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ABSTRACT 

Introduction: The National Aeronautics and Space Administration has outlined a Moon 

to Mars program with the plan to have long-term manned deep space travel missions 

outside of low Earth orbit. However, NASA’s Human Research Program has pinpointed 

five hazards that astronauts will encounter on their journeys, chief among them being 

space radiation and decreased loadbearing outside of Earth’s gravity. While their effects 

have been studied in the musculoskeletal and neuromuscular system, it remains relatively 

unclear as to its effect on joint soft tissue and on neuromotor function. The purpose of 

this dissertation is to determine if elevated loads applied across the joints of mice aboard 

the ISS via centrifugation will prevent an OA phenotype and neuromotor deficits in a 

gravitational load-dependent manner, and if the SOD mimetic MnTnBuOE-2-PyP5+ 

(BuOE) administration delivered weekly over the course of 35 and 60 days of spaceflight 

on the ISS will protect against musculoskeletal degradation during and after spaceflight. 

 

Research Problem: Does spaceflight environment affect joint health and neuromotor 

function? What are the health effects of partial gravity environments during spaceflight? 

Does 1g artificial gravity during spaceflight have protective effects? What is the efficacy 

of antioxidant pharmaceutical countermeasures for the prevention of spaceflight-induced 

musculoskeletal degradation?  

 

Methods: We performed studies evaluating the efficacy of artificial gravity via 

centrifugation and antioxidant treatment for the prevention of spaceflight-induced 

musculoskeletal degradation in rodent models flown aboard the ISS. This study 
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implements microCT to identify morphometric properties, histological, 

immunohistochemical, transcriptomic, and proteomic analysis to explore potential 

mechanisms, and gait analysis to characterize neuromotor deficits caused by spaceflight 

conditions.  

 

Conclusions: Treatment with BuOE preserved articular cartilage, menisci, and trabecular 

bone volume during short duration spaceflight and downregulated pro-arthritic pathways 

in the joint soft tissue. Exposure to prolonged microgravity aboard the ISS, or partial 

gravitational loading preserved gait patterns relative to both preflight and controls in a 

gravity-dose dependent manner. Finally, artificial gravity via centrifugation failed to 

preserve meniscal volume and articular cartilage thickness, however, 1g AG maintained 

meniscal ECM synthesis and sulfated GAG expression compared to controls. 

 

Future Directions: Further investigation is still needed to validate the protective effects 

of BuOE on the musculoskeletal system during spaceflight. There is a critical need to 

characterize these neuromotor deficits in the microgravity and partial gravity 

environments to better mitigate the risks associated with long-duration spaceflight both in 

transit and upon reaching a destination, as we plan for missions outside of LEO.  
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Introduction 

Maintaining musculoskeletal health and performance is vital for mission success 

during a long-duration spaceflight, as well as for preserving quality of life post-mission. 

Prolonged exposure to reduced weight bearing in microgravity during spaceflight is well-

documented to cause muscle atrophy [1–3] and bone loss [4–6], with more recent studies 

identifying  degradation of soft-tissue structures in both the knee (e.g., cartilage, menisci) 

and hip (e.g., cartilage) joints [7, 8]. It is estimated that with a mission to Mars, astronauts 

will be exposed to approximately 8 to 10 months of weightlessness total during transit to 

and from Mars, and approximately 12 to 18 months of partial gravity exposure while on 

surface [9]. Recent studies have shown that neither bisphosphonate treatment [10–12] or 

the, use of the advanced resistive exercise device (ARED) prevent spaceflight-induced 

bone mineral density (BMD) decline and bone turnover[13, 14], with limited studies 

having been conducted on the load-sensitive soft tissues of the knee. There is a critical 

need to investigate novel countermeasures to preserve astronaut joint health during and 

after deep space travel such as artificial gravity to counteract the deleterious effects of 

reduced gravity, as well as, pharmaceutical interventions to counteract spaceflight-

induced osteoarthritis (OA). 

Intermittent or continuous exposure to elevated gravitational loading is a possible 

countermeasure to prevent spaceflight-induced decline in musculoskeletal function and 

performance [15,16]. Prior work has established that the deficits in bone and muscle 

following exposure to partial gravity, simulated by partial weight bearing in mice, are 

directly proportional to the degree of unloading [17]. A previous study utilizing the  

mouse habitat unit (MHU) has demonstrated significant decreases in femur bone density 



17  

and the soleus/gastrocnemius muscle weights of μg mice, whereas artificial 1g mice 

maintained the same bone density and muscle weight as the ground control animals after 

35 days aboard the International Space Station (ISS), indicating that artificial gravity 

plays a preserves musculoskeletal health during spaceflight [18-20]. Yet, the ability of 

partial gravity applied to rodent limbs while in orbit using the existing Kibo module as a 

means to prevent osteoarthritic changes are unstudied [21].  Furthermore, studies in our 

lab have demonstrated that the OA phenotype generated in the knees of mice during 

spaceflight aboard both the Space Shuttle and ISS is characterized by increased oxidative 

stress and redox signaling (e.g., lower NRF2 signaling coincident with reduced 

superoxide dismutases (SOD)) [7]. A disruption in SOD activity has been established as a 

driver of OA progression[17, 18] and potential therapeutic target in the prevention of OA 

[19–21].  

Mechanical loading is important for musculoskeletal health, playing a critical role 

in the  maintenance of skeletal density and structure [27, 28], and prevention of muscle 

atrophy [29, 30]. Reduced weight bearing is associated with cartilage and meniscal 

degradation [31–33]. These deleterious effects of reduced weight-bearing have been 

observed in clinical, large animal, and rodent studies, including spaceflight [34–38]. 

These changes are associated with elevated redox status in joint tissues, characterized by 

lowered antioxidant defenses and increased pathways associated with oxidative stress [7, 

39–42]. Thus, increased loading conditions through artificial gravity, and / or antioxidant 

countermeasures, may protect against skeletal deficits both during and after spaceflight. 

Before exploring the studies performed in later chapters, reviewing and exploring the 

functions of tissues in the knee joint, potential risks of osteoarthritis, and uses of the 
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rodent gait model must first be understood. A better understanding of the tissues in the 

joints, osteoarthritis, spaceflight environment, gait and reasons for studying is necessary 

for addressing these concerns. 

 

Mechanical loading and the musculoskeletal system health 

It has been well established that mechanical loading is required for maintenance 

of the musculoskeletal system [27–30]. Thus, exposure to spaceflight or reduced 

mechanical loading on Earth induces marked bone loss, muscle atrophy and degradation 

of soft-tissue structures in both the knee (e.g., cartilage, menisci, and ligaments) and hip 

(e.g., cartilage) joints [31–37]. Moreover, complex functions, such as gait [8] and balance 

[54], which depend on several physiologic systems, are compromised following 

prolonged exposure to weightlessness. Additionally, spaceflight alters mechanisms 

related to redox signaling, oxidative stress, and tissue dysfunction which has been 

implicated in spaceflight-induced muscle atrophy and bone loss [39–42]  

The combined effects of spaceflight on musculoskeletal health poses a major 

concern for astronauts during and after long-duration spaceflight, as there may an 

increased risk for reduced performance, bone fractures, and both early-onset osteoporosis 

and arthritis. However, despite advances in exercise, and pharmacologic countermeasures 

like bisphosphonates, designed to mitigate musculoskeletal deterioration, the protection is 

incomplete and variable [10, 11, 39]. Thus, deficiencies in musculoskeletal structure, 

function and neuromotor performance remain hallmarks of long-duration spaceflight [40–

43]. It is estimated that with a mission to Mars, astronauts will be exposed to 

approximately 8 to 10 months of weightlessness total during transit to and from Mars, 
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and approximately 12 to 18 months of partial gravity exposure while on surface [9]. 

Without further advances in countermeasures, astronauts’ risk serious short- and long-

term musculoskeletal debilitation during and after such long-duration spaceflight 

missions. 

 

Spaceflight, bone loss and skeletal fragility 

Spaceflight-induced bone loss has been well documented since the early days of 

the Gemini program [64]. For the most part, despite rigorous exercise protocols, bone 

loss in weightbearing bones (1.0-1.6% per month) was nearly 10-fold higher than the rate 

seen in postmenopausal women [65]. Further, femoral strength predictions by finite 

element analysis of QCT data declined an alarming 2.6% per month in astronauts who 

spent 4 to 6 months on the International Space Station [66]. The increased fracture risk 

that accompanies this bone loss may be substantial [53], as a 20% decrease in femoral 

neck BMD during a year of spaceflight corresponds to 30 years of age-related bone loss 

in a postmenopausal woman, and an unacceptable 20–40% increase in fracture risk [51, 

52].   

Although bisphosphonate treatment inhibits bone loss due to spaceflight [11], 

treatment with this class of drugs may not be an adequate solution since several study 

subjects needed to discontinue the medication due to drug-related side effects. Moreover, 

there remain concerns about use of bisphosphonates in young astronauts due to the long-

term retention of bisphosphonates in the skeleton and potential negative effects of 

prolonged suppression of bone turnover [71]. A second study reported that in ten 

astronauts, use of the ARED alone, only partially attenuated declines in bone mass but 
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did not suppress biomarkers for bone resorption or prevent trabecular bone loss [13]. This 

incomplete protection provided by current countermeasures, indicates that complications 

related to skeletal health with long duration spaceflight remain unsolved. Thus, there is 

strong rationale for further investigations to identify possible countermeasures for 

mitigating negative effects of spaceflight on bone health. 

 

Risk of cartilage degradation during spaceflight 

While it has been well-established that microgravity during spaceflight can 

damage musculoskeletal tissues [56–58], relatively little is known on the effects of 

spaceflight on  the mechanically-sensitive soft tissue structures of the knee joint.  Among 

these tissues are the articular cartilage and the menisci, which serve to distribute loads 

and maintain joint stability, protecting the knee from failure during dynamic loading [59–

61]. On Earth, normal loading applied across the knee joint is needed to maintain 

structural integrity of the cartilage, proper joint function, and joint homeostasis [62, 63]. 

Articular cartilage degradation in particular can lead to severe joint pain, symptomatic 

arthritis, and impaired mobility [64–66]. Thus, degradation of the knee joint during long 

duration spaceflight could reduce both an astronaut’s performance, risking mission 

success, and quality of life upon return to full weight-bearing. While the damaging 

effects of prolonged unloading during spaceflight on joint soft tissues still remain to be 

elucidated, clinical and preclinical evidence indicates that joint cartilage degradation 

occurs with reduced loading [62, 67–69]. Studies have shown that after periods of 

prescribed reduced weight bearing in spinal cord injury patients, structural degradation 

occurs in the joint soft tissues [65, 67, 68]. Furthermore, we have identified cartilage 
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degradation in male rat knees after short periods (13 days) of hind limb unloading (HLU), 

and have identified that the pro-arthritic signaling pathway EIF2α is increased in cartilage 

after 30 days of HLU, while the anabolic pathway mTOR is reduced [85]. Moreover, data 

from our Rodent Research-9 (RR9) mission showed a volumetric decline in both the 

articular cartilage (-25.4%) and menisci (-9.5%) in flight animals compared to ground 

animals after 35 days of spaceflight suggesting that prolonged exposure to microgravity 

conditions negatively impacts joint soft tissue structures [7]. These data also 

demonstrated a decrease in sulfated GAG content and matrix proteins and a subsequent 

increase in metalloproteinases in the joint soft tissues of the flight animals indicating that 

decreased loading during spaceflight damages the microarchitecture of the joint [7].  As 

limited evidence exists indicating reduced weight-bearing damages joint cartilage and 

structural soft tissues, the threshold for joint damage with decreasing gravitational loads 

applied across the knee remains unknown, particularly for longer time periods of 

microgravity (e.g., 60 days), or upon a return to normal loading. This study will address 

this concern, and will identify if and how gravitational loading can protect against knee 

and hip joint degradation.  

 

Spaceflight and oxidative stress  

Elevated oxidative stress leads to muscle atrophy [86], alters bone remodeling 

process causing an unbalance between osteoclast and osteoblast activity [87], and 

increased expression of matrix metalloproteinases followed by increased catabolic 

function of chondrocytes in the cartilage during period of disuse [88]. A study reported 

that levels of superoxide dismutase (SOD), glutathione peroxidase (GPx) in the blood of 
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osteoarthritic patients (OA) were decreased compared to controls indicating that a 

disruption in redox homeostasis could be linked in OA progression [89]. Our 

metabolomic data from RR9 mice hindlimb muscles identifies mitochondrial dysfunction. 

Moreover, decreased concentration and activity of antioxidant defenses such as 

superoxide dismutase (e.g., SOD1, SOD3) can accelerate skeletal muscle atrophy [90]. 

Furthermore, analysis of musculoskeletal tissues, such as the menisci, from the RR9 

mission exhibited reduced antioxidant defenses in response to spaceflight, including 

lowered SOD1, SOD3, and GPX1 expression [7].  Studies have shown that the utilization 

of SOD mimetics reduce articular pain and slow osteoarthritic progression [79–81]. A 

reduction in SOD’s have been implicated in osteoarthritic development, specifically a 

study found a reduction in SOD2 expression in the medial tibial chondyle cartilage, the 

point at which the highest compressive load is passed cross the joint [94, 95]. 

Inflammatory mediators, such as interleukins (IL-1β, IL-6, IL-15, IL-17, and IL-18) and  

tumor necrosis factor-α (TNF-α) and are highly upregulated in OA joints and induce 

reactive oxygen species (ROS) production and expression of matrix degrading proteases 

(MMP1, MMP3, MMP13) leading to matrix degradation and joint dysfunction [96–99]. 

Increased oxidative stress combined with a decrease in antioxidant defenses can cause 

cartilage and joint degradation.  

Thus, reducing oxidative stress through the actions of an SOD mimetic represents 

a countermeasure strategy to prevent atrophy of muscle and other musculoskeletal tissues 

during spaceflight.   

 

Artificial gravity to counter deleterious effects of weightlessness 
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Intermittent or continuous exposure to artificial gravity is a possible approach to 

mitigate declines in musculoskeletal function and performance [100]. Previous studies 

have established that the deficits in bone and muscle following exposure to partial 

gravity, simulated by partial weight bearing in mice, are proportional to the degree of 

unloading [101]. Yet, the ability of partial gravity, induced by centrifugation, to inhibit 

adverse musculoskeletal changes remains poorly understood. The 2017 International 

Roadmap for Artificial Gravity Research recommends spaceflight-based studies are 

needed to define the relationship between gravitational dose and physiologic response by 

assessing gravity levels ranging from 0 to 1g [102]. The studies proposed here will 

address this need at evaluate the impact of gravitational ranges commensurate with long-

term destinations in the moon and mars.  

While many studies have examined the effects of spaceflight and microgravity on 

physiologic systems in rodents, only recently was hardware that allows investigation of 

the effects of partial gravity by centrifugal force on the ISS developed and tested [70, 73]. 

Japanese investigators have developed the mouse habitat unit for ISS with a centrifuge 

capable of spinning 6 single house cages capable of creating artificial gravity (AG) 

ranging from 0.1 to 4g via changes in angular velocity. Using this system, investigators 

from the Japanese Aerospace Exploration Agency (JAXA) recently reported results from 

12 C57Bl/6J male mice exposed to either 0g or 1g via the rotating cage system for 34 

days aboard the ISS [103]. The mice exposed to microgravity either gained or maintained 

their preflight weight, whereas the mice exposed to AG consistently gained weight, an 

observation suggesting minimal stress imposed by the artificial gravity environment. 

Most notably, the AG appeared to prevent spaceflight-induced bone loss and muscle 
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atrophy, with both soleus and gastrocnemius muscle mass having been higher in the AG 

compared to the microgravity-exposed mice, and the same as ground-based control 

values. Similarly, trabecular bone volume of the distal femur was maintained in the AG 

mice, whereas, as expected there was significant deterioration in the microgravity mice, 

These findings provide strong rationale for further studies to delineate the effects of 

artificial gravity across the partial gravity continuum to gain insight into basic 

physiologic responses and to establish guidance for the level of partial gravity loading 

that may be effective in mitigating deleterious effects of spaceflight on the 

musculoskeletal system. 

 

Rationale for Study 

Bone loss, muscle atrophy and joint degradation are deleterious consequences due 

to reduced mechanical loading both in spaceflight and in conditions on Earth, such as 

spinal cord injury and stroke. Thus, knowledge about the utility of artificial gravity via 

centrifugation would have broad benefits in understanding how to combat 

musculoskeletal disability here on Earth. This project investigated the ability of partial 

gravity loading via centrifugation to mitigate these deleterious changes and established a 

dose-response relationship for partial gravity loading in key musculoskeletal tissues. 

These partial gravity loading thresholds will have physiological relevance as they 

recapitulate the gravity environments that astronauts will face on planned deep space 

missions to the moon and mars.  

Furthermore, a dysregulation on redox defense mechanisms in the 

musculoskeletal system have been identified as a key mechanism of osteoporotic 
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progression both during spaceflight and on Earth [7, 74–77]. Additionally, a 

comprehensive multi-omics study has identified mitochondrial stress as a central 

biological phenotype in astronauts due to spaceflight [104]. These findings coupled with 

studies identifying mitochondrial dysfunction as a key driver in osteoporotic and 

osteoarthritic progression [82–88], make this a potential target for combating 

musculoskeletal diseases both on Earth and due to spaceflight. This project investigated 

the efficacy of MnTnBuOE-2-PyP5+, an antioxidant SOD mimetic metalloporphyrin, as 

a pharmaceutical countermeasure to prevent joint degradation during and after 

spaceflight.  

 

Hypothesis and Premise 

The combined efforts of these two spaceflight studies investigated novel 

pharmaceutical and mechanical countermeasures to prevent musculoskeletal degradation 

on Earth, during and after spaceflight to both improve patient quality of life and increase 

astronaut mission success.  

This dissertation presents evidence that short and long duration spaceflight 

induces some catabolic responses in the articular cartilage lining the medial tibial plateau, 

menisci, and tibial bone. This study found evidence supporting treatment with SOD 

mimetics as a potential countermeasure for the prevention of spaceflight-induced 

musculoskeletal degradation for short duration flight. The study demonstrates, through 

data collected from an inflight rodent study aboard the ISS, that treatment with BuOE 

preserved articular cartilage, menisci, and trabecular bone volume during short duration 

spaceflight and downregulated pro-arthritic pathways in the joint soft tissue. 
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Furthermore, the investigations conducted in this dissertation provides evidence 

that continuous exposure to 1g of gravitational acceleration via centrifugation preserved 

gait patterns relative to both preflight in rodents. Gravity-dose dependent gait 

preservation was observed and notably, rodents exposed to µg could not perform at live 

animal return, with only 50% able to perform in the 0.33g-exposed group. These data 

suggest that partial and low gravity environments in transit and upon reaching deep space 

destinations like the Moon and Mars may have deleterious effects on astronaut 

locomotion and performance. This study suggests that there is a critical need to 

investigate how sub 1g environments will affect astronaut health and performance, and 

more specifically identify if there is a gravitational threshold at which deficits are 

prevented. 

Finally, this dissertation demonstrated that continuous exposure to 1g of 

gravitational acceleration via centrifugation failed to preserve meniscal volume and 

articular cartilage thickness in rodents. Additionally, proteomic and transcriptomic 

changes of the joint soft tissue were mitigated in a gravity-dose dependent manner 

compared to controls; with major differences observed after µg, 0.33g, and 0.67g that 

were then attenuated at 1g. Mice exposed to artificial 1g maintained meniscal ECM 

synthesis and sulfated GAG expression compared to controls, ECM synthesis was 

significantly downregulated in µg, 0.33g, and 0.67g groups. These findings combined 

suggest that while artificial gravity may not be an effective countermeasure for the 

prevention of joint soft tissue damage, partial gravity does preserve the cartilage ECM 

compared to µg.  
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Abstract 

Reduced weight-bearing during spaceflight has been associated with joint soft tissue 

degradation that risks astronaut health and performance in transit and upon reaching deep 

space destinations. Previous rodent experiments aboard the international space station 

(ISS) have identified that the spaceflight-induced molecular arthritic phenotype was 

characterized with an increase in oxidative stress. This study evaluated if treatment with a 

superoxide dismutase (SOD) mimetic in orbit could prevent spaceflight-induced damage 

to the knee and hip articular cartilage, and the menisci in rodents. Cartilage and meniscal 

degradation in mice were measured via microCT, histology, and transcriptomics after: (1) 

~ 35 days on the ISS, (2) ~ 35 days on the ISS followed by 120 days weight-bearing 

readaptation on Earth or (3) ~ 75 days on the ISS. The study had a limited sample size, so 

both significant effects and generalized patterns are reported. After 35 days aboard the 

ISS, cartilage volume at the tibial-femoral cartilage-cartilage contact point decreased, 

meniscal volume decreased concurrent with an increase in pro-osteoarthritic signaling in 

the joint soft tissue. Similarly, a decrease in cortical and trabecular bone volume of the 

tibia was observed. Treatment with the SOD mimetic preserved the trabecular bone, 

articular cartilage and the menisci after 35 days aboard the ISS.  After 35 days aboard the 

ISS and 120 days weight-bearing recovery or after 75 days aboard the ISS, treatment with 

the SOD mimetic failed to preserve the trabecular bone, cortical bone, menisci, and/or the 

articular cartilage. 

