondrocytes were successfully encapsulated in 

agarose gels and exposed to 4 days of microgravity and remained viable. Previous studies 

have reported successful encapsulation; however, it was unclear if microgravity exposure 
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would result in chondrocyte mortality (17).  This finding is significant as it identifies a 

successful method for studying chondrocyte response to microgravity. Further, it paves a 

new road for research into quantifying how human chondrocytes respond to microgravity 

so that eventually we can assess health risks associated with space travel.  

 

Construct and media metabolomic profiles are distinct  

 When examining the effects microgravity has on chondrocyte metabolism in a 3D 

construct, it is important to analyze both the metabolites present in the constructs, as well 

as secreted metabolites. The results have implications for studying astronauts after space 

sojourns. This is because in this study, the constructs are of similar stiffness to articular 

cartilage and the secreted metabolites would therefore be located in the synovial fluid. 

There is potential that this may allow for researchers to get a sense of chondrocyte 

metabolism by sampling synovial fluid for metabolites that are indicative of degradation.  

 

Short term microgravity exposure may not cause metabolomic shifts 

We found that distinct metabolic phenotypes exist when comparing constructs and 

media profiles, but there were no significant differences between cohorts exposed to 

microgravity and controls when analyzing metabolomic profiles by unsupervised 

analyses. When examining data collected, only supervised statistical analyses (PLA-DA) 

were able to separate out construct and control gel profiles as being different. This was 

also true when the media exposed to microgravity and control media were analyzed.  This 

suggests minor metabolic shifts in response to short term microgravity exposure. 
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Furthermore, these results suggest that short term exposure to microgravity may not 

induce major changes in chondrocyte metabolism. Previous studies have shown that 

when exposing chondrocytes to 3 months of SM, chondrocyte function lagged 4-fold 

when compared to control samples (18). Our results suggest that 4-day exposure periods 

may not be sufficient to reduce or alter chondrocyte function or metabolism unlike the 

three-month exposure periods. This is an important finding because it allows for further 

elucidation of how long human chondrocytes can be exposed to microgravity and not 

exert metabolomic changes. 

 

Limitations 

 This study has limitations that should acknowledged for future studies. First, the 

sample size of the study was small (n=12). When working with a small sample size, it is 

important to note that it increases the margin of error, which could result in insufficient 

power to detect differences between the two cohorts. This means that it is difficult to 

determine if the results are a true finding or if a type I or type II error occurred.  

Secondly, the RCCS only has one motor, but four vessels containing constructs 

that all needed to be in constant free fall. It was difficult to find a correct speed that 

would maintain all four constructs in the proper environment at the same time. The other 

problem with the RCCS was removing bubbles. Bubbles naturally would form near the 

top of the vessel over the course of the 4-day period, but these bubbles had to be 

removed. Although vessels were removed on average for only seven minutes, this could 

have implications on the effects of microgravity on the encapsulated chondrocytes. It is 
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also possible that some metabolites from the surrounding media may have been removed 

when extracting the bubbles.  

Another limitation was that when confocal imaging was performed, samples had 

to be driven from Helena, MT to Bozeman, MT. This resulted in the constructs being 

removed from microgravity for about two hours for the drive over, which has the 

potential to affect results. Confocal imaging was able to confirm cell viability; however, 

it also showed an extremely low density of chondrocytes present in the constructs. This 

could have been due to agarose being too hot when the chondrocytes were injected in, or 

the protocols utilized were just not appropriate for the goals of the study. The low density 

of chondrocytes present could also potentially account for the low presence of 

metabolites.  For future studies, it would be beneficial to significantly increase the 

number of chondrocytes added to the agarose constructs.  

 

Conclusions 

 This is the first study of our knowledge, to successfully encapsulate human 

chondrocytes in a 3D agarose gel construct, expose them to microgravity, and generate 

their metabolomic profiles. Though specific upregulated or downregulated pathways 

were not identified, protocols were generated to complete these types of studies in the 

future. Further, data collected provides an insight into the role of metabolism in 

chondrocytes exposed to short-term SM. Lastly, this study has also provided a basis for 

furthering our understanding of chondrocyte mechanotransduction which may serve a 

purpose to lead to protocols to ensure safe space travel in the future.  
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