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Abstract 
Gravity contributes significantly to bone integrity and bone health. If gravity is absent 
or reduced, resulting in massive loss of bone density and structural impairment, like 
astronauts, who lose much of their bone mass and structure, when they are in space. 
Human bones are highly responsive to mechanical loading, which is controlled mainly 
by gravitational forces. This review aimed to show the physiological, cellular, and 
molecular mechanisms through which gravity influences bone remodeling. It focuses 
attention on how mechanical loading and weight-bearing activities contribute to 
maintaining bone mass and the prevention of osteoporosis. The role of osteocytes as 
mechanosensors, the impact of microgravity on gene expression, and epigenetic 
modifications linked to skeletal deterioration are also discussed. This narrative review 
addresses some of the implications of prolonged weightlessness, potential measures 
for bone loss in space, and opportunities for insights into osteoporosis prevention and 
treatment on Earth. This narrative review was conducted by examining peer-reviewed 
literature from databases including PubMed and Google Scholar, using keywords 
such as 'gravity,' 'bone health,' 'osteoporosis,' and 'epigenetics.' Relevant studies were 
selected based on their contribution to understanding the physiological impact of 
gravity on skeletal integrity. It provides recommendations for emerging research into 
artificial gravity, whole-body vibration therapy, and medicines designed to preserve 
skeletal health. The contribution of gravity in bone physiology to preventing and 
treating bone disease is critical for developing strategies to prevent bone deterioration 
in both space travelers and persons with long-term sedentary lifestyles and conditions 
of musculoskeletal disorders. Understanding the role of microgravity experiments can 
contribute to understanding techniques for the prevention and treatment of 
osteoporosis on Earth.  
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1. INTRODUCTION  

Bone is a constantly growing system of tissues that can 
grow and remodel itself; this remodeling activity is 
controlled by mechanical loading and gravity [1]. When 
gravity is lowered (lower than normal), such as after 
prolonged bed rest or spaceflight, bone density decreases 
(and thus fracture risk increases) [2]. Mechanical forces 
also directly affect osteocytes, osteoblasts, and 
osteoclasts [3]. These cell types direct and coordinate the 

complex process of creating and resorbing bone, and 
disruption of this balance results in profound skeletal 
consequences, including osteoporosis, increased bone 
fragility, and poor structural integrity [4].  
 
Mechanotransduction (the ability of bone cells to convert 
mechanical signals into biochemical responses) is 
fundamental to bony homeostasis [5]. The effect of 
mechanical loading from gravity on mechanically 
abundant bone neurons has been characterized by the 
activation of various intracellular signaling pathways 
important for bone metabolism, including the 
Wnt/catenin pathway, the RANKL/OPG signaling 
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pathway, and sclerostin-mediated osteogenesis [6]. 
Mechanotransduction studies offer insights into how the 
effects of prolonged microgravity on bone homeostasis 
can be understood [7]. 
 
As human space exploration extends beyond Earth's 
orbit, the problem of skeletal degeneration in astronauts 
is increasing in importance [8]. Also, the ground-based 
application of research from spaceflight may benefit 
people with osteoporosis, age-related bone loss, or 
immobilization-induced skeletal degeneration. The 
review assessed the essential role of gravity in 
maintaining bone homeostasis, its consequences and the 
current and future interventions to counter bone loss. 
 
2. DISCUSSION 
 
Bone remodeling occurs when osteoclasts resorb bone 
and osteoblasts subsequently deposit bone [9]. Gravity 
serves as a mechanical stimulus that promotes osteoblast 
activity and reduces excessive osteoclast activity [10]. 
Engaging in weight-bearing activities, such as walking 
and resistance exercise, can help to maintain bone mass 
since bone mass is maintained when covering strain to the 
skeletal system causes a stimulus to stimulate osteoblast 
activity [11].  
 
2.1. The Role of Gravity in Bone Remodeling 

 
Gravity plays a crucial role in skeletal health and bone 
homeostasis by influencing bone formation, 
maintenance, remodeling, and mechanical loading [10]. 
Table 1 provides a summary of the effect of gravity on 
bone health. In normal gravity, bone formation is 
supported by increased activity in osteoblasts and 
balanced resorption of bones, which helps keep mass 
stable; microgravity, on the other hand, reduces the 
differentiation of osteoblasts and increases the activity of 
osteoclasts, resulting in bone loss and greater porosity. 
 
Table 1: Effects of gravity on bone health. 
 