 

Introduction 
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 While degradation of bone and muscle with unloading are well-documented 

during spaceflight, less is known regarding how reduced weight bearing across joints of 

the lower limb while in microgravity of the spaceflight environment affects 

mechanically-sensitive joint soft tissues, especially articular cartilage and menisci within 

the knee [5]. A degraded joint during and/or after spaceflight (e.g upon reaching a 

destination) could risk mission success, as pain, and lowered stability can reduce 

performance of astronauts in multiple manners, such as dynamic loading situations or 

rapid ingress or egress maneuvers [6]. Previous findings from both actual spaceflight 

studies [6]–[8] and ground-based analogues for reduced weight-bearing during 

spaceflight have identified that joint soft tissue degradation does occur, coincident with 

an osteoarthritic phenotype [9]–[14]. These studies have demonstrated that decreased 

loading results in elevated pro-arthritic metalloproteinase expression (MMP-3, MMP-13), 

increased inflammatory markers within the synovial joint (IL-1β, TNF-α, IL-6), and 

reduced sulfated glycosaminoglycans content [6], [15], [16]. Thus, spaceflight conditions 

are seemingly disadvantageous to joint health. 

Osteoarthritic cartilage has been characterized to exhibit an imbalance between 

the production and removal of reactive oxygen species (ROS), ultimately leading to 

matrix degradation and joint dysfunction [17]–[20]. A previous rodent spaceflight 

mission, Rodent Research 9 (RR9), identified that the spaceflight-induced molecular 

arthritic phenotype in the menisci was characterized with an increase in oxidative stress: 

alterations in NRF2 signaling coincident with reduced antioxidant enzymes abundance 

(e.g., superoxide dismutase (SOD3) and glutathione peroxidase (GPX4) are aligned with 

elevated oxidative stress [10]. A number of previous rodent studies and astronaut data 
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have identified that simulated and real spaceflight result in systemic mitochondrial 

dysfunction characterized by an imbalance between ROS production and antioxidant 

defense in mitochondria [21]. Intracellular and extracellular SOD1 and SOD3 expression 

in chondrocytes plays a key role in the regulation of ROS in the articular cartilage [22]–

[26]. Mitochondrial dysfunction associated with osteoarthritis is characterized by reduced 

SOD2 expression, and studies have shown that overexpression of SOD2 in osteoarthritic 

chondrocytes reduces disease progression [27]–[32]. Thus, chronic oxidative stress 

during spaceflight could lead to joint degradation and promote an osteoarthritic 

phenotype. 

Antioxidant countermeasures may serve to mitigate an osteoarthritic phenotype 

during spaceflight.  Manganese-centered porphyrins such as MnTE-2-PyP5+, MnTnHex-

2-PyP5+, and MnTnBuOE-2-PyP5+ (BuOE) can serve as SOD mimetics by scavenging 

O2
-, H2O2, and lipid peroxides,  thereby limiting ROS-induced cellular and tissue 

damage[33]–[35]. BuOE is currently in multiple phase 1 and phase 2 human clinical trials 

and has shown protective effects against radiation-induced damage [36]–[38]. However, 

the protective effects of SOD mimetics on spaceflight-induced joint soft tissue damage 

remain to be investigated. For this Rodent Research 18 (RR18) study, mice were 

launched to the ISS and remained in orbit for 35 (live animal return; LAR) and 75 days 

(on-orbit dissection); one cohort of mice returned after 35 days were then permitted to 

recover in full weight bearing.  We measured whether BuOE delivered while the mice 

were on orbit could prevent spaceflight-induced damage to the knee and hip articular 

cartilage, and the menisci.  
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Methods and Materials  

RR18 Spaceflight Mission: Analyses were performed on male C57BL/6J mice (Jackson 

Labs) that spent ~35 and 75 days in microgravity aboard ISS as part of the RR18 mission, 

which launched Dec 2021. The experiment was launched as part of the SpaceX 

Commercial Resupply Services (CRS)-23 mission from the Kennedy Space Center 

(KSC) at Cape Canaveral, FL to the ISS. Four weeks prior to launch (L) or enrollment in 

the study (L-28), mice arrived at the KSC and were maintained on a 12:12 hour dark/light 

cycle and housed in standard vivarium caging (n=10/cage). At L-7, six cages of mice 

were placed into the three primary groupings, with 2 cages per group; whole cages were 

grouped instead of random selection of individuals to avoid complications related to an 

altered hierarchical structure within cages; this study only had access to two of the 3 

groups.  BuOE at 1 mg/kg was injected subcutaneously at L-7 and weekly aboard the 

ISS. The FLIGHT mice were subdivided into two groups saline or BuOE treated. Nine-

week-old male mice were grouped as follows: mice launched to the ISS (FLIGHT; 

n=40); Ground-based habitat controls (Ground Control, GROUND; n=40) placed in 

environmental chambers replicating the environmental conditions for the FLIGHT mice 

aboard ISS, including similar NASA Type 12 nutrient-upgraded rodent food bars, 

temperature, humidity, and CO2 partial pressure.  One group of Vivarium controls were 

also selected, housed in standard cages in the animal facility, however for this tissue 

sharing study the vivarium controls were not collected and measured.  The FLIGHT 

group was further subdivided into three experimental cohorts: a 35-day cohort (n=5/per 

group), a 75-day cohort (n=6-8/per group), and a 35-day recovery (FLIGHT-REC) cohort 

(n=6-7/per group).  At L-1, all 10-week-old FLIGHT mice were loaded into a transporter, 
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with original cage grouping of n=10 isolated from the others due to a separator in the 

transporter (again to prevent aggression), and then loaded into the Dragon SpaceX 

Capsule. Mice were transferred to two Rodent Habitats aboard ISS, n=10 per habitat. 

Unberthing from ISS and splashdown of live mice occurred on L+34 (LAR), and the live 

mice were collected by the science teams on L+35 for functional testing and tissue 

collection at the Roskamp Institute for the 35-day cohort. At L+35 the 35-day FLIGHT 

REC cohort was transported to Loma Linda University and housed for ~120 days, after 

which functional testing and tissue collection was performed at Loma Linda University. 

A corresponding group of GROUND mice (GROUND REC) were also transported to 

Loma Linda for testing whether full weight bearing for 120 days could lead to recover of 

any joint degradation or arthritic phenotype in the FLIGHT REC mice that had been 

observed on Day 35 in the FLIGHT mice. The 75-day cohort was sacrificed on-orbit, 

returned, and tissues from frozen carcasses stored at -80ºC were collected by the science 

team at Loma Linda University.  

Tissue Harvest: 35-day LAR and 35-day Recovery Groups: The right hindlimbs of the 

mice were harvested and preserved in 10% Neutral-buffered formalin for preservation. 

After 3 days, the hindlimbs were switched into 70% ethanol. The right proximal femur 

was isolated, flash frozen in liquid nitrogen, and stored at -80 °C. The femur and tibia 

from the left hind limb were disarticulated, and the meniscus was micro-dissected, flash 

frozen in liquid nitrogen, and stored at -80 °C. 75-day Flight Group: The right hindlimb 

and proximal femur of the mice were harvested and processed and stored the same as 

previously described for the other RR18 study cohorts. The left hindlimbs were wrapped 

in saline-soaked gauze and stored at -20°C. The left proximal femurs were collected and 
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stored in RNA later for 24 hours at 4°C and then transferred to -80°C for long term 

storage. 

 

Microcomputed Tomography (MicroCT): To examine the structural alterations of the 

articular cartilage, menisci, and bone, the intact right knees were be submerged in 1% 

phosphotungstic acid, a contrast-enhancing agent [39], [40], and were imaged using 

Bruker Skyscan 1275 instrument, with X-Ray emission parameters of 65 kV and 153 µA, 

and at a 10µm resolution. The 2D-Xray data was collected as an average of two images at 

each of 1400 positions, separated by 0.3°. The image output reconstruction was 

performed with NRecon v1.7.4.2. Mimics 23.0 was utilized to segment the meniscus and 

cartilage to calculate meniscal volume and cartilage thickness at the medial tibial plateau. 

The trabecular and cortical bone was separated using Mimics, then imported to ImageJ 

where the BoneJ plugin will be employed to determine bone volume, bone volume 

fraction, and thickness (max, mean) for both bone compartments. Thickness mapping was 

performed using 3-Matics 15.0. Bone morphometric indices are aligned with the standard 

nomenclature for the American Society for Bone and Mineral Research [41]. Reported 

indices include Tb. BV; Ct. BV; Tb. BV/TV; and Conn. D. 

Finite Element Modeling: Hexahedral 8-point 3D bone meshes, 1mm regions of the 

proximal tibias were imported from Mimics 23.0 software to FeBio for finite element 

analysis [42] (Fig 5d). Each of the bone sections were assigned nominal, homogenous 

bone properties (Young’s Modulus of 10 GPa and Poisson’s ratio of 0.3). Axial 

compression was simulated by applying a 0.5% strain downward displacement on the 
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superior node set of the bone with the inferior node set held at fixed boundary condition 

(Fig 5e). The resultant force on the inferior node set required to reach the specified 

displacement was calculated and retrieved through the output data files. Following the 

completion of the simulation, the parameters of total volume, stiffness, structural 

efficiency, 10th percentile Von Mises stresses, and 90th percentile Von Mises stresses 

were calculated. 

Histology and Immunostaining: Histology was performed on the intact right knee joint 

(from the the 35-day LAR and 35-day recovery cohorts) after microCT imaging to 

characterize degradation of soft tissue structures. The right knees were decalcified in 

EDTA for 14 days with a solution change at day 7 following previously published 

protocol [10], [16]. The hindlimbs were then assessed and prepared for embedding in 

paraffin for sectioning.  The sectioning of the knee was completed around the cartilage-

cartilage contact point, and 5 µm-thick coronal slices were prepared. Histochemical stains 

were used to quantify the proteoglycan content (Safranin-O), osteoclastic number and 

activity (TRAP), and arthritis (H&E). Immunostaining was performed to identify the 

presence of biomarkers indicating active degradation cartilage, including: matrix 

metalloproteinase-13 (MMP13) and ADAMTS. Additionally, 4HNE immunostaining 

was performed to assess the redox status of the knee joint. The Osteoarthritis Research 

Society International (OARSI) scoring system[43] was used to evaluate arthritis severity. 

Stained sections were scanned at 20x using the Olympus vs120 and analyzed utilizing the 

Viziopharm v2023.01 image analysis software. 

TRAP5b Serum Enzyme-Linked Immunosorbent Assay (ELISA): TRAP5b serum 

concentration was measured in duplicate using mouse TRAP5b ELISA kit 
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(Immunodiagnostics) according to standard protocols.  

Bulk RNAseq Analysis: Total RNA was isolated from the homogenized proximal 

femoral cartilage and menisci, from the 35-day LAR cohort, and RNA integrity was 

verified by electrophoretic tracing using an Agilent Bioanalyzer. RNA-seq libraries was 

constructed from ~500 ng of total RNA using the Illumina TruSeq Stranded Total RNA 

LT kit with Ribo-Zero rRNA depletion. Indexed libraries were sequenced on an Illumina 

NextSeq 500 DNA sequencer and the quality of raw sequencing reads was evaluated by 

FASTQC analysis. Read alignment was conducted using the STAR sequence aligner. 

Differentially expressed genes (DEGs) were verified using the DESeq2 algorithm and 

statistically significant results defined as p ≤ 0.05 after adjusting for false discovery 

(FDR) were analyzed using Ingenuity Pathway Analysis (IPA). 

Statistical Analysis: The comparisons for cartilage, meniscal, and bone health were 

calculated with either a one-way ANOVA with a Tukey post-hoc test for multiple 

comparisons or an unpaired t-test.  For transcriptomics analyses, differentially expressed 

genes (DEGs) were verified using the DESeq2 algorithm and statistically significant 

results defined as p ≤ 0.05 after adjusting for false discovery (FDR) were analyzed using 

Ingenuity Pathway Analysis (IPA). This study was powered and designed to investigate 

retinal health [44] as the skeletal responses were the result of forming a self-selected team 

of investigators approved by NASA, with each examining responses in different tissues.  

This is important in the context of the reporting and interpretation of results, given that 

the sample size was likely underpowered for some cartilage and meniscal outcomes. 
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Results 

Joint soft tissue histologiol and immunohistochemical alterations after 35 days in orbit 

and/or recovery  

Sulfated glycosaminoglycans (GAG) in the medial tibial articular cartilage were 

similar in the 35-day FLIGHT cohorts (FLIGHT and FLIGHT+AOX) vs corresponding 

GROUND controls (Fig 1a).  However, after the 120-day full weight-bearing recovery 

(REC) on Earth, reduced GAG content was observed from all groups vs at LAR, with a 

larger magnitude in the FLIGHT REC groups (-63% FLIGHT REC vs GROUND REC, -

43% FLIGHT+AOX REC vs GROUND+AOX REC, p<0.001) (Fig 1a). Sulfated GAG 

concentration in the medial menisci was lower after FLIGHT (-17% vs GROUND), but 

preserved with BuOE (FLIGHT+AOX +4.1% vs GROUND) (Fig 1d). A reduction in 

meniscal GAG content was observed in all groups after 120-days REC compared to 35-

day cohorts, with protective effects observed with BuOE treatment (+239% 

GROUND+AOX vs GROUND, +140% FLIGHT+AOX vs FLIGHT, p<0.05) (Fig. 1d). 

4HNE concentration within the medical tibial articular cartilage is a measure of 

redox stress; 4HNE concentration increased with BuOE treatment in FLIGHT+AOX 

(+140% vs FLIGHT) and GROUND+AOX groups (+163% vs GROUND) (Fig 1b). 

However, after 120 REC, 4HNE concentration in the medial tibial articular cartilage was 

lower in all BuOE treated groups (-12.4% FLIGHT REC vs FLIGHT+AOX REC, -

34.3% GROUND REC vs GROUND+AOX REC) (Fig 1b). 4HNE concentration in the 

medial menisci from FLIGHT was significantly greater at LAR (+296% FLIGHT vs 

GROUND), BuOE treatment attenuated this response in FLIGHT groups (-13.6% 
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FLIGHT+AOX vs FLIGHT) (Fig 1e). 4HNE concentration in the medial menisci was 

lower in all FLIGHT groups after 120 REC vs ground controls (-77.4% FLIGHT vs 

GROUND, -82.9% FLIGHT+AOX vs GROUND+AOX, p<0.001) (Fig 1e). 

The concentration of the type II collagen-degrading MMP-13 throughout the 

cartilage lining the medial tibial plateau was lower in all FLIGHT groups at LAR vs 

GROUND controls (-41.3% FLIGHT vs GROUND, -28.4% FLIGHT+AOX vs 

GROUND+AOX) (Fig 1c). After 120-day REC, MMP-13 concentration in the medial 

tibial plateau was lower in FLIGHT REC vs control (-55% vs GROUND REC), and 

greater wtih BuOE treatment in FLIGHT+AOX REC (+84.4% vs FLIGHT REC) (Fig 

1c). MMP13 concentration in the medial menisci was lower in all groups compared to 

GROUND: FLIGHT (-12% vs GROUND), FLIGHT+AOX (-21.9% vs GROUND), 

GROUND+AOX (-48.6% vs GROUND) (Fig 1f). MMP13 concentration in the medial 

menisci was greater in BuOE treated mice at 120-day REC (+157% FLIGHT+AOX REC 

vs FLIGHT REC) (Fig 1f). 

Joint soft tissue morphometric alterations after 35 days in orbit and/or after recovery 

Morphometric analyses via contrast enhanced microCT of the articular cartilage 

lining the medial tibial plateau identified cartilage thinning at the weight-bearing tibial-

femoral cartilage contact point vs in FLIGHT at LAR (-16.5% vs GROUND), and 

preserved with BuOE treatment (FLIGHT + AOX +7% vs FLIGHT) (Fig. 2a). At 120-

day REC, articular cartilage thickness was greater all groups compared to thickness 

observed at LAR, with no difference between the groups (Fig 2a). Medial meniscal 

volume was reduced in FLIGHT vs GROUND after 35 days in orbit (FLIGHT -9.4% vs 
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GROUND), and preserved with BuOE treatment (FLIGHT+AOX -1.2% vs GROUND) 

(Fig 2b). After 120-day REC, meniscal volume was greater in all groups compared to 

what was observed at LAR (Fig 2b).  At 120-day REC, meniscal volume was reduced 

from FLIGHT mice (FLIGHT REC -8.3% vs GROUND REC) and preserved with BuOE 

treatment (FLIGHT+AOX REC +1.9% vs FLIGHT REC) (Fig 2b).  

Transcriptomic analysis of menisci and proximal femoral cartilage after 35 days in orbit 

to characterize arthritic responses 

Comparative analysis of 35-day FLIGHT vs GROUND menisci identified 2388 

significantly altered genes (p<0.05) (Fig. 3a). Expression analysis showed enrichment of 

Pdk4, Imnt, Spock2, Gpmnb, Dpep1, Sgk1, and Galnt15 (p<0.001) which are associated 

with pro-osteoarthritic canonical pathway alterations in decreased collagen biosynthesis 

and modifying enzymes and cell cycle checkpoint regulation (Z-score>±2) (Fig. 3a). 

Comparative analysis of 35-day FLIGHT AOX vs GROUND menisci identified 3371 

significantly altered genes (p<0.05) (Fig 3b). Expression analysis identified enrichment 

of Spock2, Cdo1, and Imnt (p<0.001) and further canonical pathway analysis indicated 

reduced oxidative stress via increased Hif1α and sirtuin signaling, and decreased 

cholesterol biosynthesis (Z-score>±2) (Fig 3b). Comparative analysis of 35-day FLIGHT 

vs GROUND proximal femoral cartilage identified 1287 significantly altered genes 

(p<0.05) (Fig 3c). Expression analysis showed downregulation of Col15A1, SerpinH, 

Ifitm3, Crabp2, and C1qTnf1 (p<0.001), as well as enrichment of Spock2 (p<0.001) and 

further canonical pathway analysis indicated pro-osteoarthritic pathway alterations in 

decreased collagen biosynthesis and modifying enzymes, assembly of collagen fibrils, 

and collagen chain trimerization and increased IL-7 (Z-score>±2) (Fig. 3c). 
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Bone histochemical alterations after 35 days in orbit and/or recovery  

Histochemical assessment of TRAP concentration 500 µM below the tibial 

growth plate identified lower osteoclast surface/bone surface ratio in FLIGHT (-13.4% vs 

GROUND) and FLIGHT+AOX (-18.9% vs GROUND) compared to animals on the 

ground (Fig 4b). Post recovery, the osteoclast surface/bone surface ratio was lower in 

FLIGHT REC (-38.4% vs GROUND REC) and FLIGHT+AOX REC (-28.5% vs 

GROUND REC) vs GROUND (Fig 4b). A marginal difference in osteoclast 

number/bone surface was seen in FLIGHT (-8.5% vs GROUND) and a further decrease 

was observed with treatment with FLIGHT+AOX (-30.5% vs GROUND) (Fig 4a). 

Osteoclast number to bone surface was greater in all groups after 120 days of recovery 

with a lower number observed in both FLIGHT REC (-50.3% vs GROUND REC) and 

FLIGHT+AOX REC(-52.3& vs GROUND REC) compared to GROUND (Fig 4a). 

Assessment of TRAP5b concentration in the serum with ELISA revealed that TRAP5b 

concentration increased with FLIGHT (+0.9% vs GROUND) compared to ground and is 

mitigated with BuOE treatment with FLIGHT+AOX (-1.3%) (Fig 4c). Post-recovery 

FLIGHT+AOX REC treated animals had lower TRAP5b serum levels compared to 

FLIGHT REC (-2% vs FLIGHT REC) (Fig 4c).  

Morphometric bone alterations after 35 days in orbit 

Analysis of trabecular bone utilizing microCT revealed a loss in tibial trabecular 

volume vs GROUND after 35 days in FLIGHT (-22.3% vs GROUND), and a 

preservation with BuOE treatment in FLIGHT+AOX (-7.8% vs GROUND) (Fig 5a). 

After 35 days in orbit and 120 days on Earth recovery a larger disparity was observed in 
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FLIGHT REC (-30.7% vs GROUND REC) and FLIGHT+AOX REC (-44% vs 

GROUND REC) vs controls (Fig 5a). Trabecular bone volume fraction was lower in 

FLIGHT (-6.6% vs GROUND) and FLIGHT+AOX (-7%) vs controls, with no 

preservation seen with BuOE treatment (Fig 5b). After recovery a significant decrease 

was observed with FLIGHT REC (-38.8% vs GROUND REC, p<0.05) and 

FLIGHT+AOX REC (-46.2% vs GROUND REC, p<0.01) (Fig 5b). Cortical bone 

volume also was lower after 35 days of spaceflight with FLIGHT (-8% vs GROUND) 

and FLIGHT+AOX (-7.7% vs GROUND) vs control (Fig 5c). After 120 days of recovery 

a similar pattern was observed for both FLIGHT REC (-9.7% vs GROUND REC) and 

FLIGHT+AOX REC (-10.9% vs GROUND REC, p<0.05) (Fig 5c). Connectivity density 

lower after 35 days in FLIGHT (-22% vs GROUND) and was preserved with BuOE 

treatment in FLIGHT+AOX compared to GROUND (Fig 5d). After 35 days in orbit and 

120 days on Earth recovery connectivity density decreased in FLIGHT REC (-34.9% vs 

GROUND REC) and FLIGHT+BuOE REC (-48.6% vs GROUND REC) compared to the 

GROUND (Fig 5d). 

Finite element modeling of 35 day spaceflight and/or recovery bone 

Finite element modeling identified that tibial bone stiffness was significantly 

lower vs GROUND after 35 days spaceflight regardless of BuOE treatment in FLIGHT (-

14.4% vs GROUND) and FLIGHT+AOX (-13.5% vs GROUND) (Fig 6a). After 120 

days recovery, the disparity in stiffness continued to significantly decline in flight groups 

with FLIGHT REC (-19.5% vs GROUND REC, p<0.001) and FLIGHT+AOX REC (-

14% vs GROUND REC, p<0.001) respectively (Fig 6a). A marginal difference was 

observed in structural efficiency after 35 days of spaceflight and no preservative effect 
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was seen in BuOE treatment in FLIGHT+AOX (-3% vs FLIGHT) (Fig 6b). After 120 

days of recovery, a decrease in structural efficiency was observed in flight groups 

regardless of treatment in comparison to GROUND in FLIGHT REC (-3.3% vs 

GROUND REC) and FLIGHT+AOX REC (-3% vs GROUND REC) (Fig 6b). Analysis 

of 90% von misses stress did not show a difference with BuOE treatment or with 35 days 

spaceflight compared to GROUND (Fig 6c). A decrease was seen in 90% von misses 

stress in recovery groups compared to 35-day groups but no difference were observed 

between the recovery groups (Fig 6c). 

Morphometric joint soft tissue alterations after 75 days in orbit 

 Analysis of the medial menisci using contrast enhanced microCT revealed that 

after 75 days of spaceflight meniscal volume was elevated (+5.6% in FLIGHT vs 

GROUND; and +0.8% in FLIGHT+AOX vs GROUND) (Fig 7a). However, long term 

spaceflight resulted in decreased medial tibial articular cartilage thickness in FLIGHT (-

10.7% vs GROUND); treatment with BuOE failed to preserve the meniscus with 

FLIGHT+AOX (-19.4% vs GROUND) compared to GROUND (Fig 7b). Histochemical 

assessment of sulfated GAG concentration in the medial tibial articular cartilage showed 

an increase in GAG content after 75 days spaceflight with FLIGHT (+9.9 vs GROUND) 

and a decrease with BuOE treatment with FLIGHT+AOX (-2.9% vs GROUND) 

compared to ground animals (Fig 7c). 75 days spaceflight resulted in a decrease in 

sulfated GAG concentration in the medial meniscus with FLIGHT (-34.6% vs 

GROUND) and FLIGHT+AOX (-45.1% vs GROUND) compared to GROUND (Fig 7d). 

OARSI scoring of the medial tibial articular cartilage as a measure of osteoarthritic 

progression was increased in FLIGHT (+0.5 vs GROUND) and that BuOE helps to 
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mitigate this increase with FLIGHT+AOX (-0.33 vs FLIGHT) (Fig 7e). 

Bone alterations after 75 days in orbit 

 Morphometric assessment of the tibia using microCT revealed lower tibial 

trabecular bone volume with FLIGHT (-9.3% vs GROUND) and that BuOE treatment 

fails to preserve this loss with FLIGHT+AOX (-32.9% vs GROUND) compared to 

GROUND (Fig 8a) after 75 days aboard the ISS. The same trend was seen with tibial 

bone volume fraction in the flight cohorts with FLIGHT (-8.5% vs GROUND) and 

FLIGHT+AOX (-26.4% vs GROUND) (Fig 8b). 75 days of spaceflight resulted in a loss 

of tibial cortical bone volume in FLIGHT (-4.2% vs GROUND) and FLIGHT+AOX (-

9.6% vs GROUND) (Fig 8c). A decrease in tibial trabecular connectivity density was 

observed in FLIGHT (-8.2% vs GROUND) and FLIGHT+AOX (-36.2% vs GROUND) 

after long duration spaceflight compared to GROUND (Fig 8d).  

 

Discussion 

Identifying well-tolerated countermeasures against spaceflight-induced 

musculoskeletal complications is important as damage to skeletal tissues poses a clear 

risk to astronaut health and mission success [45]–[48]. In this study with limited sample 

size and thus many observations are noted as qualitative or trends, short and long 

duration spaceflight induced some catabolic responses in the articular cartilage lining the 

medial tibial plateau, stabilizing menisci within knees, and bone within the tibia.  For this 

study, the SOD mimetic BuOE was delivered during spaceflight, but then treatment 

stopped upon a return to weight bearing on Earth.  Overall, BuOE was an effective 
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countermeasure after 35 days of spaceflight, but not for 75 days.  Moreover, ceasing 

BuOE and then permitting the mice to recover in a full weight-bearing state for 120 days 

resulted in some degradation of the tissues that had previously been preserved.   

Treatment with an SOD mimetic did have some preservative effects on cartilage 

after 35 days of spaceflight, but importantly not after 75 days.  Cartilage degradation, 

specifically thinning of the articular cartilage in the medial tibial plateau and/or loss of 

GAGs was observed after 35 days of spaceflight both with/without on Earth recovery, 

and at 75 days. Treatment with BuOE did preserve the articular cartilage thickness and 

GAG concentration during 35 days of spaceflight.  However, upon a return to weight 

bearing for 120 days, the GAG concentration in the knees of FLIGHT mice that had been 

preserved with BuOE then decreased compared with control, indicating progressive 

cartilage damage in the absence of the antioxidant but in the presence of Earth’s gravity.  

Trabecular and cortical bone volume declined after both 35 days of spaceflight 

with/without on Earth recovery and 75 days of spaceflight; BuOE preserved trabecular 

bone volume only in the 35-day spaceflight group. In the context of these findings, it is 

important to note that treatment with BuOE was ceased after a return to Earth for all 

groups, which may have impacted the results for the recovery group. These findings are 

aligned with a study analyzing extent of bone recovery in astronauts after spaceflight 

aboard ISS, which found that cortical, and trabecular bone mineral density declined in 

short term flight (6 months) and long term flight (12 months) [49]. The incomplete 

recovery of bone strength, density, and trabecular microarchitecture at the weight-bearing 

tibia, was equivalent to decade or more of terrestrial age-related bone loss, and astronauts 

that underwent long duration spaceflight saw poorer recovery in all of these metrics [49]. 
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These findings taken in the context of future manned long duration missions planned for 

the moon and mars, indicate a critical need for the further investigation of 

countermeasures to mitigate spaceflight-induced musculoskeletal damage. 

Meniscal volume declined after 35 days of spaceflight; BuOE treatment preserved 

meniscal volume. In contrast to the response from articular cartilage, degradation of the 

menisci was not observed out to 120 days recovery in full weight bearing. The limited 

studies that have investigated the effect of microgravity on the menisci have also 

observed a decline in meniscal volume coincident with a molecular pro-arthritic 

phenotype [10].  For this RR18 mission, pro-arthritic decreased Pdk4, Imnt, Gpmnb, 

Dpep1, Sgk1, and Galnt15 and increased Spock2 expression after 35 days spaceflight 

(Fig. 31). Decreased Imnt and Dpep1 expression indicate a disruption in inflammatory 

responses and cellular stress pathways during spaceflight [50]–[53]. Reduced Sgk1 and 

PDK4 expression has been found to stimulate cartilage degradation via the β-catenin 

pathway,  IL1β-induced chondrocyte hypertrophy, and FOXO1-medicated chondrocyte 

autophagy[54]–[59]. A disruption in extracellular matrix remodeling markers, Spock2, 

Gpmnb, and Glant15 was seen in flight menisci, indicating pro-osteoarthritic disruption 

in cartilage homeostasis and degradation and synovial inflammation [60], [61]. 

Comparative analysis of FLIGHT AOX vs GROUND menisci showed that treatment 

with BuOE mitigated many of these marker alterations, but still Spock2, Imnt, and Cdo1 

expression was elevated indicating that BuOE did not alter osteoarthritic progression in 

totality (Fig. 3b). Furthermore, canonical pathway analysis treatment with BuOE 

indicated reduced oxidative stress via increased Hif1α and sirtuin signaling and 

enrichment of these pathways may exert a protective effect against osteoarthritis 
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promoting chondrocyte survival, maintaining cartilage homeostasis, and suppressing 

inflammation [62]–[70].  

Gene expression profiles after 35d in space from cartilage and menisci identified 

prearthritic responses to microgravity.  Gene expression analysis revealed the 

downregulation of Col15A1, SerpinH, Ifitm3, Crabp2, and C1qTnf1, along with the 

enrichment of Spock2, in FLIGHT proximal femoral articular cartilage compared to 

GROUND indicated pro-osteoarthritic inflammation and disrupted collagen production 

during 35 days spaceflight (Fig. 3c). A dysregulation Col15A1 (a collagen protein 

involved in maintaining cartilage integrity) and SerpinH1 (a collagen-specific chaperone 

protein) indicated  a disruption in chondrocyte differentiation, collagen synthesis and 

extracellular matrix remodeling which has been implicated in osteoarthritic progression 

[71]–[79]. Furthermore, reduced Crabp2 expression may lead to reduced retinoic acid 

signaling activity, impacting downstream pathways involved in cartilage homeostasis, 

ECM maintenance, and chondrocyte function contributing to cartilage degeneration, 

inflammation, and impaired cartilage repair mechanisms[80]–[84]. Ifitm3 and C1qTnf1 

have been found to have chondroprotective effects via suppression of synovial cell 

inflammation, and a downregulation in these markers has been implicated in synovial 

joint inflammation and osteoarthritic pathogenesis [85]–[91]. Finally, elevated levels of 

Spock2, a gene involved in extracellular matrix modulation, has been shown to play a 

role in cartilage degradation and joint tissue remodeling, suggesting that increased 

Spock2 expression may disrupt the matrix turnover in joints during 35 days spaceflight 

[50]. 

This study is not without limitations. As noted, the primary science mission for 



65  

this study was to investigate the effects of BuOE on limiting retinal complications [44], 

thus it was not adequately powered to investigate musculoskeletal alterations. The 

authors acknowledge that many of the findings, including identification of the effects 

being different within or between groups, are therefore subjective. However, many 

findings were identified statistically as being acceptably noted as different from other 

groups, and that BuOE shows some promise as to protect some skeletal tissues after 35 

days in orbit.  The authors are comfortable but remain cautious with interpretations.  

Additionally, treatment with BuOE was provided to all animals a week prior to launch 

and weekly during flight and ceased upon a return to Earth. The cessation of treatment for 

the recovery cohort could have impacted the findings from that group; preservation may 

be dependent on continued use upon a return to weight bearing. Furthermore, the 75-day 

long term FLIGHT cohort was sacrificed in orbit and tissues were harvested from frozen 

carcasses. The freeze/thaw process may have impacted tissue and protein integrity for 

downstream analysis.  

Elevated oxidative stress, production of reactive oxygen species (ROS) and a 

disruption of antioxidant defenses have been well characterized to contribute to 

osteoarthritic progression in the joint [45]–[48]. Furthermore, the combined hazards of 

reduced weightbearing and space radiation during spaceflight disrupt the normal redox 

biology and antioxidant defenses of the musculoskeletal system leading to degenerative 

disease. [92]–[97]. This degenerative progression can risk mission success and impact 

astronaut quality of life upon a return to Earth. Treatment with BuOE preserved articular 

cartilage, menisci, and trabecular bone volume during short duration spaceflight and 

downregulated pro-arthritic pathways in the joint soft tissue. Further investigation is still 
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needed to validate the protective effects of BuOE on the musculoskeletal system during 

spaceflight. 
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Figure 1. (A) Sulfated GAG in the medial tibial articular cartilage exhibited no 

significant differences between 35-day FLIGHT cohorts and GROUND controls, but a 

marked reduction was observed after 35 days in orbit and 120 days of Earth recovery, 

particularly in the FLIGHT REC groups as indicated by the red stain in representative 

images. (p<0.001). (D) Medial meniscal sulfated GAG concentration was lower after 

FLIGHT but preserved with AOX treatment (p<0.05). (B and E) Redox stress in the 

cartilage, assessed through 4HNE concentration, increased with AOX treatment during 

flight but decreased after 120 days of Earth recovery in the articular cartilage and menisci 

as indicated by the brown stain in repsentative images (p<0.005). (C and F) MMP13 

concentration in the medial tibial articular cartilage was lower in all FLIGHT groups, and 

AOX treatment increased concentration in the FLIGHT+AOX recovery group as 

indicated by the brown stain in the representative images. Meniscal MMP13 

concentration marginally decreased in 35-day cohorts with treatment. (*p<0.05, 
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***p<0.005, ****p<0.001) 

 

 

Figure 2. (A) Non-significant thinning of the cartilage at the tibial-femoral contact point 

was observed after 35 days in orbit, with subsequent preservation with Aox treatment. 

Articular cartilage thickness increased in all of the 120-day recovery cohorts. (B) Medial 

meniscal volume decreased after 35 days in orbit, and volume was preserved with AOX 

treatment. Meniscal volume increased for all 120-day recovery groups with a preservative 

effect seen with AOX treatment in the FLIGHT cohort. 
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Figure 3. (A) Comparative analysis of 35-day FLIGHT vs GROUND menisci identified 

2388 significantly altered genes (p<0.05). Canonical pathway comparisons of FLIGHT vs 

GROUND menisci indicate pro-osteoarthritic pathway alterations in decreased collagen 

biosynthesis and modifying enzymes and cell cycle checkpoints (Z-score>±2). (B) 

Comparative analysis of 35-day FLIGHT AOX vs GROUND menisci identified 3371 

significantly altered genes (p<0.05). Canonical pathway comparisons of FLIGHT+AOX 

vs GROUND indicate reduced oxidative stress via increased HIF1α and sirtuin signaling, 

and decreased cholesterol biosynthesis (Z-score>±2). (C) Comparative analysis of 35-day 

FLIGHT vs GROUND cartilage identified 1287 significantly altered genes (p<0.05). 

Canonical pathway comparisons of FLIGHT vs GROUND proximal femoral articular 

cartilage indicate pro-osteoarthritic pathway alterations in decreased collagen 

biosynthesis and modifying enzymes, assembly of collagen fibrils, and collagen chain 

trimerization and increased IL-7 (Z-score>±2).  
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Figure 4. (A) No significant difference was seen in osteoclast number to bone surface 

(Oc. N/BS) after 35 days of FLIGHT compared to GROUND, and treatment with AOX 

marginally decreased Oc. N/BS as indicated by the red stain in representative images. An 

increase in Oc. N/BS after 120 days recovery was seen in all groups compared to the 35-

day cohort, with a lower osteoclast number for FLIGHT REC groups compared to the 

GROUND REC. (B) No differences were observed in osteoclast surface to bone surface 

(Oc. S/BS) between all groups after 35 days of spaceflight. After 120 days of recovery 

Oc. S/BS increased in all groups compared to the 35-day cohorts and a lower Oc. S/BS 

was observed in the FLIGHT REC groups compared to the GROUND REC. (C) No 

change was seen in TRAP5b serum concentration in the 35-day or recovery groups. 

(*p<0.05) 
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Figure 5. (A) A decrease in trabecular volume was seen after 35 days of spaceflight and 

mitigated by treatment with BuOE. After 120 days of recovery a significant decrease was 

observed in FLIGHT groups vs GROUND groups (p<0.5). (B) No differences were 

observed in trabecular volume/bone volume (Tb. TV/BV) after 35 days of FLIGHT 

compared to GROUND groups. After 120 days of recovery a significant decrease in Tb. 

TV/BV was observed in FLIGHT REC regardless of treatment compared to GROUND 

REC groups (p<0.5). (C) A decrease in cortical bone volume was observed after 35 days 

of FLIGHT regardless of treatment, and this same pattern was observed after 120 days of 

recovery. (D) A marginal decrease in connectivity density was seen after 35 days of 

FLIGHT, and this was mitigated with AOX treatment. After 120 days of recovery a 

decrease in connectivity density was observed in the FLIGHT REC groups compared to 

GROUND REC groups. (*p<0.05, **p<0.01, ***p<0.005) 
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Figure 6. (A) Finite element modeling identified that tibial bone stiffness significantly 

decreases after 35 days spaceflight regardless of AOX treatment and recovery, the 

disparity in stiffness continued to significantly decline in FLIGHT groups (p<0.001). (B) 

A marginal difference was observed in structural efficiency after FLIGHT, and after 

recovery, a decrease in structural efficiency was observed in FLIGHT REC groups 

regardless of treatment. (C) 90% von misses stress did not show a difference with AOX 

treatment or after spaceflight. A decrease was seen in 90% von misses stress in recovery 

groups compared to 35-day groups. (D) A reconstruction demonstrating the 8 voxel, 1 

mm tibia mesh used for finite element analysis. (E) A representative image of the color-

coded reaction force analysis in the z-direction. (***p<0.001) 
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Figure 7. (A) Medial meniscal volume increased in FLIGHT animals after 35 days in 

orbit, but not in those treated with AOX as indicated by red stain in representative 

images. (B) 75 days FLIGHT decreased medial tibial articular cartilage thickness and 

AOX treatment failed to preserve the volume loss. (C) No change was observed in 

sulfated GAG concentration in the tibial articular cartilage after 75 days in FLIGHT. (D) 

No change was observed in sulfated GAG concentration in the medial meniscus after 75 

days FLIGHT. (E) 75 days spaceflight resulted in osteoarthritic degradation of joint soft 

tissue structures and this damage was marginally mitigated with AOX treatment.   
 



90  

 
Figure 8. (A) After 75 days of spaceflight reduced tibial trabecular bone volume was 

observed with AOX treatment. (B)  Reduced tibial bone volume fraction was observed 

after 75 days spaceflight with AOX treatment. (C) 75 days spaceflight resulted in a loss 

of tibial cortical bone volume with AOX treatment (p<0.05). (D) A decrease in tibial 

trabecular connectivity density was observed after 75 days of spaceflight with AOX 

treatment. (*p<0.05) 
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Abstract 

Long-term adaptations to spaceflight outside of low earth orbit (LEO), during deep space 

transit, and readaptations to partial gravity environments upon reaching a destination, are 

unclear. The combined effect of these adaptations to the LEO environment can result in 

declines in mobility and balance in astronauts during and after spaceflight This study 

assessed gait and performance alterations in rodents exposed to one of 4 gravitational 

loading conditions (µg; 0.33g; 0.67g; and 1g) relative to preflight measurements after a 

~35-day mission to the ISS in order to assess if a g-dose threshold exists with regard to 

induction of performance deficits. Pre-flight and post-flight gait measurements were 

conducted utilizing the portable gait analysis system (DigiGait, Mouse Specifics, Inc). 