Normal Gravity Microgravity 

Increased osteoblast 
activity 

Reduced osteoblast 
differentiation 

Balanced bone 
resorption 

Increased osteoclast 
activity 

Bone mass maintained 
Bone loss, increased 

porosity 

2.2. Mechanotransduction Pathways  
 

Mechanical loading via gravity activates 
mechanoreceptors located on osteocytes, which will then 
stimulate the release of signaling molecules, such as 
prostaglandins, nitric oxide, and ATP, which maintain 
and modulate osteoblastic activity [12]. 
 
2.3. Impact on Bone Cells 

  
Osteocytes are the key mechanosensors, which are able 
to sense strain and communicate with osteoblasts and 
osteoclasts to modulate whole bone mass. Absence of 
gravity will lead to reduced connectivity in osteocytes, 
leading to impairments in modulating bone remodeling 
[13].  
 
2.4. Gene Expression and Epigenetic Changes  
 
Research indicates that mechanical unloading can change 
the expression of bone-related genes, including RUNX2 
and SOST [14, 15]. Moreover, epigenetic changes can 
also occur, such as DNA methylation and histone 
modifications, which contribute to skeletal adaptation in 
microgravity [16]. 
 
2.5. Effects of Microgravity on Bone Health  
 
2.5.1. Bone Loss in Spaceflight  
 
Studies on astronauts show that prolonged exposure to 
microgravity leads to rapid bone loss, particularly in 
weight-bearing bones like the femur and spine. The 
reduction in mechanical loading results in increased bone 
resorption and decreased bone formation [17, 18]. 
 
2.5.2. Changes in Bone Microarchitecture  
 
When exposed to microgravity, trabecular bone thins, 
and cortical bone porosity increases, predisposing these 
structures to fracture. Changes in collagen matrix content 
also negatively affect and worsen the structural stability 
of bone [19]. 
 
 2.6. Molecular and Cellular Mechanisms  
 
Altered mechanical stress in microgravity influences 
multiple signaling pathways, such as reduced Wnt/β-
catenin signaling, increased RANKL/OPG ratio, and 
altered expression of sclerostin, which leads to an 
imbalance in bone remodeling [1, 4]. Furthermore, bone 
loss is accelerated by the alterations in osteoblast-
osteoclast coupling and disruption of the cytokine 
network seen during spaceflight studies [20]. 
 
Table 2 outlines how microgravity influences certain 
bone cell activity. Increased apoptosis and insensitivity to 
mechanical cues in osteocytes translate to lower bone 
mass. Diminished osteoblastic activity and greater 
sclerostin concentrations lead to lower bone formation. 
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Increased bone resorption is associated with more active 
osteoclasts owing to elevated RANKL. 
 
Table 2: Cellular effects of microgravity on 
osteocytes, osteoblasts, and osteoclasts. 
 

Effect of 
Microgravity 
on Bone Cells 

Cellular 
Response 

Outcome 

Osteocytes 
Increased 

apoptosis, reduced 
mechano-sensation 

Decreased 
bone mass 

Osteoblasts 

Suppressed 
differentiation, 

increased 
sclerostin 

Reduced 
bone 

formation 

Osteoclasts 
Upregulated 

RANKL, increased 
activity 

Increased 
bone 

resorption 

 
2.7. Epigenetic Regulation of Bone in Altered Gravity 
 
Emerging research suggests epigenetic changes may have 
an impact on the skeletal adaptation to reduced gravity by 
altering the expression of genes regulating osteoblasts 
and osteoclasts. Epigenetic changes differ from genetic 
mutations, as epigenetic alterations can be reversed to 
help mitigate bone loss in astronauts, as well as in 
individuals with osteopenia/osteoporosis [21]. There are 
3 main avenues of epigenetic regulation (DNA 
methylation, histone modifications, and microRNA 
"miRNA" regulation) that likely contribute to the altered 
bone remodeling associated with microgravity [22, 23]. 
 
2.8. DNA Methylation and Osteogenic Gene 
Suppression 
 
DNA methylation involves the addition of methyl groups 
to cytosine residues within CpG islands, leading to gene 
silencing or activation depending on the target genes 
[24]. In microgravity, studies have shown that 
hypermethylation of Wnt pathway genes results in the 
suppression of osteoblast differentiation and reduced 
bone formation [25]. The Wnt/β-catenin signaling 
pathway is crucial for osteogenesis, and its 
downregulation leads to decreased bone mass [26]. 
Conversely, hypomethylation of RANKL (Receptor 
Activator of Nuclear Factor Kappa-B Ligand) genes 
increases osteoclast activity, thereby accelerating bone 
resorption [27]. Additionally, epigenome-wide 
association studies have identified differentially 
methylated regions (DMRs) in skeletal stem cells 

exposed to simulated microgravity, which may explain 
the long-term effects of spaceflight on bone health [28].   
 
2.9. Histone Modifications and Bone Loss  
 
Histone modifications, such as acetylation, methylation, 
and phosphorylation, alter chromatin accessibility and 
influence gene expression [29]. In microgravity, reduced 
H3K27 acetylation has been linked to impaired osteoblast 
differentiation, as this modification is associated with 
active transcription of osteogenic genes [22]. 
Additionally, increased H3K9 methylation, a marker of 
transcriptional repression, has been found to silence 
genes essential for bone formation, further contributing 
to osteoporosis-like symptoms in astronauts [30]. These 
histone modifications suggest that microgravity induces 
a shift toward a bone-resorptive state by altering 
chromatin dynamics, ultimately favoring 
osteoclastogenesis while suppressing osteoblast activity 
[31].   
 
2.10. MicroRNA (miRNA) Dysregulation  
 
miRNAs are small non-coding RNAs that post-
transcriptionally regulate gene expression by targeting 
messenger RNA (mRNA) for degradation or translational 
inhibition. Microgravity conditions have been shown to 
upregulate miR-214, which directly inhibits osteoblast 
function by suppressing ATF4, a transcription factor 
critical for bone matrix formation [32]. In contrast, 
downregulation of miR-21, a miRNA known to promote 
osteoblast proliferation and differentiation, further 
exacerbates bone loss. The altered miRNA expression 
profile observed in spaceflight suggests a shift in cellular 
signaling networks that suppress bone formation and 
enhance resorption [33]. Moreover, circulating exosomal 
miRNAs have been identified as potential biomarkers for 
bone loss in astronauts, providing insight into how space-
induced epigenetic changes may translate to clinical 
applications on Earth [34]. 
 
2.11. Strategies to Decrease Bone Loss 
 
2.11.1. Resistance Exercise and Mechanical Loading 
  
To counteract bone loss, exercise regimens such as high-
impact exercise and resistance training have been utilized 
in space [35]. The Advanced Resistive Exercise Device 
(ARED) is an exercise device that mimics weight-bearing 
training while in microgravity. Research suggests that 
multi-modal training, with endurance, resistance, and 
high-impact loading, produces the most beneficial effects 
[35].  
 
2.11.2. Pharmacological Treatment 
 
Bisphosphonates, selective estrogen receptor modulators 
(SERMs), and possible use of sclerostin inhibitors are 
being investigated to prevent bone loss for astronauts as 
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well as individuals at risk for osteoporosis [36]. New 
research is also investigating the potential for anabolic 
agents, such as parathyroid hormone analogs, to be 
utilized [37]. 
 
2.11.3. Artificial Gravity and Vibration 
  
Centrifugation and whole-body vibration are potential 
methods to effect gravity loading, thereby allowing for an 
intervention to maintain bone health. Animal testing 
indicates that intermittent artificial gravity loading may 
enhance osteogenic activity, while whole-body vibration 
has shown promise to maintain bone mass in the 
osteogenic process via increased proliferation of 
osteoblasts and decreased activity of osteoclasts [38]. 
 
2.11.4. Nutritional Strategies  
 
Adequate intake of calcium and vitamin D continues to 
be important for bone health. Recent studies are also 
evaluating omega-3 fatty acids, protein supplementation, 
and vitamin K as possible agents of promoting bone 
anabolism in microgravity [39, 40]. This narrative review 
provides a broad insight into the impact of gravity on 
bone health; however, it is not a systematic review. The 
absence of predefined inclusion criteria, uniform study 
quality assessment, and quantitative pooling hampers the 
arbitrability of the results among the studies. 
Consequently, the findings were more speculative and 
interpretative, and additional systematic reviews or meta-
analyses are needed to confirm and expand upon these 
findings. 
 