Patterns of longitudinal gait changes were observed in the hind limbs and the forelimbs of 

the FLIGHT mice after ~35 days in orbit; few differences were observed in gait 

characteristics within the GC and VIV controls from the initial to the final gait 

assessment, and between groups. Continuous exposure to 1g of gravitational acceleration 

via centrifugation preserved gait patterns relative to both preflight and controls and gait 

patterns were preserved in a gravity-dose dependent manner; with major differences 

observed after 0.33g that were then attenuated / normal at 0.67g and normal after 1g. 

Notably, mice exposed to µg could not perform (locomote) at live animal return, with 

only 50% able to perform in the 0.33g-exposed group. As we plan for missions to the 

Moon and Mars, there is a critical need to characterize these neuromotor deficits in the 

microgravity and partial gravity environments to better mitigate the risks associated with 

long-duration spaceflight both in transit and upon reaching a destination. 
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Introduction 

Multiple toxicity profiles result from exposure to microgravity during spaceflight 

that pose challenges to astronaut health and performance (Krittanawong et al. 2023; 

Orbit, Ball, and Charles H. Evans 2001; Patel et al. 2020; Tomsia et al. 2024; Yin et al. 

2023), including neurovestibular complications (Carriot, Mackrous, and Cullen 2021; 

Clark 2019; G. Clément et al. 2022; Reschke and Clément 2018; Reschke, Good, and 

Clément 2017), musculoskeletal deficits, (Comfort et al. 2021; Liphardt et al. 2023a) and 

others. Alterations in normal gait patterns reflect many of the physiological alterations 

during space flight (Bloomberg and Mulavara 2003; Kim et al. 2018; A. Kwok et al. 

2020; Saveko et al. 2022), including the aberrant vestibular and musculoskeletal 

responses. Gait pattern analysis in rodents is a useful performance assay to characterize 

the functional response to various injuries or challenges, with outcomes identifying 

several deficits such as instability or elevated fall risk with neuromotor complications 

(Karmakar et al. 2023; Santana Rizzi et al. n.d.; Wenger et al. 2022). Normal gait patterns 

will change with pathology in a relatively consistent manner reflecting the underlying 

dysfunction. Pre- and post-flight rodent gait analysis thus provides a non-invasive assay 

to measure the functional response of body systems to spaceflight and ground-based 

spaceflight hazards.  

The Japan Aerospace Exploration Agency (JAXA) Mouse Artificial Gravity 

System (MARS) aboard the Kibo module on the ISS provides a useful platform to assess 

the cause, extent, and test countermeasures against the deleterious effects of various 

gravitational loading accelerations on rodent health (Shiba et al. 2017). Specifically, the 4 

rotors of the centrifuge permit the assessment of up to 4 gravitational loading regimes on 
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the biologic and functional responses. Importantly, this thus permits the study of whether 

a gravitational threshold exists for incurring deficits across rodent tissues. In terms of gait 

assessment, only one has measured functional alterations due to microgravity as part of 

the Rodent Research 9 mission (A. Kwok et al. 2020), and none have assessed effects of 

partial gravity on gait and related performance in rodents. The Rodent Research 9 study 

(RR9) identified exposure to ~34d of microgravity resulted in gait pattern changes 

reflecting neuromotor deficits as well as metrics indicating instability, however the 

rodents could locomote in a linear fashion upon live animal return. It is unclear if or how 

continuous exposure to partial gravitational loads could mitigate these effects, and if a 

threshold exists for these responses.  Therefore, the aim of this study was to assess gait 

and performance alterations in rodents exposed to one of 4 gravitational loading 

conditions (µg; 0.33g; 0.67g; and 1g) relative to preflight measurements after a ~35-day 

mission to the ISS in order to assess if a g-dose threshold exists with regard to induction 

of performance deficits. 

 

Methods and Materials  

Joint Partial-gravity Rodent Research/ Mouse Habitat Unit-8 Spaceflight Mission: 

Analyses were performed on male C57BL/6J mice (Jackson Labs) that spent ~35 days at 

varying g-levels in the JAXA Multiple Artificial-Gravity Research System (MARS) 

onboard the ISS’s Kibo module as part of the Joint Partial-gravity Rodent Research (RR)/ 

Mouse Habitat Unit-8 (MHU) mission, which launched March 14, 2023 and returned 

April 16, 2023. A total of 24 mice were singly housed at the following G-levels: µg 
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(n=6), 0.33g (n=6), 0.67g (n=6), and 1g (n=6) in JAXA’s mouse habitats. The experiment 

was launched as part of the SpaceX Commercial Resupply Services (CRS)-27 mission 

from the Kennedy Space Center (KSC) at Cape Canaveral, FL to the ISS. Six weeks prior 

to launch (L) or enrollment in the study (L-42), mice arrived at the KSC to begin their 

acclimation process. Upon arrival animals were singly housed and implanted with RFID 

tag for identification, and body mass, food, and water consumption were measured bi-

weekly. At L-1, mice were placed into the three primary groupings based on weight gain 

over nine weeks and their body mass to ensure minimal pre-flight differences between 

groups. Twelve-week-old male mice were grouped as follows: mice launched to the ISS 

(FLIGHT, µg, 0.33g, 0.67g 1g; n=6/group) housed in habitat cage units (HCU), including 

rodent food bars (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan), ad libitum access to 

water containing (0.2/mg/L); Ground-based habitat controls (Ground Control, GC; n=12) 

were housed identically as flight mice exposed to artificial gravity, and maintained on a 

two-day delay to match environmental conditions (ambient temperature of 26-28 °C, 

humidity, and CO2 partial pressure, and 12/12-hour light/dark cycle) on the ISS. One 

group of vivarium ground controls (VIV, n=12) were also selected, singly housed in 

standard cages in the animal care facility (ACF). At launch, all 12-week-old FLIGHT 

mice were loaded into a transporter and then loaded into the Dragon SpaceX Capsule. 

Mice were transferred to individual HCU and loaded in the MARS system aboard the 

ISS. Unberthing from ISS and splashdown of live mice occurred on L+32, and the live 

mice were collected by the science teams for functional testing and tissue collection at 

KSC.  

Gait Analysis: Gait analysis was performed longitudinally on left limbs using the portable 
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DigiGait System (Mouse Specifics, Quincy, MA). The DigiGait system performs 

automated gait analysis by examining the ventral plane of the mouse as it walks on a 

transparent treadmill belt utilizing artificial intelligence to determine paw positions 

relative to the treadmill belt to generate gait signals for each limb. Continuous high-speed 

digital video capture at 176 frames/s was captured for 6-8 consecutive walking strides at 

17 cm/s per animal to characterize motor deficits (Dorman et al. 2014; A. Kwok et al. 

2020; Vincelette et al. 2007). Recordings of the footfall patterns were assessed for quality 

and truncated to a minimum criterion of 6 consecutive, non-interrupted strides. After this, 

the data was imported into the DigiGait Analysis v.14 software where spatial and 

temporal measurements were extracted from the video. The parameters that were selected 

for analysis were those that have been reported by other manuscripts utilizing the 

DigiGait to measure gait changes, e.g. (Dorman et al. 2014; A. Kwok et al. 2020; 

Vincelette et al. 2007) so that comparisons could be made. Percent change preflight and 

postflight in gait parameters for each animal was assessed in experimental and control 

groups. 

Statistical Analysis: The comparisons of preflight and postflight changes in gait 

parameters either a one-way ANOVA with a Tukey post-hoc test for multiple 

comparisons or an unpaired t-test utilizing Graphpad Prism v10.2. 

 

 Results 

One of the flight animals was lost due to an injection issue in orbit; the experiments, data 

capture and processing was available for all other animals from all groups. At launch, the 
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following average body masses were reported: FLIGHT: 26.26g (SD 1.42); GC 27.26g 

(0.82), and VIV 29.20g (0.97). Mice were placed into the three primary groupings based 

on weight gain over nine weeks at KSC and their body mass to ensure minimal pre-flight 

differences between groups. At recovery, rodents were deemed active and healthy by the 

lead veterinarian. Of note, all rodents in the µg FLIGHT group failed to perform and n=3 

of the 0.33g group performed in contrast to the 0.67g, 1g, VIV, and GC where all animals 

were able to perform (n=5/6).  

 

Longitudinal changes in left hindlimb within groups after 35 days spaceflight 

No differences were seen for hindlimb gait patterns tested within the GC or the VIV 

groups longitudinally post-flight relative to pre-flight (Fig. 1). Likewise, no post- to pre-

flight differences were observed within 1g FLIGHT groups (Fig. 1). In contrast, 

significant differences were observed longitudinally in the 0.33g and 0.67g FLIGHT 

groups for all measures (Fig. 1). These included: swing time (s) (0.33g, +242.2%, 

p<0.001; 0.67g, +82.3%, not significant (ns)), swing/stance (%) (0.33g, -81.2%, p<0.001; 

0.67g, -46.6%, ns), swing stride (%) (0.33g, +136%, p<0.001; 0.67g, +54.8%, p<0.01), 

stance time (s) (0.33g, -55%, p<0.01; 0.67g, -13.4%, ns), stride width (cm) (0.33g, 

+23.9%, p<0.05; 0.67g, -5.4%, ns), stride width variability (cm) (0.33g, +134.9%, ns; 

0.67g, +82.9%, ns), and paw angle variability (°) (0.33g, +150.9%, ns; 0.67g, +111.9%, 

ns). 

 

Longitudinal changes in left hindlimb between groups after 35 days spaceflight 
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The magnitude of the changes in gait patterns measured post-flight relative to pre-flight 

were similar between GC, VIV, and 1g FLIGHT for all measured outcomes (Fig. 1). In 

contrast, hindlimb gait pattern changes for most metrics measured after 0.33g were 

substantially different than GC, VIV, and 1g (Fig. 1), and to a lesser degree for 0.67g vs 

GC, VIV, and 1g. FLIGHT vs GC/VIV.  

 

Longitudinal changes in left forelimb within groups after 35 days spaceflight 

No differences were seen for forelimb gait patterns tested within the GC or the VIV 

groups longitudinally (Fig. 2) post-flight relative to pre-flight. Likewise, no post- to pre-

flight differences were observed within 1g FLIGHT groups (Fig 2). Similar to findings 

from the hind limbs, significant differences in the forelimbs were observed longitudinally 

in the 0.33g and 0.67g FLIGHT groups for all measures (Fig. 2). These included: swing 

stride percent (%) (0.33g, +75.9%, ns; 0.67g, +12.5%, ns), brake stride percent (%) 

(0.33g, -42%, ns; 0.67g, -27.4%, ns), stride length (cm) (0.33g, +100.6, p<0.05; 0.67g, 

+35.4%, ns) stride time (s) (0.33g, +100.5%, p<0.05; 0.67g, +35.7%, ns), stride 

frequency (steps/s) (0.33g, -23.5%, ns; 0.67g, -25.1%, ns), stride length variability (cm) 

(0.33g, +35.5%, ns; 0.67g, +6%, ns), and stride width (cm) (0.33g, -24.8%, ns; 0.67g, -

19.2%, ns). 

 

Longitudinal changes in left forelimb between groups after 35 days spaceflight 

The magnitude of the changes in gait patterns measured post-flight relative to pre-flight 



100  

were similar between GC, VIV, and 1g FLIGHT for all measured outcomes (Fig. 2).  As 

per the hind limbs, forelimb gait pattern changes for most metrics measured after 0.33g 

were substantially different than GC, VIV, and 1g (Fig. 2), and attenuated at 0.67g vs 

GC, VIV, and 1g. FLIGHT vs GC/VIV.  

 

Discussion 

Exposure to prolonged microgravity aboard the ISS, or partial gravitational 

loading, affected locomotor performance and/or altered mouse gait patterns. Importantly, 

this study identified that: 1] Continuous exposure to 1g of gravitational acceleration via 

centrifugation preserved gait patterns relative to both preflight and controls; 2] Gait 

patterns were preserved in a gravity-dose dependent manner, with major differences 

observed after 0.33g that were then attenuated / normal at 0.67g and, as noted, normal 

after 1g, and; 3] Mice exposed to µg could not perform (locomote) at live animal return, 

with only 50% able to perform in the 0.33g-exposed group. Aligned with the aim of the 

study, a g-dose threshold for gait and locomotor performance could be identified as being 

lower than 0.67g, as exposure to the Martian gravitational loads for ~30 days resulted in 

profound deficits relative to 0.67g or 1g. 

For the RR9 rodent spaceflight mission, gait pattern deficits for mice exposed to 

microgravity in the Rodent Habitats aboard ISS were altered relative to preflight in a 

manner that reflected neuromotor deficits, as well as provided indication of reduced 

stability. But at live animal return, the mice in the RR9 study could locomote in a linear 

manner on the DigiGait rodent treadmill belt at 17.5cm/s. However, for this MHU8 
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mission, mice exposed to continuous microgravity within the MARS centrifuge (static 

condition) could not perform; only 2 of the mice had several strides that propelled the 

mouse forward linearly, and ultimately the mice were pushed to the back of the treadmill 

and/or rolled over onto their dorsal surface. Moreover, 50% of the mice exposed to 0.33g 

(simulating Marian gravity) were likewise unable to locomote linearly. Thus, these 

findings of performance capability (as defined by ability for linear forward motion) are in 

contrast to the RR9 findings (A. T. Kwok et al. 2021). However, all mice experiencing 

continuous exposure to 0.67g or 1g artificial gravity could locomote in a linear fashion, 

which then also permitted the gait assessment on both cohorts. As per RR9, gait pattern 

deficits for the MHU8 study largely reflected neuromotor deficits, and increased 

instability; these patterns were attenuated with increasing gravitational loading. Overall, 

these findings and the results regarding gait and performance of the MHU8 and RR9 

study highlight that gravitational loading conditions can have major impact on functional 

and physiologic responses, but that also the experimental conditions (e.g., housing, return 

time for experiments after live animal return, etc), likely affect these physiologic 

responses. 

Notably, there were some key environmental and housing differences between the 

MHU8 and RR9 missions that may have affected the differential responses regarding 

performance capabilities observed after continuous exposure to µg. Mice for RR9 rodents 

were group housed (10 rodents/habitat, with the divider removed (A. T. Kwok et al. 

2021)). Moreover, the mice had access to enrichment, which was a “hut” in which the 

mice could huddle. For MHU8, the mice were single housed in the smaller MARS unit, 

void of enrichment. The larger volume of the rodent habitats for RR9, coupled with 
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housing conditions that permitted inter-individual interactions and possible generation of 

skeletal loading (e.g., potential for pushing against one another) could have affected 

physiologic responses to µg that affected the ability to perform upon live animal return. 

Furthermore, the time from splashdown to function testing varied between the two 

missions with an 18h return time for the RR9 mission and 4h return time for the MHU8 

mission. Varied physiologic responses associated with time from exposure to 1g upon 

live animal return and function testing could, again, affect physiologic responses related 

to differential effects on performance between the µg groups between RR9 and MHU8. 

However, it is important to note that mice from each group were tested randomly but in 

succession postflight for MHU8, and given the normalization of gait patterns and the 

ability to perform in the 1g group (as well as the 0.67g group in terms of many gait 

patterns but also the ability to locomote) which were exposed to the same single housing 

and timing conditions as µg, it is unclear how either housing or timing issues impacted 

the results, most importantly that exposure to lower gravitational levels, especially µg 

and 0.33g, greatly impaired performance and gait patterns for the mice of the MHU8 

mission. The impact of different housing units, single vs group housing, added 

enrichment, and difference in animal retrieval post-splashdown on partial limb loading 

and stress is difficult to characterize but should be considered for future rodent studies 

aboard the ISS.  

Gait analysis provides a powerful diagnostic tool to assess functional alterations 

and physiological deficits (N. G. Lee, Kang, and Park 2020; Teixeira-Leite and Manhäes 

2012). Well-established induced injury rodent model studies have identified changes in 

limb specific alterations in parameters correlate with specific disease states, physiological 
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and neuromotor changes (Dienes et al. 2022; Lambert et al. 2014; Peter-Szabo et al. 

2007). For instance, compensatory gait alterations associated with osteoarthritis have 

been established utilizing the destabilized medial menisci rodent model (Fang et al. 2018; 

Hu et al. 2022; Lakes et al. 2018). Furthermore, gait analysis from the RR9 study 

identified musculoskeletal deficits resulting from reduced weight-bearing in microgravity 

(A. Kwok et al. 2020). Importantly, this study identified that the patterns of gait 

abnormalities (particularly at 0.33g and attenuated at 0.67g) reflected a variety of 

different correlated conditions (Table 1), but primarily arthritis, traumatic brain injury, 

neurological dysfunction, and ataxia. However, it is important to note that typically these 

rodent studies in which we compare findings in order to speculate on a cause typically 

induce an injury, or use a genetically modified model for a pathologic condition in which 

gait patterns change in a regular manner (e.g., neurological dysfunction (Hung et al. 

2016) and arthritis (Dorman et al. 2014; Vincelette et al. 2007)). This was not the case for 

this study – rather mice were launched into orbit, exposed to one of 4 gravitational 

loading conditions, and then returned live. As such, we can only speculate as to the cause 

of the gait abnormalities. Further collaboration regarding pathologic responses in the 

central nervous, peripheral nervous, and musculoskeletal systems are needed to better 

understand the true cause for these abnormalities. 

While some partial recovery of inflight and postflight sensorimotor and 

musculoskeletal reconditioning does occur upon a return to weight bearing after flight to 

the ISS, the period and extent of recovery is varied (G. R. Clément et al. 2020; Liphardt 

et al. 2023b; Orwoll et al. 2013; Wood, Loehr, and Guilliams 2011). However, it is 

unclear how deep space travel outside LEO and prolonged exposure to sub 1g levels on 
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the Moon (0.17g) and Mars (0.33g) will impact astronaut health and performance. In this 

study we saw that for Martian gravity only 50% of the animals could function and none 

of the animals at µg could perform. Concerns should be considered as to whether 

astronauts’ performance will be detrimentally affected during transit, upon reaching 

Mars, and/or after mission return, as these missions are expected to last ~2 years. 

Furthermore, current countermeasure that NASA employs to preserve musculoskeletal 

health is the advanced resistive exercise device (ARED) but we will not have ARED for 

missions outside of LEO like future deep space missions. Therefore, there is a critical 

need to investigate how sub 1g environments will affect astronaut health and 

performance, and more specifically identify if there is a gravitational threshold at which 

deficits are prevented.  

Long duration spaceflight has deleterious effects on astronauts, from alterations in 

brain structure, musculoskeletal and joint soft tissue deficits, and impaired sensorimotor 

and vestibular function, to novel physiological alterations in space flight-associated 

neuro-ocular syndrome (SANS) (Deshpande et al. 2020; Hupfeld et al. 2022; A. G. Lee et 

al. 2018; Seidler et al. 2015; Yates and Kerman 1998). The combined effect of these 

adaptations to the LEO environment can result in declines in mobility and balance in 

astronauts during and after spaceflight (Tays et al. 2021; Weber and Stelzer 2022). As we 

plan for missions to the Moon and Mars, there is a critical need to characterize these 

neuromotor deficits (among others) in the microgravity and partial gravity environments 

to better mitigate the risks associated with long-duration spaceflight both in transit and 

upon reaching a destination, and thus continued assessment of gait pattern changes in 

rodents during spaceflight and ground-based analogue studies are essential to meet those 
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needs.  
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Figure 1. Longitudinal effects of spaceflight on gait kinematics of the left hindlimbs 

of mice exposed to artificial gravity. Within and between groups were tested using 

repeated measures ANOVA and Holm-Šídák post hoc (a=0.05, *p<0.05, **p<0.01, 

***p<0.005, ****p<0.001). 
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Figure 2. Longitudinal effects of spaceflight on gait kinematics of the left forelimbs 

of mice exposed to artificial gravity. Within and between groups were tested using 

repeated measures ANOVA and Holm-Šídák post hoc (a=0.05, *p<0.05, **p<0.01, 

***p<0.005, ****p<0.001).  
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Table 1. Altered gait patterns observed from the MHU8 mice that are associated with 

similar gait changes and related pathologic conditions in published rodent studies that 

utilized DigiGait. 

Altered Gait 

parameters 

Observed gait 

parameter trend 

Reported correlated condition  

Swing time (s) Increase Arthritis, Craniotomy and Traumatic Brain Injury, 

Inflammation, Pain, Ethanol Induced Ataxia (1,2,3,4,5) 

 

Swing/stance (%) Decrease Neurodevelopmental disorders (6)  

Swing/stride (%) Increase Traumatic Brain Injury, Neurodevelopmental Disorders (2,6)  

Stance time (s) Decrease Arthritis, Ataxia, Ethanol Effects, Axonal Degeneration 

(7,8,9,10) 

 

Stride width (cm) Increase Parkinson’s Disease, Purkinje Cell Damage, Higher Fall 

Association (11,12,13) 

 

Stride width 

variability (cm) 

Increase Purkinje Cell Damage, Higher Fall Association (12,13)  

Paw angle 

variability (°) 

Increase Ataxia (14)  

Brake/stride (%) Decrease Arthritis (7)  

Stride length (cm)  Increase Arthritis, Neurological Dysfunction, Axonal degeneration, 

Ataxia (1,5,8,10)  

 

Stride time (s) Increase Arthritis, Axonal degeneration, Ataxia (1,5,10)  

Stride frequency 

(steps/s) 

Decrease Arthritis, Neurological Dysfunction, Huntington’s Disease, 

Ethanol Effects (1,8,9,16)  

 

Stride length 

variability (cm) 

Increase Arthritis, Neurological Dysfunction (1,8)  

References: (Dorman et al. 2014)1, (Reed et al. 2021)2, (Vrinten and Hamers 2003)3, 

(Sashindranath, Daglas, and Medcalf 2015)4, (Hansen and Pulst 2013)5, (Akula et al. 

2020)6, (Vincelette et al. 2007)7, (Hung et al. 2016)8, (Kale et al. 2004)9, (Connell, 

Allison, and Reid 2016)10, (Glajch et al. 2012)11, (Cops et al. 2013)12, (Lin et al. 2001)13, 

(Lambert et al. 2014)14, (Amende et al. 2005)16 
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The impact of spaceflight outside of low earth orbit (LEO), during deep space transit, and 

readaptations to partial gravity environments upon reaching a destination, are unclear. 

Reduced loadbearing in sub 1g environments may have deleterious effects of joint health 

risking mission success and astronaut health. This study assessed the impact of artificial 

gravity via centrifugation on the preservation of knee and hip articular cartilage, and the 

menisci in rodents. Cartilage and meniscal degradation in mice were measured via 

microCT, histology, proteomics and transcriptomics in rodents exposed to one of 4 

gravitational loading conditions (µg; 0.33g; 0.67g; and 1g) after a ~35-day mission to the 

ISS in order to assess if a g-dose threshold exists with regard to prevention of cartilage 

degradation. Continuous exposure to 1g of gravitational acceleration via centrifugation 

failed to preserve meniscal volume and articular cartilage thickness. However, proteomic 

and transcriptomic changes of the joint soft tissue were mitigated in a gravity-dose 

dependent manner compared to controls; with major differences observed after µg, 0.33g, 

and 0.67g that were then attenuated at 1g. Mice exposed to artificial 1g maintained 

meniscal ECM synthesis and sulfated GAG expression compared to controls. As we plan 

manned spaceflight missions to destinations outside of LEO there is a critical need to 

characterize cartilage degradation in the microgravity and partial gravity environments to 

better mitigate the risks associated with long-duration spaceflight both in transit and upon 

reaching a destination. 

 

Introduction 
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Maintaining musculoskeletal health and performance is vital for mission success during a 

long-duration spaceflight, as well as for preserving quality of life post-mission. 

Prolonged exposure to reduced weight bearing in microgravity during spaceflight is well-

documented to cause muscle atrophy [1–3] and bone loss [4–6], with more recent studies 

identifying  degradation of soft-tissue structures in both the knee (e.g., cartilage, menisci) 

and hip (e.g., cartilage) joints [7, 8]. It is estimated that with a mission to Mars, astronauts 

will be exposed to approximately 8 to 10 months of weightlessness total during transit to 

and from Mars, and approximately 12 to 18 months of partial gravity exposure while on 

surface [9]. Recent studies have shown that neither bisphosphonate treatment [10–12] or 

the use of the advanced resistive exercise device (ARED) prevent spaceflight-induced 

BMD decline and bone turnover [13, 14], with limited studies having been conducted on 

the load-sensitive soft tissues of the knee. There is a critical need to investigate novel 

countermeasures to preserve astronaut joint health during and after deep space travel such 

as artificial gravity to counteract the deleterious effects of reduced gravity, as well as, 

pharmaceutical interventions to counteract spaceflight-induced osteoarthritis (OA). 

Intermittent or continuous exposure to elevated gravitational loading is a possible 

countermeasure to prevent spaceflight-induced decline in musculoskeletal function and 

performance [15], [16]. Prior work has established that the deficits in bone and muscle 

following exposure to partial gravity, simulated by partial weight bearing in mice, are 

directly proportional to the degree of unloading [17]. A previous study utilizing the 

mouse habitat unit (MHU) has demonstrated significant decreases in femur bone density 

and the soleus/gastrocnemius muscle weights of μG mice, whereas artificial 1G mice 

maintained the same bone density and muscle weight as the ground control animals after 



122  

35 days aboard the ISS, indicating that artificial G preserves musculoskeletal health 

during spaceflight [18-20]. Yet, the ability of partial gravity applied to rodent limbs while 

in orbit using the existing Kibo module as a means to prevent osteoarthritic changes are 

unstudied [21].   

Mechanical loading is required for the maintenance of the musculoskeletal tissues, 

including joint soft tissues. Cartilage and meniscal degradation in mice have been 

documented with reduced weight bearing during spaceflight aboard both the International 

Space Station (ISS) and space shuttle, and from hind limb unloading (HLU). Cartilage 

and joint degradation could increase the risk of joint failure during dynamic loading 

conditions, and if painful, could lead to performance deficits. Molecular mechanisms 

leading to the observed arthritic responses in rodents are unknown. The Joint Partial 

Gravity (Rodent Research)-Mouse Habitat Unit 8 mission (MHU8) exposed mice to 

various gravitational (g) exposures via centrifugation aboard the ISS. We tested if varied 

levels of artificial gravity (AG) via centrifugation aboard the ISS can prevent/attenuate 

gross and transcriptomic arthritic responses in mice. 

 

Methods and Materials  

Joint Partial-gravity Rodent Research/ Mouse Habitat Unit-8 Spaceflight Mission 

(MHU8): Male C57BL/6J mice (Jackson Labs) underwent approximately 35 days of 

exposure to various gravitational levels within the JAXA Multiple Artificial-Gravity 

Research System (MARS) aboard the International Space Station (ISS). The MHU8 

mission launched aboard SpaceX CRS-27, March 15, 2023, from the Kennedy Space 
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Center (KSC) to the ISS to the ISS and returned April 16, 2023. A total of 24 mice were 

individually housed at gravity levels of 0g (n=6), 0.33g (n=6), 0.67g (n=6), and 1g (n=6) 

within JAXA's mouse habitats. The mice arrived to KSC, 6 weeks prior to study 

enrollment for an acclimation period at the animal control facility (ACF). Mice were 

singly housed and fitted with RFID tags for identification, with bi-weekly measurements 

of body mass, food, and water consumption. At L-1, twelve-week-old male mice were 

categorized into three main groups based on weight gain over nine weeks and their body 

mass to ensure minimal pre-flight differences between groups. Mice launched to the ISS 

were subdivided into the following g-level groupings: 0g, 0.33g, 0.67g, 1g; n=6/group. 

FLIGHT mice were housed in habitat cage units (HCU) aboard the ISS, receiving rodent 

food bars (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan), and ad libitum access to water 

containing 0.2/mg/L; Ground-based habitat controls (Ground Control, HGC; n=12) were 

maintained identically to flight mice exposed to artificial gravity, with a two-day delay to 

match environmental conditions (ambient temperature of 26-28°C, humidity, CO2 partial 

pressure, and 12/12-hour light/dark cycle) on the ISS. Another group of vivarium ground 

controls (VGC, n=12) were selected and individually housed in standard cages within 

ACF. At launch, all 12-week-old FLIGHT mice were transported and loaded into the 

Dragon SpaceX Capsule, then transferred to individual HCU and loaded into the MARS 

system aboard the ISS. Unberthing from the ISS and splashdown of live mice occurred 

on L+32, and the live mice were collected by the science teams for functional testing and 

tissue collection at KSC. 

Tissue Harvest: The right intact knees of the mice were harvested and fixed in 10% 

Neutral-buffered formalin for preservation for 3 days prior to being placed into 70% 
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ethanol for storage. The right proximal femur was isolated, placed in RNAlater, flash 

frozen in liquid nitrogen, and stored at -80 °C. The femur and tibia from the left hind 

limb were disarticulated, and the meniscus was micro-dissected, placed in RNAlater, 

flash frozen in liquid nitrogen, and stored at -80 °C.   

Microcomputed Tomography (MicroCT): To assess articular cartilage and meniscal 

structural changes, the intact right knees was were immersed in a 1% solution of 

phosphotungstic acid, a contrast-enhancing agent [22], [23], and imaged using the Bruker 

Skyscan 1275 instrument at the following settings: X-Ray emission parameters of 65 kV 

and 153 µA, and at a 10µm resolution. Two-dimensional X-ray data were gathered by 

averaging two images at each of 1400 positions, spaced 0.3° apart. Image reconstruction 

was conducted using NRecon v1.7.4.2. Subsequently, Mimics 23.0 software was 

employed for segmentation of the meniscus and cartilage to assess meniscal volume and 

cartilage thickness at the medial tibial plateau. 

Bulk RNAseq Analysis: Total RNA from the menisci was isolated using the Bead Ruptor 

24 (Omni International) and RNA integrity was verified using an Agilent TapeStation 

and the High Sensitivity RNA ScreenTape Kit® (Agilent Technologies). RNA-seq 

libraries was constructed from ~5 ng of total RNA using the SMARTer Stranded Total 

RNA-Seq Kit v2 – Pico Input Mammalian (Takara Bio USA, Inc.). The libraries were 

normalized, pooled and then sequenced on the Illumina NovaSeq 6000. Trimmomatic 

v0.33 was used to trim and clean the reads and read alignment was conducted using the 

STAR v2.5.3. Differentially expressed genes (DEGs) were verified using edgeR v4.2.0 

and statistically significant results defined as p ≤ 0.05 after adjusting for false discovery 

(FDR) were analyzed using Ingenuity Pathway Analysis (IPA). 



125  

Proteomic Analysis: Protein was isolated from proximal femoral cartilage from the right 

hindlimb and were analyzed on a LC-MS/MS system consisted of an Orbitrap Eclipse 

Mass Spectrometer (Thermo Scientific, Waltham, MA) and a Vanquish Neo nano-UPLC 

system (Thermo Scientific, Waltham, MA). Peptides were separated on a DNV PepMap 

Neo (1500 bar, 75 μm x 500 mm) column for 120min employing linear gradient elution 

consisted of water (A) and 80% acetonitrile (B) both of which contained 0.1% formic 

acid. Data were acquired by top speed data dependent mode where maximum MS/MS 

scans were acquired per cycle time of 1 seconds between adjacent survey spectra. 

Dynamic exclusion option was enabled which duration was set to 120 seconds. To 

identify proteins, spectra were searched against the UniProt mouse protein FASTA 

database (17,082 annotated entries, Oct 2021) using the Sequest HT search engine with 

the Proteome Discoverer v2.5 (Thermo Scientific, Waltham, MA). Search parameters 

were as follows: FT-trap instrument; parent mass error tolerance, 10 ppm; fragment mass 

error tolerance, 0.6 Da (monoisotopic); enzyme, trypsin (full); # maximum missed 

cleavages, 2; variable modification, +15.995 Da (oxidation) on methionine; static 

modification, +57.021 Da (carbamidomethyl) on cysteine.  

Histology: Histology was performed on the intact right knee joint following contrast-

enhanced microCT imaging to characterize degradation of soft tissue structures. Tissues 

were decalcified in EDTA for 14 days with a solution change at day 7 following 

previously published protocol [24], [25]. The hindlimbs were paraffin embedded and 5 

µm-thick coronal sections at the cartilage-cartilage contact point were harvested. 

Safranin-O histochemical staining was conducted to quantify the proteoglycan content. 
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Stained sections were scanned at 20x using the Olympus vs120 and analyzed utilizing the 

Viziopharm v2023.01 image analysis software. 

Statistical Analysis: The comparisons for cartilage and meniscal health were calculated 

with either a one-way ANOVA with a Tukey post-hoc test for multiple comparisons or an 

unpaired t-test.  For transcriptomic and proteomic analyses, differentially expressed 

genes/proteins that were statistically significant results defined as p ≤ 0.05 after adjusting 

for false discovery (FDR) were analyzed using Ingenuity Pathway Analysis (IPA).  

 

Results 

Joint soft tissue morphometric alterations after 35 days in orbit at µg, 0,33g, 0.67g, and 

1g 

Morphometric analyses via contrast enhanced microCT identified no significant 

differences in any FLIGHT groups compared to HGC or VGC (Fig 1a). Medial meniscal 

volume was lower after 35 days of spaceflight compared to HGC and VIV across groups 

(Fig 1b); (-16.8% for 1g vs HGC, p<0.001; -14.6% for 0.66g vs HGC, p<0.005; -11.9% 

for 0.33g vs HGC, p<0.05; -15.4% for μg vs HGC, p<0.005)  

 

Differential gene expression analysis of menisci after 35 days in orbit at µg, 0,33g, 0.67g, 

and 1g compared to HGC to characterize arthritic responses 

Comparative analysis of µg FLIGHT vs HGC menisci identified 1260 significantly 

altered genes (p<0.05) (Fig. 2a). Pro-osteoarthritic differential gene expression 
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enrichment of Tppp3 and Slc6a2, and decreased expression of Gabarapl1, Pip3ip1, 

Spock2, Adamts5, and Dio3 was observed (Fig. 2a). Comparative analysis of 0.33g 

FLIGHT vs HGC menisci identified 2159 significantly altered genes (p<0.05) (Fig. 2b). 

Pro-osteoarthritic differential gene expression enrichment of Slc6a2 and decreased 

expression of Gabarapl1, Pip3ip1, Pdk4, and Spock2 was observed (Fig. 2b). 

Comparative analysis of 0.67g FLIGHT vs HGC menisci identified 1075 significantly 

altered genes (p<0.05) (Fig. 2c). Pro-osteoarthritic differential gene expression 

enrichment of Slc6a2, Tppp, and Tppp3, and decreased expression of Gabarapl1, Pip3ip1, 

Pdk4, and Dio3 was observed (Fig 2c). Comparative analysis of 1g FLIGHT vs HGC 

menisci identified 101 significantly altered genes (p<0.05) (Fig. 2d). Pro-osteoarthritic 

differential gene expression enrichment of Mpo and decreased expression of Penk and 

Dio3 was observed (Fig. 2d). 

 

Comparative transcriptomic analysis of menisci after 35 days in orbit at µg, 0,33g, 0.67g, 

and 1g compared to HGC to characterize arthritic responses 

Comparative analysis of µg vs HGC menisci indicated enrichment of markers associated 

with osteoarthritis (ADAMTS5, MMP9, MMP13, FOXO3) (Z-score>2, p<0.001) (Fig. 

3a). Additionally, a downregulation of GP6 signaling pathway, cholesterol biosynthesis 

pathways, and osteoclastic signaling characterized by a reduction in collagen and 

increased matrix degrading enzymes was observed after 35 days in orbit. (Z-score>-2, 

p<0.001) (Fig. 3a). Comparative analysis of 0.33g FLIGHT vs HGC menisci indicated 

enrichment of pro-arthritic pathways associated with oxidative phosphorylation, reduced 
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collage production, inflammation, cellular autophagy, and cellular senescence, and a 

downregulation of matrix protein synthesis (chondroitin sulfate, dermatan sulfate) and 

antioxidant defenses characterized by mitochondrial dysfunction (Z-score>±2, p<0.001) 

(Fig. 3b). Comparative analysis of 0.67g vs HGC menisci indicated enrichment of pro-

arthritic pathways associated cytokine signaling, cell cycle progression and matrix 

degradation, and decreased expression of cholesterol biosynthesis (Z-score>±2, p<0.001) 

(Fig 3c). Comparative analysis of 1g vs HGC menisci indicated lower magnitude of 

changes indicating pro-arthritic pathways compared to µg, 0.33g and 0.67g, with a partial 

enrichment in pathways associated with cell cycle progression, DNA damage and 

inflammation (Z-score>2, p<0.001) (Fig. 4d). 

 

Comparative transcriptomic conical pathway analysis of menisci after 35 days in orbit at 

µg, 0,33g, 0.67g, and 1g compared to HGC to characterize arthritic responses 

Comparative analysis of canonical pathway alterations in the menisci of mice exposed to 

µg, 0.33g, and 0.67g vs HGC indicated differentially enriched cellular stress and injury 

pathways (TRAPP, HIF1α, p53, PI3K/AKT), cell cycle progression pathways, lipid 

metabolism (fatty acid α-oxidation, pyridoxal 5’-phophate salvage pathway), pro-

inflammatory pathways (MAPK, USP18, KL, DYSF), pro-arthritic pathways (S100, 

SIRT1/AMPK, ER-α, ET-1), and pro-apoptotic pathways (AMPK, PTEN, DDB1, AHR, 

CASP8) (p<0.001, z-score >2) (Fig. 4). Furthermore, comparative analysis indicated 

downregulation of cellular stress response pathways (UPR, RHOA, 14-3-3α, NCF1, IL5), 

extracellular matrix (ECM) synthesis (CS, DS, PDXN, trigylcerol, cholesterol), and 
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antioxidant defenses (CCR2, VitC) in µg, 0.33g, and 0.67g vs GC (p<0.001, z-score >-2) 

(Fig. 4). However, pathway expression was similar between 1g and HGC especially for 

cartilage ECM synthesis (CS, DS, PDXN, trigylcerol, cholesterol) indicating diminished 

pre-arthritic pathway alterations at 1g compared to partial gravity and µg groups. 

(p<0.001, z-score >±2) (Fig. 4). 

 

Comparative proteomic analysis of proximal femoral cartilage after 35 days in orbit at 

µg, 0,33g, 0.67g, and 1g compared to HGC to characterize arthritic responses 

Comparative analysis of µg FLIGHT vs HGC proximal femoral cartilage identified 80 

significantly altered proteins (p<0.05) (Fig. 5a). Pro-osteoarthritic enriched differential 

protein expression of Ki67, RSP27a, and SNRPA1, and decreased expression of GSTP1-

1 and R-Ras was observed (Fig. 5a). Comparative analysis of 0.33g FLIGHT vs HGC 

proximal femoral cartilage identified 56 significantly altered proteins (p<0.05) (Fig. 5b). 

Pro-osteoarthritic enriched differential protein expression of RSP27a and SNRPA1, and 

decreased expression of GSTP1-1, RPL32, and R-Ras was observed (Fig. 5b). 

Comparative analysis of 0.67g FLIGHT vs HGC proximal femoral cartilage identified 

132 significantly altered proteins (p<0.05) (Fig. 5c). Pro-osteoarthritic enriched 

differential protein expression of RSP27a and SNRPA1 and decreased expression of 

GSTP1-1 was observed (Fig. 5c). Comparative analysis of 1g FLIGHT vs HGC proximal 

femoral cartilage identified 20 significantly altered proteins (p<0.05) (Fig. 5d). Pro-

osteoarthritic enriched differential protein expression of Ki67 and RSP27a, and decreased 

expression of GSTP1-1, RPL32, and R-Ras was observed (Fig. 5d). 
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Comparative proteomic analysis of proximal femoral cartilage after 35 days in orbit at 

µg, 0,33g, 0.67g, and 1g compared to HGC to characterize arthritic responses 

Comparative analysis of µg vs HGC proximal femoral cartilage indicated pro-

osteoarthritic enrichment of markers associated with mitochondrial dysfunction, cell 

cycle progression and a decrease in markers associated with oxidative phosphorylation 

(Z-score>±2, p<0.001) (Fig. 6a). Comparative analysis of 0.33g vs HGC proximal 

femoral cartilage indicated pro-osteoarthritic decrease in markers associated with EIF2 

signaling and neutrophil degranulation (Z-score>-2, p<0.001) (Fig. 6b). Comparative 

analysis of 0.67g vs HGC proximal femoral cartilage indicated pro-osteoarthritic 

enrichment of markers associated with mitochondrial dysfunction, cell cycle progression, 

RUNX3 transcriptional regulation, and a decrease in markers associated with oxidative 

phosphorylation (Z-score>±2, p<0.001) (Fig. 6c). Comparative analysis of 1g vs HGC 

proximal femoral cartilage indicated pro-osteoarthritic enrichment of markers associated 

with mitochondrial dysfunction, cell cycle progression, RUNX3 transcriptional 

regulation, and a decrease in markers associated with oxidative phosphorylation and 

neutrophil degranulation (Z-score>±2, p<0.001) (Fig. 6d). 