CONCLUSION 
 
Gravity is necessary for healthy bones, primarily owing 
to the mechanical stimulation of bone-forming cells and 
the inhibition of bone resorption. The effect of 
microgravity on bone health documented in astronauts 
reinforces the importance of gravitational loading in 
sustaining bone health. Ongoing research regarding 
exercise, pharmacology, and simultaneous artificial 
gravity studies is necessary to advance countermeasures 
to help counteract the effects of microgravity, as well as 
susceptibility to fractures and osteoporosis/osteopenia on 
Earth. Future studies should attempt to optimize the 
efficacy of these strategies and interventions to best 
protect both astronaut and terrestrial bone health. In 
addition to exercise and pharmacology, continued 
research regarding epigenetic changes, as well as gene 
therapy approaches, holds promise in determining 
innovative therapeutic interventions for mitigating bone 
loss with microgravity and aging.  
 

LIST OF ABBREVIATIONS 

 
ARED: Advanced Resistive Exercise Device 

OPG: Osteoprotegerin 

RANKL: Receptor Activator of Nuclear Factor Kappa-Β 

Ligand 

SERMs: Selective Estrogen Receptor Modulators 

Wnt: Wingless-Related Integration Site 

SOST: Sclerostin 

RUNX2: Runt-Related Transcription Factor 2 

OPG: Osteoprotegerin Gene 
 

CONFLICT OF INTEREST 
 

The authors declare there is no conflict of interest. 
 

FUNDING 
 

The Study received no financial support. 
 

AUTHOR CONTRIBUTIONS 
 
All authors contributed equally. 
 

REFERENCES 
 

[1] Liu P, Tu J, Wang W, Li Z, Li Y, Yu X, et al. Effects 
of mechanical stress stimulation on function and 
expression mechanism of osteoblasts. Front Bioeng 
Biotechnol. 2022; 10: 830722. https://doi.org/ 
10.3389/fbioe.2022.830722 

[2] Baran R, Wehland M, Schulz H, Heer M, Infanger 
M, Grimm D. Microgravity-related changes in bone 
density and treatment options: A systematic review. 
Int J Mol Sci. 2022; 23(15): 8650. 
https://doi.org/10.3390/ijms23158650 

[3] Qin L, Liu W, Cao H, Xiao G. Molecular 
mechanosensors in osteocytes. Bone Res. 2020; 
8(1): 23. https://doi.org/10.1038/s41413-020-0099-
y 

[4] Singh S, Sarma DK, Verma V, Nagpal R, Kumar M. 
From cells to environment: exploring the interplay 
between factors shaping bone health and disease. 
Medicina (Kaunas). 2023; 59(9): 1546. 
https://doi.org/10.3390/medicina59091546 

[5] Yavropoulou MP, Yovos JG. The molecular basis of 
bone mechanotransduction. J Musculoskelet 
Neuronal Interact. 2016; 16(3): 221. 

[6] Ma Q, Miri Z, Haugen HJ, Moghanian A, Loca D. 
Significance of mechanical loading in bone fracture 
healing, bone regeneration, and vascularization. J 
Tissue Eng. 2023; 14: 20417314231172573. 
https://doi.org/10.1177/20417314231172573 

[7] Wei F, Flowerdew K, Kinzel M, Perotti LE, Asiatico 
J, Omer M, et al. Changes in interstitial fluid flow, 
mass transport and the bone cell response in 
microgravity and normogravity. Bone Res. 2022; 



Academic Researcher Vol. 2, No. 1, 2025                                                                                                                         Saviya Kashif 

54 

10(1): 65. https://doi.org/10.1038/s41413-022-
00234-9 

[8] Tomsia M, Cieśla J, Śmieszek J, Florek S, Macionga 
A, Michalczyk K, et al. Long-term space missions' 
effects on the human organism: what we do know 
and what requires further research. Front Physiol. 
2024; 15: 1284644. https://doi.org/10.3389/fphys 
.2024.1284644 

[9] Maciel GB, Maciel RM, Danesi CC. Bone cells and 
their role in physiological remodeling. Mol Biol 
Rep. 2023; 50(3): 2857-63. https://doi.org/10.1007/ 
s11033-022-08190-7 

[10] Hart DA. Regulation of Bone by Mechanical 
Loading, Sex Hormones, and Nerves: Integration of 
Such Regulatory Complexity and Implications for 
Bone Loss during Space Flight and Post-
Menopausal Osteoporosis. Biomolecules. 2023; 
13(7): 1136. https://doi.org/10.3390/biom13071136 

[11] Brooke-Wavell K, Hardman AE. Skeletal health. 
Phys Act Health. 2021; 29: 315-41. https://doi.org/ 
10.4324/9780203095270-9 

[12] Zhao C, Liu H, Tian C, Zhang C, Wang W. Multi-
scale numerical simulation on mechano-
transduction of osteocytes in different gravity fields. 
Comput Methods Biomech Biomed Engin. 2023; 
26(12): 1419-30. https://doi.org/10.1080/10255842. 
2022.2117552 

[13] Campioli A. Cellular responses to altered gravity: in 
vitro and in vivo insights into skeletal 
dynamics[dissertation]. University of Genoa; 2024. 