 

Joint soft tissue histological and immunohistochemical alterations after 35 days in orbit 

at µg, 0,33g, 0.67g, and 1g. 

Sulfated glycosaminoglycans (GAG) in the medial tibial articular cartilage were similar 

in all FLIGHT cohorts (Fig. 7a). All FLIGHT cohorts had reduced sulfated GAG 
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concentration compared to HGC (-17.0% µg vs HGC, -20.4% 0.33g vs HGC, 6.3% 0.67g 

vs HGC, -20.1% vs HGC) (Fig. 7a). Sulfated GAG concentration in the medial menisci 

was lower after in µg (13%) and 0.33g (11.1%) compared to 0.67g (17.9%) and 1g 

(18.7%) FLIGHT cohorts (Fig. 7b). All flight cohorts had a lower sulfated GAG 

concentration in the medical menisci compared to HGC and VGC (Fig. 7b). 

 

Discussion 

 Identifying countermeasures against spaceflight-induced musculoskeletal 

complications and characterizing how partial gravity environments will affect 

musculoskeletal health is important for the preservation of astronaut health and mission 

success for missions outside of LEO. Importantly, this study identified that: 1] 

Continuous exposure to 1g of gravitational acceleration via centrifugation failed to 

preserve meniscal volume and articular cartilage thickness; 2] Proteomic and 

transcriptomic changes of the joint soft tissue were mitigated in a gravity-dose dependent 

manner compared to controls, with major differences observed after µg, 0.33g, and 0.67g 

that were then attenuated at 1g, and; 3] Mice exposed to artificial 1g maintained meniscal 

ECM synthesis and sulfated GAG expression compared to controls, and ECM synthesis 

was significantly downregulated in µg, 0.33g, and 0.67g groups. 

 Rodents exposed to artificial gravity at µg, 0.33g, 0.67g, and 1g via centrifugation 

for 35 days aboard the ISS had the similar articular cartilage thickness at the medial tibial 

plateau as HGC and VGC (Fig. 1a). However, sulfated GAG expression in the articular 

cartilage decreased in all FLIGHT groups compared to HGC (Fig. 7a). These findings 
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differ from the rodent research 9 (RR9 mission) which found that articular cartilage 

thickness at the medial tibial plateau decreased in FLIGHT animals compared to HGC 

and VGC [25]. It is important to note that the housing differences between the MHU8 

and RR9 missions may have affected the differential findings regarding cartilage 

thickness observed after continuous exposure to µg. Mice for RR9 rodents were group 

housed (10 rodents/habitat, with the divider removed [25]) whereas for MHU8, the mice 

were single housed in the smaller MARS unit.  

Exposure to prolonged artificial gravity via centrifugation for 35 days aboard the ISS 

failed to preserve medial meniscal volume; µg, 0.33g, 0.67g, and 1g FLIGHT groups 

exhibited a similar decrease in volume compared to HGC and VGC (Fig 1b). While 

meniscal sulfated GAG content was lower in all FLIGHT groups compared to ground, 

there was some preservation seen at the 0.67g and 1g groups compared to HGC and VGC 

(Fig 7b). Differential gene expression analysis vs HGC revealed pro-arthritic increased 

Tppp3, Tppp, and Slc6a2, and decreased Pdk4, Gabarapl1, Spock2, Pik3ip1, Dio3, and 

Adamts5 expression after 35 days spaceflight in the µg, 0.33g and 0.67g FLIGHT groups 

(Fig. 2). Studies have indicated that increased Tppp and Tppp3 contributes to heterotopic 

ossification resulting from aberrant osteochondral differentiation after trauma resulting in 

osteoarthritis and gait impairment in rodents [26]–[28]. Furthermore, studies performing 

transcriptomic analysis of cartilage have indicated an increased expression of Tppp3 and 

Tppp genes in osteoarthritic tissue [29], [30]. A decrease in meniscal Pdk4, Gabarapl1, 

and Pik3ip1 expression indicate pre-arthritic increased chondrocyte autophagy and 

synovial inflammation [31]–[36]. Additionally, a decrease in extracellular matrix 

remodeling markers, Spock2 and Adamts5 was seen in flight menisci, indicating pro-
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osteoarthritic disruption in cartilage homeostasis and joint degradation [37]–[39]. 

Notably, the 1g FLIGHT cohort did not see any significant alteration in the gene 

expression profiles of these markers and moreover, there were only 101 significantly 

altered genes vs HGC, compared to 1260, 2159, and 1075 significantly altered genes in 

the µg, 0.33g, and 0.67g flight groups, respectively. These findings indicate that there 

may be a threshold between 0.33g and 0.67g where meniscal volume can be preserved 

under artificial gravity. The large decrease in meniscal volume at µg and 0.33g, Martian 

gravity, may indicate a need to develop countermeasures to preserve joint soft tissue in 

transit and in partial gravity environments at destination.  

 Protein expression profiles of cartilage lining the proximal femur after 35d in artificial 

gravity revealed a similar pattern with a reduced number of significant differentially 

expressed proteins in the 1g FLIGHT group (20), vs µg (80), 0.33g (56), and 0.67g (120). 

A reduced expression of GTSP1-1, R-Ras, and RPL32 and an increased expression of 

RSP27a, Ki67, and SNRPA1 was seen across all FLIGHT cohorts.  Reduced expression 

of R-Ras and RPL32 indicate synovial inflammation and chondrocyte hypertrophy [40]–

[43]. Furthermore, treatment GTSP-1 has demonstrated efficacy in reducing cartilage 

degradation and inflammation markers as well as significant improvements in pain and 

functional outcomes indicating its protective role against osteoarthritis [44]. Elevated 

protein expression of RSP27a, Ki67, and SNRPA1 in the articular cartilage further 

support that spaceflight regardless of artificial gravity induces a pre-arthritic phenotype in 

the knee joint [45]–[49].  

 Chondrocyte autophagy, synovial inflammation, and chondrocyte hypertrophy 

have been well characterized to contribute to the development of osteoarthritis in the 



134  

knee joint [50]–[52].  Reduced weight-bearing due to a lack of gravity can have 

deleterious effects on the musculoskeletal system, and this degeneration can risk mission 

success and impact astronaut performance and health [53]. The study supports the 

findings of the RR9 mission in spaceflight damages the joint soft tissue and induces 

arthritic responses [24]. Artificial gravity via centrifugation failed to preserve the menisci 

of articular cartilage, however at the transcriptomic and proteomic levels, artificial 1g did 

prevent significant differential expression compared to HGC. Further investigation is still 

needed to validate the protective effects of artificial gravity on the knee joint during 

spaceflight. 

 

Acknowledgements 

The authors would like to acknowledge research support from the Cancer Genomics 

Shared Resource and the Tumor Tissue and Pathology Shared Resource Comprehensive 

Cancer Center of Wake Forest University NCI CCSG P30CA012197 grant. The authors 

would like to acknowledge the support of the Imaging and Mechanics-based Projects on 

Accidental Cases of Trauma (IMPACT) Award #1950281. This work was supported by 

The Milton Raben, MD, Professorship (JSW). This work was supported by 

80NSSC19K0534, 80NSSC20K1501, 80NSSC20K1519, JAXA 21YT000361, 

22YT000101, and 23YT000129. This experiment result is achieved based on Japan-U.S. 

Open Platform Partnership Program. 

 

Author contributions 



135  

The following authors served as science team leaders and contributed to the scientific 

design of the MHU8 study: J.S.W., M.L.B., J.C., S.T., C.F., and M.V. J.S.W. and C.M.P. 

contributed to the conception and design of the knee joint analysis. C.M.P., J.S.W., K.R. 

and A.C. contributed to the performance of the studies. C.M.P., J.S.W., S.V.W., L.K. and 

A.C. contributed to the analysis and interpretation of the data. C.M.P. and J.S.W. wrote 

the main manuscript text. C.M.P. and J.S.W. prepared Figs. 1-7. All authors reviewed the 

manuscript. 

 

Competing interests 

The authors declare no competing interests. 

 

References 

[1] R. O. Nielsen, P. Schjerling, P. Tesch, P. Stål, and H. Langberg, “Collagen 

content in the vastus lateralis and the soleus muscle following a 90-day bed rest period 

with or without resistance exercises,” Muscles. Ligaments Tendons J., vol. 5, no. 4, p. 

305, Oct. 2015, doi: 10.11138/MLTJ/2015.5.4.305. 

[2] B. J. Parmenter, J. Raymond, P. J. Dinnen, R. J. Lusby, and M. A. Fiatarone 

Singh, “Preliminary evidence that low ankle-brachial index is associated with reduced 

bilateral hip extensor strength and functional mobility in peripheral arterial disease,” J. 

Vasc. Surg., vol. 57, no. 4, pp. 963-973.e1, 2013, doi: 10.1016/J.JVS.2012.08.103. 

[3] A. Leblanc et al., “Muscle volume, MRI relaxation times (T2), and body 



136  

composition after spaceflight,” 2000, Accessed: Dec. 13, 2022. [Online]. Available: 

http://www.jap.org. 

[4] J. S. Willey, S. A. J. Lloyd, G. A. Nelson, and T. A. Bateman, “Ionizing Radiation 

and Bone Loss: Space Exploration and Clinical Therapy Applications,” Clin Rev Bone 

Min. Metab, vol. 9, no. 1, pp. 54–62, 2011, doi: 10.1007/s12018-011-9092-8. 

[5] J. S. Willey, S. A. J. Lloyd, G. A. Nelson, and T. A. Bateman, “Space Radiation 

and Bone Loss.” 

[6] T. Tominari et al., “Hypergravity and microgravity exhibited reversal effects on 

the bone and muscle mass in mice,” Sci. Reports 2019 91, vol. 9, no. 1, pp. 1–10, Apr. 

2019, doi: 10.1038/s41598-019-42829-z. 

[7] A. T. Kwok et al., “Spaceflight and hind limb unloading induces an arthritic 

phenotype in knee articular cartilage and menisci of rodents,” Sci. Rep., vol. 11, no. 1, 

Dec. 2021, doi: 10.1038/S41598-021-90010-2. 

[8] A. Kwok et al., “Altered rodent gait characteristics after ~35 days in orbit aboard 

the International Space Station,” Life Sci. Sp. Res., vol. 24, pp. 9–17, Feb. 2020, doi: 

10.1016/J.LSSR.2019.10.010. 

[9] J. C. Buckey, “Preparing for Mars: the physiologic and medical challenges.,” 

European journal of medical research, 1999. https://pubmed.ncbi.nlm.nih.gov/10477498/ 

(accessed Dec. 13, 2022). 

[10] J. Sibonga et al., “Resistive exercise in astronauts on prolonged spaceflights 

provides partial protection against spaceflight-induced bone loss,” Bone, vol. 128, Nov. 



137  

2019, doi: 10.1016/j.bone.2019.07.013. 

[11] A. LeBlanc et al., “Bisphosphonates as a supplement to exercise to protect bone 

during long-duration spaceflight,” Osteoporos. Int., vol. 24, no. 7, pp. 2105–2114, Jul. 

2013, doi: 10.1007/S00198-012-2243-Z. 

[12] A. Okada et al., “Bisphosphonate Use May Reduce the Risk of Urolithiasis in 

Astronauts on Long-Term Spaceflights,” JBMR Plus, vol. 6, no. 1, Jan. 2022, doi: 

10.1002/JBM4.10550. 

[13] J. Sibonga et al., “Resistive exercise in astronauts on prolonged spaceflights 

provides partial protection against spaceflight-induced bone loss,” Bone, vol. 128, Nov. 

2019, doi: 10.1016/J.BONE.2019.07.013. 

[14] K. A. Greene, J. A. Tooze, L. Lenchik, and A. A. Weaver, “Change in Lumbar 

Muscle Size and Composition on MRI with Long-Duration Spaceflight,” Ann. Biomed. 

Eng., vol. 50, no. 7, pp. 816–824, Jul. 2022, doi: 10.1007/S10439-022-02968-3. 

[15] J. M. Evans, C. F. Knapp, and N. Goswami, “Artificial gravity as a 

countermeasure to the cardiovascular deconditioning of spaceflight: Gender 

perspectives,” Front. Physiol., vol. 9, no. JUL, p. 716, Jul. 2018, doi: 

10.3389/FPHYS.2018.00716/BIBTEX. 

[16] G. R. Clément, A. P. Bukley, W. H. Paloski, A. Mulavara, M. M. Cohen, and B. 

Mcgrath, “Artificial gravity as a countermeasure for mitigating physiological 

deconditioning during long-duration space missions,” 1961, doi: 

10.3389/fnsys.2015.00092. 



138  

[17] R. Ellman, J. Spatz, A. Cloutier, R. Palme, B. A. Christiansen, and M. L. 

Bouxsein, “Partial reductions in mechanical loading yield proportional changes in bone 

density, bone architecture, and muscle mass,” J. Bone Miner. Res., vol. 28, no. 4, pp. 

875–885, Apr. 2013, doi: 10.1002/JBMR.1814. 

[18] M. Shimbo et al., “Ground-based assessment of JAXA mouse habitat cage unit by 

mouse phenotypic studies,” Exp. Anim., vol. 65, no. 2, pp. 175–187, 2016, doi: 

10.1538/EXPANIM.15-0077. 

[19] D. Shiba et al., “Development of new experimental platform ‘MARS’—Multiple 

Artificial-gravity Research System—to elucidate the impacts of micro/partial gravity on 

mice,” Sci. Reports 2017 71, vol. 7, no. 1, pp. 1–10, Sep. 2017, doi: 10.1038/S41598-

017-10998-4. 

[20] T. Tominari et al., “Hypergravity and microgravity exhibited reversal effects on 

the bone and muscle mass in mice,” Sci. Rep., vol. 9, no. 1, Dec. 2019, doi: 

10.1038/S41598-019-42829-Z. 

[21] G. Clément, “International roadmap for artificial gravity research,” NPJ 

microgravity, vol. 3, no. 1, Dec. 2017, doi: 10.1038/S41526-017-0034-8. 

[22] A. Capozzi, C. Saucier, C. Bisbal, and K. Lambert, “Grape Polyphenols in the 

Treatment of Human Skeletal Muscle Damage Due to Inflammation and Oxidative Stress 

during Obesity and Aging: Early Outcomes and Promises,” Molecules, vol. 27, no. 19, 

Oct. 2022, doi: 10.3390/MOLECULES27196594. 

[23] M. Paździor, M. Kiełczykowska, J. Kurzepa, D. Luchowska-kocot, J. Kocot, and 



139  

I. Musik, “The Oxidative Stress in Knee Osteoarthritis Patients. An Attempt of 

Evaluation of Possible Compensatory Effects Occurring in the Disease Development,” 

Medicina (Kaunas)., vol. 55, no. 5, May 2019, doi: 10.3390/MEDICINA55050150. 

[24] A. T. Kwok et al., “Spaceflight and hind limb unloading induces an arthritic 

phenotype in knee articular cartilage and menisci of rodents,” Sci. Rep., vol. 11, no. 1, p. 

10469, Dec. 2021, doi: 10.1038/S41598-021-90010-2. 

[25] J. S. Willey et al., “Spaceflight-Relevant Challenges of Radiation and/or Reduced 

Weight Bearing Cause Arthritic Responses in Knee Articular Cartilage,” Radiat. Res., 

vol. 186, no. 4, pp. 333–344, Oct. 2016, doi: 10.1667/RR14400.1. 

[26] J. H. Yea et al., “Tppp3+ synovial/tendon sheath progenitor cells contribute to 

heterotopic bone after trauma,” Bone Res. 2023 111, vol. 11, no. 1, pp. 1–12, Jul. 2023, 

doi: 10.1038/s41413-023-00272-x. 

[27] J. A. Staverosky, B. A. Pryce, S. S. Watson, and R. Schweitzer, “Tubulin 

polymerization-promoting protein family member 3, Tppp3, is a specific marker of the 

differentiating tendon sheath and synovial joints,” Dev. Dyn., vol. 238, no. 3, pp. 685–

692, Mar. 2009, doi: 10.1002/DVDY.21865. 

[28] L. Ameye, D. Aria, K. Jepsen, A. Oldberg, T. Xu, and M. F. Young, “Abnormal 

collagen fibrils in tendons of biglycan/fibromodulin-deficient mice lead to gait 

impairment, ectopic ossification, and osteoarthritis,” FASEB J., vol. 16, no. 7, pp. 673–

680, May 2002, doi: 10.1096/FJ.01-0848COM. 

[29] M. F. Rai, E. D. Tycksen, L. Cai, J. Yu, R. W. Wright, and R. H. Brophy, 



140  

“Distinct Degenerative Phenotype of Articular Cartilage from Knees with Meniscus Tear 

Compared to Knees with Osteoarthritis,” Osteoarthr. Cartil., vol. 27, no. 6, p. 945, Jun. 

2019, doi: 10.1016/J.JOCA.2019.02.792. 

[30] Y. Hu et al., “Transcriptomic analyses of joint tissues during osteoarthritis 

development in a rat model reveal dysregulated mechanotransduction and extracellular 

matrix pathways,” Osteoarthr. Cartil., vol. 31, no. 2, pp. 199–212, Feb. 2023, doi: 

10.1016/J.JOCA.2022.10.003. 

[31] B. Brandstetter et al., “FOXO3 is involved in the tumor necrosis factor-driven 

inflammatory response in fibroblast-like synoviocytes,” Lab. Investig., vol. 99, no. 5, pp. 

648–658, May 2019, doi: 10.1038/S41374-018-0184-7. 

[32] J. H. Park et al., “Anti-Ischemic Effects of PIK3IP1 Are Mediated through Its 

Interactions with the ETA-PI3Kγ-AKT Axis,” Cells, vol. 11, no. 14, Jul. 2022, doi: 

10.3390/CELLS11142162/S1. 

[33] J. Wang et al., “Screening crucial lncRNAs and genes in osteoarthritis by 

integrated analysis,” Adv. Rheumatol., vol. 63, no. 1, pp. 1–10, Dec. 2023, doi: 

10.1186/S42358-023-00288-1/FIGURES/6. 

[34] J. Liu, Q. Fu, and S. Liu, “Transcriptional Regulation Based on Network of 

Autophagy Identifies Key Genes and Potential Mechanisms in Human Osteoarthritis,” 

Cartilage, vol. 13, no. 2, pp. 1431S-1441S, Dec. 2021, doi: 

10.1177/1947603520951632/ASSET/IMAGES/LARGE/10.1177_1947603520951632-

FIG6.JPEG. 



141  

[35] H. Cao et al., “Advances in the study of mitophagy in osteoarthritis,” J. Zhejiang 

Univ. Sci. B, vol. 25, no. 3, p. 197, Mar. 2024, doi: 10.1631/JZUS.B2300402. 

[36] Z. Li, L. Xie, H. Zeng, and Y. Wu, “PDK4 inhibits osteoarthritis progression by 

activating the PPAR pathway,” J. Orthop. Surg. Res., vol. 19, no. 1, p. 109, Dec. 2024, 

doi: 10.1186/S13018-024-04583-5. 

[37] S. S. Zhao, V. Karhunen, A. P. Morris, and D. Gill, “ADAMTS5 as a therapeutic 

target for osteoarthritis: Mendelian randomisation study,” Ann. Rheum. Dis., vol. 81, no. 

6, pp. 903–904, Jun. 2022, doi: 10.1136/ANNRHEUMDIS-2021-222007. 

[38] A. Latourte and P. Richette, “Inhibition of ADAMTS-5: the right target for 

osteoarthritis?,” Osteoarthr. Cartil., vol. 30, no. 2, pp. 175–177, Feb. 2022, doi: 

10.1016/j.joca.2021.09.012. 