[14] Nokhbatolfoghahaei H, Rad MR, Paknejad Z, 
Ardeshirylajimi A, Khojasteh A. Identification 
osteogenic signaling pathways following 
mechanical stimulation: A systematic review. Curr 
Stem Cell Res Ther. 2022; 17(8): 772-92. 
https://doi.org/10.2174/1574888X16666211006105
915 

[15] Markina E, Andreeva E, Buravkova L. Stromal 
lineage precursors from rodent femur and tibia bone 
marrows after hindlimb unloading: Functional ex 
vivo analysis. Int J Mol Sci. 2023; 24(10): 8594. 
https://doi.org/10.3390/ijms24108594 

[16] Kuznetsov NV, Statsenko Y, Ljubisavljevic M. An 
update on neuroaging on Earth and in spaceflight. Int 
J Mol Sci. 2025; 26(4): 1738. 
https://doi.org/10.3390/ijms26041738 

[17] Bloomfield SA. Bone Loss. In: Young LR, Sutton 
JP, Eds., Handbook of Bioastronautics. Cham: 
Springer International Publishing; 2021. pp.117-28. 
https://doi.org/10.1007/978-3-319-12191-8_95 

[18] Man J, Graham T, Squires-Donelly G, Laslett AL. 
The effects of microgravity on bone structure and 
function. npj Microgravity. 2022; 8(1): 9. 
https://doi.org/10.1038/s41526-022-00194-8 

[19] Coulombe JC. Diminished bone structural quality in 
aging and microgravity follow impairments of the 
osteocyte lacunar-canalicular system [dissertation]. 
Boulder (CO): University of Colorado at Boulder; 
2021. 

[20] Genah S, Monici M, Morbidelli L. The effect of 
space travel on bone metabolism: Considerations on 
today's major challenges and advances in 
pharmacology. Int J Mol Sci. 2021; 22(9): 4585. 
https://doi.org/10.3390/ijms22094585 

[21] Shi Q, Song Y, Cao J, Na J, Yang Z, Chen X, et al. 
Inhibition of mitochondrial fission reverses 
simulated microgravity-induced osteoblast 
dysfunction by enhancing mechanotransduction and 
epigenetic modification. Res. 2025; 8: 0602. 
https://doi.org/10.34133/research.0602 

[22] Zhang Y, Wang Q, Xue H, Guo Y, Wei S, Li F, et 
al. Epigenetic regulation of autophagy in bone 
metabolism. Function (Oxf). 2024; 5(2): zqae004. 
https://doi.org/10.1093/function/zqae004 

[23] Beheshti A, McDonald JT, Hada M, Takahashi A, 
Mason CE, Mognato M. Genomic changes driven by 
radiation-induced DNA damage and microgravity in 
human cells. Int J Mol Sci. 2021; 22(19): 10507. 
https://doi.org/10.3390/ijms221910507 

[24] Jones PA. Functions of DNA methylation: islands, 
start sites, gene bodies and beyond. Nat Rev 
Genetics. 2012. 13: 484-92. https://doi.org/ 
10.1038/nrg3230 

[25] Zhang J, Huang Y, Bai N, Sun Y, Li K, Ruan H, et 
al. Spirulina platensis components mitigate bone 
density loss induced by simulated microgravity: A 
mechanistic insight. Food Chem. 2025; 463: 
141361. 
https://doi.org/10.1016/j.foodchem.2024.141361 

[26] Kitase Y, Prideaux M. Regulation of the osteocyte 
secretome with aging and disease. Calcif Tissue Int. 
2023; 113(1): 48-67. https://doi.org/10.1007/ 
s00223-023-01089-w 

[27] Zheng H, Liu Y, Deng Y, Li Y, Liu S, Yang Y, et al. 
Recent advances of NFATc1 in rheumatoid arthritis-
related bone destruction: mechanisms and potential 
therapeutic targets. Mol Med. 2024; 30(1): 20. 
https://doi.org/10.1186/s10020-024-00788-w 

[28] Kothiyal P, Eley G, Ilangovan H, Hoadley KA, 
Elgart SR, Mao XW, et al. A multi-omics 
longitudinal study of the murine retinal response to 
chronic low-dose irradiation and simulated 
microgravity. Sci Rep. 2022; 12(1): 16825. 
https://doi.org/10.1038/s41598-022-19360-9 

[29] Acharjee S, Chauhan S, Pal R, Tomar RS. 
Mechanisms of DNA methylation and histone 
modifications. Prog Mol Biol Transl Sci. 2023; 197: 
51-92. https://doi.org/10.1016/bs.pmbts.2023.01 
.001 

[30] Padeken J, Methot SP, Gasser SM. Establishment of 
H3K9-methylated heterochromatin and its functions 
in tissue differentiation and maintenance. Nat Rev 
Mol Cell Biol. 2022; 23(9): 623-40. 
https://doi.org/10.1038/s41580-022-00483-w 

[31] Rucci N, Rufo A, Alamanou M, Teti A. Modeled 
microgravity stimulates osteoclastogenesis and bone 



Gravity: An Essential Factor in Skeletal Health and Bone Homeostasis                           Academic Researcher Vol. 2, No. 1, 2025 

 

55 

resorption by increasing osteoblast RANKL/OPG 
ratio. J Cell Biochem. 2007; 100(2): 464-73. 
https://doi.org/10.1002/jcb.21059 

[32] Chen Z, Zhang Y, Liang C, Chen L, Zhang G, Qian 
A. Mechanosensitive miRNAs and bone formation. 
Int J Mol Sci. 2017; 18(8): 1684. 
https://doi.org/10.3390/ijms18081684 

[33] Subramaniam R, Vijakumaran U, Shanmuganantha 
L, Law JX, Alias E, Ng MH. The role and 
mechanism of microRNA 21 in osteogenesis: an 
update. Int J Mol Sci. 2023; 24(14): 11330. 
https://doi.org/10.3390/ijms241411330 

[34] Sanders LM, Yang JH, Scott RT, Qutub AA, Martín 
HG, Berrios DC, et al. Beyond low earth orbit: 
biological research, artificial intelligence, and self-
driving labs. arXiv [preprint] arXiv:2112.12582. 
2021 Dec 22. 

[35] Ahmed SS, Goswami N, Sirek A, Green DA, 
Winnard A, Fiebig L, et al. Systematic review of the 
effectiveness of standalone passive countermeasures 
on microgravity-induced physiologic 
deconditioning. npj Microgravity. 2024; 10(1): 48. 
https://doi.org/ 10.1038/s41526-024-00389-1 

[36] Martinez EF, Pelegrine AA, Holliday LS. Receptors  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

implicated in microgravity-induced bone loss. 
Receptors. 2024; 3(2): 280-303. https://doi.org/ 
10.3390/receptors3020014  

[37] Martin TJ, Seeman E. Bone remodeling and 
modeling: cellular targets for antiresorptive and 
anabolic treatments, including approaches through 
the parathyroid hormone (PTH)/PTH-related protein 
pathway. Neurospine. 2023; 20(4): 1097. 
https://doi.org/10.14245/ns.2346966.483 

[38] van Loon JJ, Berezovska OP, Bervoets TJ, 
Montufar-Solis D, Semeins CM, Zandieh-Doulabi 
B, et al. Growth and mineralization of fetal mouse 
long bones under microgravity and daily 1 g gravity 
exposure. npj Microgravity. 2024; 10(1): 80. 
https://doi.org/10.1038/s41526-024-00421-4 

[39] Tang H, Rising HH, Majji M, Brown RD. Long-term 
space nutritin: a scoping review. Nutrients. 2021; 
14(1): 194. https://doi.org/10.3390/nu14010194 

[40] St-Martin P, Le Roux E, Bergouignan A. Metabolic 
adaptations to microgravity. In: Krittanawong C, 
Ed., Precision medicine for long and safe 
permanence of humans in space. Academic Press; 
2025, pp. 91-120. https://doi.org/10.1016/B978-0-
443-22259-7.00030-8 

 
 
 
 
 
 
 
 

© 2025 Kashif et al. 

 This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License which 
permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.
(http://creativecommons.org/licenses/by-nc/4.0/) 

 