[39] I. C. M. Pelsma et al., “Variants of FOXO3 and RPA3 genes affecting IGF-1 

levels alter the risk of development of primary osteoarthritis,” Eur. J. Endocrinol., vol. 

184, no. 1, pp. 29–39, Jan. 2021, doi: 10.1530/EJE-20-0904. 

[40] S. Fauteux-Daniel, L. M. Merlo Pich, C. Girard-Guyonvarc’h, A. Caruso, E. 

Rodriguez, and C. Gabay, “The role of interleukin-18 and interleukin-18 binding protein 

in K/BxN serum transfer-induced arthritis,” Front. Immunol., vol. 14, p. 1215364, Jun. 

2023, doi: 10.3389/FIMMU.2023.1215364/BIBTEX. 

[41] F. Rousset et al., “IL-1beta mediates MMP secretion and IL-1beta neosynthesis 

via upregulation of p22phox and NOX4 activity in human articular chondrocytes,” 

Osteoarthr. Cartil., vol. 23, no. 11, pp. 1972–1980, Nov. 2015, doi: 



142  

10.1016/j.joca.2015.02.167. 

[42] Y. Wu et al., “Renin-angiotensin system in osteoarthritis: A new potential 

therapy,” Int. Immunopharmacol., vol. 75, p. 105796, Oct. 2019, doi: 

10.1016/J.INTIMP.2019.105796. 

[43] M. Zayoud, E. Vax, G. Elad-Sfadia, I. Barshack, R. Pinkas-Kramarski, and I. 

Goldstein, “Inhibition of Ras GTPases prevents Collagen‐Induced Arthritis by Reducing 

the Generation of Pathogenic CD4+ T Cells and the Hyposialylation of Autoantibodies,” 

ACR Open Rheumatol., vol. 2, no. 9, p. 512, Sep. 2020, doi: 10.1002/ACR2.11169. 

[44] T. Setti, M. G. L. Arab, G. S. Santos, N. Alkass, M. A. P. Andrade, and J. F. S. D. 

Lana, “The protective role of glutathione in osteoarthritis,” J. Clin. Orthop. Trauma, vol. 

15, p. 145, Apr. 2021, doi: 10.1016/J.JCOT.2020.09.006. 

[45] G. G. H. Van Den Akker, M. M. J. Caron, M. J. Peffers, and T. J. M. Welting, 

“Ribosome dysfunction in osteoarthritis,” Curr. Opin. Rheumatol., vol. 34, no. 1, p. 61, 

Jan. 2022, doi: 10.1097/BOR.0000000000000858. 

[46] W. Madej, P. Buma, and P. van der Kraan, “Inflammatory conditions partly 

impair the mechanically mediated activation of Smad2/3 signaling in articular cartilage,” 

Arthritis Res. Ther., vol. 18, no. 1, Jun. 2016, doi: 10.1186/S13075-016-1038-6. 

[47] “Integrative meta-analysis of differentially expressed genes in osteoarthritis using 

microarray technology.” https://www.spandidos-

publications.com/10.3892/mmr.2015.3790 (accessed Jun. 06, 2024). 

[48] Y. Ge et al., “Identification and validation of hub genes of synovial tissue for 



143  

patients with osteoarthritis and rheumatoid arthritis,” Hereditas, vol. 158, no. 1, pp. 1–16, 

Dec. 2021, doi: 10.1186/S41065-021-00201-0/FIGURES/7. 

[49] F. Pessler et al., “Subintimal Ki-67 as a synovial tissue biomarker for 

inflammatory arthropathies,” Ann. Rheum. Dis., vol. 67, no. 2, pp. 162–167, Feb. 2008, 

doi: 10.1136/ARD.2007.071670. 

[50] E. Sanchez-Lopez, R. Coras, A. Torres, N. E. Lane, and M. Guma, “Synovial 

inflammation in osteoarthritis progression,” Nat. Rev. Rheumatol., vol. 18, no. 5, p. 258, 

May 2022, doi: 10.1038/S41584-022-00749-9. 

[51] R. Duan, H. Xie, and Z. Z. Liu, “The Role of Autophagy in Osteoarthritis,” Front. 

Cell Dev. Biol., vol. 8, p. 608388, Nov. 2020, doi: 10.3389/FCELL.2020.608388. 

[52] S. Chawla et al., “Chondrocyte Hypertrophy in Osteoarthritis: Mechanistic 

Studies and Models for the Identification of New Therapeutic Strategies,” Cells, vol. 11, 

no. 24, Dec. 2022, doi: 10.3390/CELLS11244034. 

[53] B. Ganse, M. Cucchiarini, and H. Madry, “Joint Cartilage in Long-Duration 

Spaceflight,” Biomedicines, vol. 10, no. 6, Jun. 2022, doi: 

10.3390/BIOMEDICINES10061356. 

 

Figures and Tables 



144  

 

Figure 1. (A) Meniscal volume decreased after 35 days in orbit in all FLIGHT groups 

regardless of artificial gravity conditions. (*p<0.05) (B) No significant difference in 

thinning of the tibial articular cartilage at the medica tibial plateau was observed after 35 

days in orbit.  
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Figure 2. (A) Comparative analysis of µg FLIGHT vs HGC menisci identified 1260 

significantly altered genes (p<0.05) (B) Comparative analysis of 0.33g FLIGHT vs HGC 

menisci identified 2159 significantly altered genes (p<0.05 (C) Comparative analysis of 

0.67g FLIGHT vs HGC menisci identified 1075 significantly altered genes (p<0.05). (D) 

Comparative analysis of 1g FLIGHT vs HGC menisci identified 101 significantly altered 

genes (p<0.05).  
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Figure 3. (A) Most significantly altered pathways from comparative analysis of µg vs 

HGC menisci (Z-score>±2, p<0.001). (B) Most significantly altered pathways from 

comparative analysis of 0.33g FLIGHT vs HGC menisci (Z-score>±2, p<0.001). (C) 

Most significantly altered pathways from comparative analysis of 0.67g vs HGC menisci 

(Z-score>±2, p<0.001). (D) Most significantly altered pathways from comparative 

analysis of 1g vs HGC menisci indicated decreased alterations in pro-arthritic pathways 

compared to µg, 0.33g. And 0.67g (Z-score>±2, p<0.001). 
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Figure 4. Comparative analysis of canonical pathway alterations in the menisci of mice 

exposed to µg, 0.33g, and 0.67g vs HGC indicated differentially enriched cellular stress 

and injury pathways cell cycle progression pathways, lipid metabolism, pro-inflammatory 

pathways (MAPK, USP18, KL, DYSF), pro-arthritic pathways, and pro-apoptotic 

pathways (p<0.001, z-score >±2). Furthermore, comparative analysis indicated 

downregulation of cellular stress response pathways, ECM synthesis, and antioxidant 

defenses in µg, 0.33g, and 0.67g vs GC (p<0.001, z-score >±2). However, pathway 

expression was similar between 1g and HGC. (p<0.001, z-score >±2). 

 

 

Figure 5. (A) Comparative analysis of µg FLIGHT vs HGC proximal femoral cartilage 

identified 80 significantly altered proteins (p<0.05). (B) Comparative analysis of 0.33g 

FLIGHT vs HGC proximal femoral cartilage identified 56 significantly altered proteins 

(p<0.05). (C) Comparative analysis of 0.67g FLIGHT vs HGC proximal femoral cartilage 

identified 132 significantly altered proteins (p<0.05). (D) Comparative analysis of 1g 

FLIGHT vs HGC proximal femoral cartilage identified 20 significantly altered proteins 

(p<0.05).  
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Figure 6. (A) Most significantly altered pathways from comparative analysis of µg vs 

HGC proximal femoral cartilage (Z-score>±2, p<0.001). (B) Most significantly altered 

pathways from comparative analysis of 0.33g FLIGHT vs HGC proximal femoral 

cartilage (Z-score>-2, p<0.001). (C) Most significantly altered pathways from 

comparative analysis of 0.67g vs HGC proximal femoral cartilage (Z-score>±2, 

p<0.001). (D) Most significantly altered pathways from comparative analysis of 1g vs 

HGC proximal femoral cartilage (Z-score>±2, p<0.001). 

 

 

Figure 7. (A) Sulfated GAG in the medial tibial articular cartilage exhibited no 

significant differences between FLIGHT cohorts, but all FLIGHT groups had a lower 

sulfated GAG expression compared to HGC. (B) Medial meniscal sulfated GAG 

concentration was lower in all FLIGHT cohorts compared to HGC and VGC. Partial 

preservation of meniscal GAG concentration was observed in 0.67g and 1g FLIGHT 

compared to µg and 0.33g FLIGHT.  
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Summary of Doctoral Thesis 

NASA has announced its Journey to Mars framework for deep space human 

exploration to Mars as early as 2030. Current Artemis missions aim to establish our long-

term human presence on the Moon as a proving ground for future Mars missions. The 

progression of commercial technology and launch systems has increased feasibility of 

establishing a lunar and/or Martian colony and is becoming increasingly more realistic. 

However, before deep space travel can be considered, we must develop countermeasures 

to mitigate human health risks  as outlined by NASA’s Human Research Program, 

including the challenges: reduced weight bearing in partial gravity or microgravity, and 

radiation caused by solar flares or galactic cosmic events [1], [2]. Among these, risks of 

bone fracture due to spaceflight-induced changes to bone and risk of altered 

sensorimotor/vestibular function impacting critical mission tasks have been identified [3], 

[4]. While degradation of bone and muscle are well-documented during spaceflight [5]–

[9], it is unclear how spaceflight affects mechanically sensitive menisci within the knees 

and synovial joints. Degraded joints during and after spaceflight can risk mission success, 

as pain, failure, and lowered stability can impact performance of astronauts during 

dynamic loading conditions, or as necessary, rapid egress maneuver. Because it is critical 

to identify these issues in joint health and investigate countermeasures for spaceflight-

induced musculoskeletal complications, we performed a combination of spaceflight 

studies to the ISS assessing the efficacy of antioxidant treatment, partial gravity, and 1g 

artificial gravity on the preservation of knee joint health.  

We measured the arthritic responses of the menisci and articular cartilage of mice 

during and after spaceflight as part of the Rodent Research-18 mission in 3 conditions: 
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spaceflight aboard the ISS for ~35 days, spaceflight aboard the ISS for ~35 days with 4-

months on Earth recovery, and spaceflight aboard the ISS for ~60 days with animal 

sacrifice on orbit. Our structural and histological analysis identified cartilage degradation, 

specifically thinning of the articular cartilage in the medial tibial plateau and/or loss of 

GAGs, was observed after 35 days of spaceflight both with/without on Earth recovery, 

and at 75 days. Additionally, meniscal volume declined after 35 days of spaceflight; 

BuOE treatment preserved meniscal volume. In contrast to the response from articular 

cartilage, degradation of the menisci was not observed out to 120 days recovery in full 

weight bearing. Further examination of gene expression profiles of menisci found that 

spaceflight disrupts inflammatory responses and cellular stress pathways and increases 

IL1β-induced chondrocyte hypertrophy and FOXO1-medicated chondrocyte autophagy, 

inducing an osteoarthritis phenotype. Transcriptomic alterations within the proximal 

femoral cartilage after spaceflight indicated a disruption in chondrocyte differentiation, 

collagen synthesis, and extracellular matrix remodeling and a downregulation in these 

markers has been implicated in synovial joint inflammation and osteoarthritic 

pathogenesis. Notably, canonical pathway analysis treatment with BuOE indicated 

reduced oxidative stress via increased Hif1α and sirtuin signaling and enrichment of these 

pathways may exert a protective effect against osteoarthritis promoting chondrocyte 

survival, maintaining cartilage homeostasis, and suppressing inflammation. Our findings 

demonstrated treatment with BuOE preserved articular cartilage and menisci during short 

duration spaceflight by downregulating pro-arthritic pathways in the joint soft tissue 

through the reduction of oxidative stress.  
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In addition to the joint soft tissue responses, we also evaluated the trabecular and 

cortical bone alterations as part of the RR18 mission. Trabecular and cortical bone 

volume declined after both 35 days of spaceflight with/without on Earth recovery and 75 

days of spaceflight; BuOE preserved trabecular bone volume only in the 35-day 

spaceflight group. In the context of these findings, it is important to note that treatment 

with BuOE was ceased after a return to Earth for all groups, which may have impacted 

the results for the recovery group. These findings are aligned with a study analyzing 

extent of bone recovery in astronauts after spaceflight aboard ISS, which found that 

cortical, and trabecular bone mineral density declined in short-term flight (6 months) and 

long-term flight (12 months) [7]. Overall, BuOE showed promising results as a potential 

countermeasure for whole joint preservation during long duration spaceflight.  

The impact of spaceflight outside of low earth orbit, during deep space transit, 

and readaptations to partial gravity environments upon reaching a destination, are 

unclear. Reduced loadbearing in sub 1g environments may have deleterious effects on 

joint health, risking mission success and astronaut health. The Joint Partial Gravity 

(Rodent Research)-Mouse Habitat Unit 8 mission exposed mice to various gravitational 

exposures via centrifugation aboard the ISS. We tested if varied levels of artificial gravity 

(AG) via centrifugation aboard the ISS can prevent/attenuate gross and transcriptomic 

arthritic responses in mice. Spaceflight-induced meniscal degradation occurred in all 

flight groups and artificial gravity failed to preserve the tissue. However, continuous 

exposure to 1g prevented the pro-arthritic, pro-inflammatory, pro-apoptotic, anti-cellular 

stress response, anti-proteoglycan synthesis, anti-lipid synthesis, antioxidant defense 

pathways that were enriched or downregulated in µg, 0.33g (Mars gravity), and 0.67g 
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mice. In conclusion, 1g of AG aboard the ISS prevented pro-arthritic pathway enrichment 

and chondrocyte apoptosis, but exposure to lower g-levels resulted in pro-arthritic 

transcriptomic changes similar to those seen in the µg group. These findings were 

supported by proteomic analysis which indicated synovial inflammation and chondrocyte 

hypertrophy in µg, 0.33g, and 0.67g proximal femoral cartilage. These findings further 

support the findings from the RR18 study in that spaceflight results in a pre-arthritic 

phenotype of the knee joint. While artificial gravity via centrifugation failed to preserve 

the menisci of articular cartilage tissue, artificial 1g did prevent significant differential 

expression compared to ground animals at the transcriptomic and proteomic levels 

indicating that further investigation is necessary on AG’s efficacy for the prevention of 

spaceflight-induced joint degradation.  

Neurovestibular and musculoskeletal deficits resulting from exposure to 

microgravity during spaceflight can pose challenges to astronaut health and performance 

[1], [2], [10]–[19]. Pre- and post-flight gait analysis provides a non-invasive assay to 

measure the anatomic and functional consequences of spaceflight hazards in rodents, as 

gait pattern changes in mice reflect pathologies. Gait pattern changes in mice after ~35 

days aboard the ISS as part of the Rodent Research 9 (RR9) mission reflected deficits 

observed in astronauts post-flight, including skeletal and neuromotor deficits, among 

others [20]. In addition to assessing joint soft tissue alterations as part of the MHU8 

mission, additional investigation was conducted to test if artificial gravity can prevent 

gait and performance deficits, and if gait and performance deficits/prevention occur in a 

gravity-dose dependent manner. Continuous exposure to artificial gravity at 1g prevented 

gait abnormalities, while 0.67g attenuated these deficits. Importantly, exposure to 0.33g 
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(Mars gravity) resulted in pronounced gait pattern deficits, with 50% of mice unable to 

locomote linearly, while exposure to µg largely yielded mice non-functional with 0% of 

the mice able to locomote. This study identified that the patterns of gait abnormalities 

(particularly at 0.33g and attenuated at 0.67g) reflected a variety of different correlated 

conditions, but primarily arthritis, traumatic brain injury, neurological dysfunction, and 

ataxia. These findings highlight that gravitational loading conditions can have a major 

impact on functional and physiologic responses.  

 

Importance of Findings 

We determined that potential joint degradation does occur after exposure to 

spaceflight conditions. Structural analysis via contrast enhanced microCT identified a 

decrease in volume at the tibial-femoral cartilage-cartilage contact point, decreased 

meniscal volume, and a decrease in cortical and trabecular bone volume after 35 days 

aboard the ISS. These findings were further supported via proteomic and/or 

transcriptomic analyses which identified an increase in pro-osteoarthritic signaling in the 

joint soft tissue after exposure to spaceflight conditions in both the RR18 and MHU8 

missions. These findings are in agreement with RR9, further establishing an evidence 

base of spaceflight-induced osteoarthritis of the knee and/or hip cartilage. Furthermore, 

the results from the MHU8 study indicate that there is no gravitational threshold for 

spaceflight-induced joint degradation, as the meniscal volume loss and decrease in 

articular cartilage was similar across all flight cohorts. This study addresses the overall 

importance of understanding joint health deficiencies caused by the spaceflight 

environment that will need to be addressed for long duration spaceflight outside of LEO. 
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Our study examined two potential methods of countermeasures against 

spaceflight-induced joint soft tissue damage in treatment with the SOD mimetic BuOE 

(RR18), and exposure to in-flight artificial gravity at 0.33g, 0.67g, and 1g (MHU8). 

Treatment with BuOE reduced meniscal, articular cartilage, trabecular and cortical bone 

degradation in the 35 day flight cohort. Treatment with BuOE did not elicit the same 

protective properties in the 75-day flight and 120-day recovery cohorts. It is important to 

note that BuOE treatment was provided 1 week prior to launch and then weekly aboard 

the ISS, and this may have impacted the results for the 120-day cohort. Importantly, this 

study also identified that AG does not protect against joint soft tissue damage during 

spaceflight but does reduce pro-osteoarthritic transcriptomic and proteomic changes in a 

gravitational dose dependent manner. If joint health in astronauts exemplifies similar 

degradation effects, the damages caused by extended spaceflight missions could 

potentially jeopardize a mission requiring long-term inhabitance and/or decreased quality 

of life. Furthermore, this study identified that the partial gravity that astronauts will 

encounter on missions to the Moon and Mars may not be sufficient to prevent the 

deleterious effects of spaceflight seen at µg on joint health.  

Our study addressed a proposed methodology for mitigating potential function 

and performance deficiencies resulting from spaceflight by utilizing rodent gait analysis. 

Gait analysis is already performed in astronauts [21], [22], but implementation into 

spaceflight murine models has only been performed once previously as part of the RR9 

mission [20]. Our findings were in agreement with RR9, as gait pattern deficits for the 

MHU8 study largely reflected neuromotor deficits and increased instability; these 

patterns were attenuated with increasing gravitational loading. Animals exposed to 
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continuous 1g AG maintained gait patterns similar to controls, however, significant 

performance deficits were observed with only 50% of the 0.33g and 0% of the µg groups 

able to locomote linearly. With spaceflight providing many challenges to the 

musculoskeletal, neuromotor, and vestibular systems in astronauts, rodent gait analysis 

could provide a rapid non-invasive method to investigate potential preventative 

treatments against performance deficits as a result of spaceflight. 

 

Conclusion 

We have identified that spaceflight conditions have deleterious effects on joint 

health which will need to be addressed prior to future manned missions outside of LEO. 

Treatment with BuOE reduced meniscal, articular cartilage, trabecular and cortical bone 

degradation during 35 days of spaceflight. The efficacy of BuOE treatment could be 

further evaluated with continued treatment after a return to Earth. Artificial gravity does 

not protect against joint soft tissue degradation during spaceflight but does reduce pro-

osteoarthritic signaling in the articular cartilage and joint-stabilizing menisci in a 

gravitational dose dependent manner. Gait analysis identified that spaceflight results in 

neuromotor deficits and increased instability, which were prevented in a gravitational 

dose dependent manner. Further investigation of these countermeasures against 

spaceflight-induced joint degradation and performance deficits would help eliminate 

potential risk to future spaceflight endeavors and preserve quality of life in astronauts. 

 

Future Directions for Research 



160  

These results provide opportunities to continue the studies assessing BuOE 

treatment and artificial gravity for joint preservation and prevention of performance 

deficits during spaceflight. It also provides further direction towards potential targeted 

therapeutics on mechanisms and pathways for preservative effects. Major questions 

include: 1) would continued treatment with antioxidants continue to preserve joint health 

after spaceflight; 2) would continuous exposure to artificial gravity for longer duration 

prevent further joint degradation; 3) what role do housing conditions play in spaceflight 

experiments (i.e. JAXA habitats vs NASA habitats); 4) are there additional 

countermeasures that preserve gait after spaceflight; and 5) would a combination 

countermeasure with AG protect joint health in space. 

Our canonical pathway analysis indicated a disruption in SPARC mediated IGF-1 

expression, and reduced PDK4 mediated PPAR pathway activation in the joint soft tissue 

across both flight studies, indicating that a disruption in these pathways may contribute to 

spaceflight-induced joint degradation. Developing treatments that may help counteract 

these alterations may provide a novel countermeasures for the preservation of 

musculoskeletal health during spaceflight. While our study has demonstrated the efficacy 

of SOD mimetic treatment for joint preservation, the next step would be to perform a 

second spaceflight study with continued treatment after a return to Earth. Our findings 

also suggest that artificial gravity may have some preservative effect, however a second 

longer duration study may be needed to further validate its efficacy. Our study further 

demonstrated the utility of gait analysis for the characterization of functional deficiencies 

in rodents after spaceflight, tracking the animals’ gait could prove useful for 

understanding how astronauts can recover from neuromotor and balance deficiencies 
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caused by the mission. Cartilage and meniscal degradation in mice have been 

documented with reduced weight bearing during spaceflight aboard the ISS. Cartilage 

and joint degradation could increase the risk of joint failure during dynamic loading 

conditions, and potential performance deficits in mission and health complications post 

return in astronauts. Adverse biologic adaptations to microgravity during spaceflight 

challenge astronaut health and performance, and further characterization and 

investigation is still needed to better prepare for upcoming long duration missions outside 

of LEO.  
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Jin G, Kridel S, Said N. (2019) SPARC Inhibits Metabolic Plasticity in Ovarian 

Cancer. Cancers (Basel). 

 

13. Ahmed M, Patel CM, Fehl, DJ. (2015). The use of oncolytic vesicular stomatitis 

virus in conjunction with natural products for the treatment of cervical cancers. 

Adv. Tech. Biol. Med. 

 

PRESENTATIONS ( * indicates mentored student presentation) 

 

2024 Ashley Nemec-Bakk, Marjan Boerma, Jeffrey Willey, Igor Koturbash, 

Vijakalakshmi Sidharan, Chirayu Patel, Alex Borg, Kaitlyn Reno, Wayne 

Newhauser, Abdelraham Fouda, Jackie Williams, Jeffery Chancellor. 

Degenerative Effects of Long-Distance Space Travel on the Mouse Retina. 

Committee on Space Research Scientific Assembly, July 2024. (poster 

presentation).  

 

2024 Kaitlyn Reno, Sun Park, Micheal Farris, Ryan Hughes, Joseph Moore, 

Chirayu Patel, Jeffrey Willey. Cartilage oligomeric matrix protein as a 

potential biomarker and therapeutic target of radiation resistance in 

NSCLC. American Association for Cancer Research Annual Meeting 

2024. (abstract 2889, poster presentation) 

 

2024 Daniel Kaganov, Chirayu Patel*, Sabrina Vander Wiele, Leslie Kim, 

Kaitlyn Reno, Michelle Bruno-Garcia, Micheal Delp, Xiao Mao, and 

Jeffrey Willey. A Use of a Superoxide Dismutase Mimetic to Protect Joint 

Soft-Tissue During Short and Long Duration Spaceflight. Aerospace 

Medical Association Annual Meeting, May 2024. (poster presentation). 

 

2024 Jeffrey S. Willey, Chirayu M. Patel, Kaitlyn Reno, Rae Young Leslie 

Kim, Jennifer Coulombe, Charles Fuller, Satoru Takahashi, Martha Hotz 

Vitaterna, Mary L. Bouxsein, Artificial Gravity During Spaceflight 

Prevents Gait and Performance Deficits in a Gravity-Dose Dependent 

Manner. Human Research Program Investigators’ Workshop, February 

2024. (oral presentation). 

 

2024 Chirayu Patel, Kaitlyn Reno, Alex Borg, Deborah Snyder, Paula Bennett, 

Ashley Nemec-Bakk, Charles Pearson, Micheal Sivertz, Adam Rusek, 

Peter Guida, Igor Koturbash, Maryan Boerma, Jeffery Chancellor, Jeffrey. 

Willey, Prolonged Low-Dose Rate Irradiation of Both Tail Suspended and 

Full Weight Bearing Mice Over 24H Using Simulated Galactic Cosmic 

Rays. Human Research Program Investigators’ Workshop, February 2024. 

(poster presentation). 
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2024 Chirayu Patel, Sabrina Vander Wiele, Kaitlyn Reno, Leslie Kim, Jennifer 

Coulombe, Charles Fuller, Satoru Takahashi, Martha Hotz Vitaterna, 

Mary L. Bouxsein, Jeffrey S. Willey, Arthritic Responses of Mouse Knee 

Menisci to Artificial Gravity Aboard the International Space Station. 

Human Research Program Investigators’ Workshop, February 2024. 

(poster presentation). 

 

2024 Kirsten Clement, Ashley Nemec-Bakk, Vijakalakshmi Sidharan, Chirayu 

Patel, Wayne Newhauser, Abdelraham Fouda, Jeffrey Willey, Jackie 

Williams, Marjan Boerma, Jeffery Chancellor, Igor Koturbash. 

Combination of Galactic Cosmic Radiation Exposure and Simulated 

Microgravity Result in Late Pro-Inflammatory Responses and Epigentic 

Reprogramming in the Mouse Lung. Human Research Program 

Investigators’ Workshop, February 2024. (oral presentation). 

 

2024  Ashley Nemec-Bakk, Marjan Boerma, Jeffrey Willey, Igor Koturbash, 

Chirayu Patel, Alex Borg, Vijakalakshmi Sidharan, Gabriel Gifford, 

Wayne Newhauser, Abdelraham Fouda, Jackie Williams, Jeffery 

Chancellor. Effects of Galactic Cosmic Radiation and Simulated 

Microgravity on the Cardiovascular System and Retina. Human Research 

Program Investigators’ Workshop, February 2024. (poster presentation). 

 

2023 Chirayu Patel, Jeff Willey, Kaitlyn Reno, Debroah Snyder, Paula 

Bennett, Ashley Nemec-Bakk, Charles Pearson, Micheal Sivertz, Adam 

Rusek, Peter Guida, Igor Koturbash, Maryan Boerma, Jeff Chancellor. 

Prolonged Low-Dose Rate Irradiation of Both Tail Suspended and Full 

Weight Bearing Mice over 24h using Simulated Galactic Cosmic Rays. 

American Society for Gravitational and Space Research, November 2023. 

(oral presentation). 

 

2023 Chirayu Patel, Sabrina Vander Wiele, Kaitlyn Reno, Leslie Kim, 

Michelle Bruno-Garcia, Daniel Kaganov, Micheal Delp, Xiao Mao, and 

Jeffrey Willey. A Superoxide Dismutase Mimetic is a Countermeasure 

against Knee and Hip Joint Soft Tissue Arthritic Responses during Short 

and Long Duration Spaceflight. American Society for Gravitational and 

Space Research, November 2023. (poster presentation). 

 

2023 Daniel Kaganov, Chirayu Patel*, Sabrina Vander Wiele, Leslie Kim, 

Kaitlyn Reno, Michelle Bruno-Garcia, Micheal Delp, Xiao Mao, and 

Jeffrey Willey. A Use of a Superoxide Dismutase Mimetic to Protect Joint 

Soft-Tissue During Short and Long Duration Spaceflight. Medical Student 

Research Day (MSRD) – Wake Forest School of Medicine, October 2023. 

(poster presentation). 

 

2023 Leslie Kim, Chirayu Patel*, Kaitlyn Reno, Mary Bouxsein, and Jeffrey 

Willey. Increased Gravitational Loading Prevents Performance Deficits 
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During Spaceflight. Biomedical Engineering Society Annual Meeting, 

October 2023. (poster presentation). 

 

2023 Leslie Kim, Chirayu Patel*, Kaitlyn Reno, Mary Bouxsein, and Jeff 

Willey. Increased Gravitational Loading Prevents Performance Deficits 

During Spaceflight. NSF Research Experience for Undergraduates-Wake 

Forest Symposium, August 2023. (oral presentation). 

 

2023 Michelle Bruno, Chirayu Patel*, Sabrina Vander Wiele, Xiao Mao, 

Jeffrey Willey. An Antioxidant Countermeasure to Protect Joint Soft 

Tissue during Long Duration Spaceflight Aboard the International Space 

Station. Program to Enhance Diversity in Cancer Research-Wake Forest 

Symposium, July 2023. (poster presentation).    

 

2023 Sabrina Vander Wiele, Chirayu Patel*, Jeffrey Willey, Anthony Lau. 

Antioxidant countermeasure effects on bone properties during and after 

spaceflight. New Jersey Space Grant Consortium Internship Poster 

Session, April 2022. (poster presentation). 

 

2022 Chirayu Patel, Andy Kwok, Sam Rosas, Ted Bateman, Eric Livingston, 

Joseph Moore, Ragunatha Yammani, Xiao Mao, Michael Delp, Jeffrey 

Willey. Spaceflight and reduced weight-bearing on earth damaged 

menisci. Orthopedic Research Society Meniscus Seminar Series, 

December 2022. (invited oral presentation).  

  

2022 Anne Devorak, Chirayu Patel*, Ethan Payne, Sabrina Vander Wiele, 

Xiao Mao, Jeffrey Willey (2022). Use of a superoxide dismutase mimetic 

to prevent spaceflight-induced bone and joint degradation in mice. The 

American College of Veterinary Pathology, Boston, MA, November 2022. 

(poster presentation). 

 

2022 Sabrina Vander Wiele, Chirayu Patel*, James Crapo, Xiao Mao, Jeffrey 

Willey. An antioxidant countermeasure protects joint health during 

spaceflight. Biomedical Engineering Society Annual Meeting, October 

2022. (poster presentation). 

 

2022 Anne Devorak, Chirayu Patel*, Ethan Payne, Xiao Mao, Jeffrey Willey. 

Use of a superoxide dismutase mimetic to prevent spaceflight-induced 

bone and joint degradation in mice. National Veterinary Scholars 

Symposium, Minneapolis, MN, August 2022. (poster presentation). 

 

2022 Ethan Payne, Chirayu Patel*, Xiao Mao, Jeffrey Willey. Treatment with 

a superoxide dismutase mimetic and/or return to full weight-bearing to 

prevent bone and joint degradation from spaceflight. Wake Forest 

University Undergraduate Student Research Day, October 2022. (poster 

presentation). 
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2022 Chirayu Patel, Sabrina Vander Wiele, Nequesha Mohammed, Michael 

Delp, Xiao Mao, Jeffrey Willey. A Superoxide Dismutase Mimetic and/or 

Return to Full Weight-Bearing to Prevent Bone and Joint Degradation 

from Spaceflight. American Society for Gravitational and Space Research, 

October 2022. (oral presentation). 

 

2022 Ethan Payne, Chirayu Patel*, Sabrina Vander Wiele, Xiao Mao, Jeffrey 

Willey. An antioxidant Countermeasure Protects Joint Health during 

Spaceflight. The Wake Forest Department of Physics Colloquium, August 

2022. (oral presentation). 

 

2022 Sabrina Vander Wiele, Chirayu Patel*, Xiao Mao, Jeffrey Willey. An 

antioxidant countermeasure protects joint health during spaceflight. NSF 

Research Experience for Undergraduates-Wake Forest Symposium, 

August 2022. (oral presentation). 

 

2022 Nequesha Mohamed, John Olson, Johannes Plate, Chirayu Patel, Mark 

Cline, Jeffrey Willey. Diabetes is associated with an increased 

osteoarthritis incidence in non-human primates. International Cartilage 

Regeneration and Joint Preservation Society World Congress Meeting, 

April 2022. (oral presentation). 

 

2021 Chirayu Patel, Andy Kwok, Joseph Moore, Jeffrey Willey. Suppressing 

IRE-1α to reduce ER stress may not effectively prevent radiation-induced 

bone loss. Radiation Research Society Annual Meeting 2021. (poster 

presentation). 

 

2019 Chirayu Patel, Lihong Shi, Sam Rosas, Katherine Cook, Jeffery Willey, 

Ellen Quillen, Bethany Kerr. Bone Microenvironment Alterations with 

Ovarian Cancer and Comorbidities. Gordon Research Conference-

Hormone Dependent Cancer 2019. (poster presentation). 

 

2018 Chirayu Patel, Cristina Ivan, Anthony Atala, Neveen Said. Identification 

of novel therapeutics of bladder cancer cells through upregulation of 

SPARC expression using 2D cell cultures and 3D bladder organoids. 

American Association for Cancer Research Annual Meeting 2018. 

(abstract 5035, poster presentation). 

  

2018 Christine Naczki, Bincy John, Chirayu Patel, Ashlyn Lafferty, Alia 

Ghoneum, Hesham Afify, Amanda Davis, Guangxu Jin, Neveen Said. 

Integrated Molecular Analysis Reveals Novel SPARC-Regulated 

Metabolic Programming in Ovarian Cancer. American Association for 

Cancer Research Annual Meeting 2018. (abstract 1448, poster 

presentation). 
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2017 Chirayu Patel. Development of Fluorescent-Cell Based High Throughput 

Assay to Identify Novel Therapeutics of Bladder Cancer Cells Through 

Upregulation of SPARC Expression. American Association for Cancer 

Research Annual Meeting 2018. (abstract 967, poster presentation). 

 

2014 Chirayu Patel. The Use of Vesicular Stomatitis Virus and Natural 

Products for the Treatment of Cervical Cancer. Student Research and 

Creative Endeavors 2014, Appalachian State University. (oral 

presentation). 

 

2013 Chirayu Patel. The Use of Vesicular Stomatitis Virus and Natural 

Products for the Treatment of Cervical Cancer. Student Research and 

Creative Endeavors 2013, Appalachian State University. (poster 

presentation). 

  

2013 Chirayu Patel. The Use of Vesicular Stomatitis Virus and Natural 

Products for the Treatment of Cervical Cancer. 2013 Meeting of the North 

Carolina Branch of the American Society for Microbiology. (abstract 7, 

poster presentation). 

 

2013 Chirayu Patel. Response of Cervical Cancer Cells to Infection with 

Vesicular Stomatitis Virus. 2013 Science in the Mountains Meeting, 

Appalachian State University. (poster presentation). 

 

2012 Chirayu Patel. Response of Cervical Cancer Cells to Infection with 

Vesicular Stomatitis Virus. Student Research and Creative Endeavors 

2012, Appalachian State University. (poster presentation). 

 

2012 Chirayu Patel. Response of Cervical Cancer Cells to Infection with 

Vesicular Stomatitis Virus. The State of North Carolina Undergraduate 

Research and Creativity Symposium 2012, Duke University. (poster 

presentation). 

 

2012 Chirayu Patel. Response of Cervical Cancer Cells to Infection with 

Vesicular Stomatitis Virus. 2012 Meeting of the North Carolina Branch of 

the American Society for Microbiology. (abstract 28, poster presentation). 

 

LEADERSHIP ACTIVITIES 

 

2023-present  President, American Society for Gravitational and Space Research 

 

2022-2023 President-Elect, American Society for Gravitational and Space Research 

 

2011-2104 President of BBB Honor Society, Appalachian State University  
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2012-2103 South African Exchange Student Welcome Committee Leader, 

Appalachian State University  

 

2011 Health Professions Club Homecoming Committee Leader, 

Appalachian State University  

 

2011  Camp Open Airways Camp Counselor, Jeff Gordon Children’s Hospital  

 

ACADEMIC AND COMMITTEE SERVICE 

 

ALSDA Analysis Working Group (2023-present) 

ASGSR Inclusion, Diversity, Equity Committee (2024-present) 

ASGSR Award Committee (2022-present) 

ASGSR Education and Outreach Committee (2022-present) 

ASGSR Programs Committee (2022-present) 

ASGSR Inspiration Scholar Selection Committee (2022-present) 
 
PROFESSIONAL AND ACADEMIC MEMBERSHIPS 

 

 American Society for Gravitational and Space Research 

 Orthopedic Research Society 

Radiation Research Society 

The American Association for Cancer Research 

Phi Kappa Phi Honor Society 

Beta Beta Beta, Biological Science Honor Society 

Pi Gamma Mu, Social Science Honor Society 

Omicron Delta Kappa, Leadership Honor Society 
 
AWARDS AND HONORS 

 

2024 Student Leadership Congressional Advocate for the Advanced Funding for 

Spaceflight Research and ISS Utilization, ASGSR. 

2023 Molecular Medicine and Translational Science Travel Award 

2023 Student Leadership Congressional Advocate for the Advanced Funding for 

Spaceflight Research and ISS Utilization, ASGSR. 

2023 Student Leadership Travel Award ASGSR  

2023 MHU8 Research featured by Wake Forest School of Medicine 

2023 MHU8 Research featured by NC-PBS highlighting research conducted in 

North Carolina  

2023 Excellence Award, MSRD 2023, Wake Forest School of Medicine 

2023 First Place, Research Experience for Undergraduates-Wake Forest 

Symposium 

2023 Invited to Congress to Advocate for the Advanced Funding for Spaceflight 

Research and ISS Utilization, ASGSR. 

2022 NASA BSP Honored Guest, ASGSR 2022 Awards Banquet 

2022 Platform Presentation, The American College of Veterinary Pathology 

Meeting 
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2022 First Place, Research Experience for Undergraduates-Wake Forest 

Symposium  

2022 Molecules Volume 26 Issue 8 Journal Cover Recipient, Wake Forest 

Baptist Health 

2020 Gordon A. Melson Outstanding MS Student Nominee, Wake Forest 

Graduate School 

2014  Derrick Biology Scholarship, Appalachian State University 

2014  Biology Alumni/Faculty Scholarship, Appalachian State University 

2013  Office of Student Research Travel Grant, Appalachian State University 

2013  FND-Study Abroad Scholarship, Appalachian State University 

2013  Peggy Harmon Healthcare Scholarship, Appalachian State University 

2013  Biology Alumni/Faculty Scholarship, Appalachian State University 

2013 Lloyd L. Hobbs Memorial for the Physical Sciences Scholarship, 

Appalachian State University 

2012 Honors Study Abroad Scholarship, Appalachian State University 

2012 Williamsen Study Abroad Scholarship, Appalachian State University 

2012 Ida Bell Ledbetter Scholarship, Appalachian State University 

2012 Lloyd L. Hobbs Memorial for the Physical Sciences Scholarship, 

Appalachian State University 

2010 Biology Alumni/Faculty Scholarship, Appalachian State University 

 

 

 

 

MENTORING RELATIONSHIPS 

 

Medical Students and Veterinary Students: 

2023 Daniel Kaganov: Wake Forest University School of Medicine Medical 

Student.  Special Opportunity Research (MS2024).  Project – “Cartilage 

preservation during spaceflight” Winner: Excellence Award, 

Outstanding Student of Space Medicine 

 

2022  Anne Devorak 

  Doctor of Veterinary Medicine Student 

  T35 Summer Program      

  Project:  Bone and kidney toxicity after spaceflight: pathologic assessment 

  Winner: Distinguished Poster Podium Award 

 

Undergraduate Students: 

2023 Michelle Bruno-Garcia:  Training Program to Promote Diversity in Cancer 

Research (PIs, Watabe and Kridel).  Winston-Salem State University 

Undergraduate.  “An antioxidant countermeasure for joint damage during 

very long duration spaceflight”.  Winner: First Place Poster Award 

 

2023 Rae Young L. Kim:  Biomedical Engineering Department Summer 

Research Experience for Undergraduates, University of Virginia. 
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“Increased Gravitational Loading Mitigates Performance Deficits During 

Spaceflight” Winner: First Place Injury Biomechanics Section.   

 

2022-2023 Ethan Payne.  Wake Forest University Physics Major Honors Thesis:  

Histological Analysis of Spaceflight Tissue to Analyze Effectiveness of 

Antioxidant Treatment to Prevent Bone and Joint Degradation, and A 

Method to Analyze Mechanical Effects of Spaceflight on Joint Tissue.   

 

2022 Sabrina Vander Weihl, Biomedical Engineering Dept. Research 

Experience for Undergraduates.  The College of New Jersey Rising 

Senior.  “Image-based assessment of cartilage and bone damage during 

spaceflight” Winner: First Place Injury Biomechanics Section 
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