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Abstract

:

Space colonization represents the most insidious challenge for mankind, as numerous obstacles affect the success of space missions. Specifically, the absence of gravitational forces leads to systemic physiological alterations, with particular emphasis on the musculoskeletal system. Indeed, astronauts exposed to spaceflight are known to report a significant impairment of bone microarchitecture and muscle mass, conditions clinically defined as osteoporosis and sarcopenia. In this context, space medicine assumes a crucial position, as the development of strategies to prevent and/or counteract weightlessness-induced alterations appears to be necessary. Furthermore, the opportunity to study the biological effects induced by weightlessness could provide valuable information regarding adaptations to spaceflight and suggest potential treatments that can preserve musculoskeletal health under microgravity conditions. Noteworthy, improving knowledge about the latest scientific findings in this field of research is crucial, as is thoroughly investigating the mechanisms underlying biological adaptations to microgravity and searching for innovative solutions to counter spaceflight-induced damage. Therefore, this narrative study review, performed using the MEDLINE and Google Scholar databases, aims to summarize the most recent evidence regarding the effects of real and simulated microgravity on the musculoskeletal system and to discuss the effectiveness of the main defence strategies used in both real and experimental settings.






Keywords:


microgravity; musculoskeletal system; bone mineral density; muscle atrophy; weightlessness; prevention; nutrition; antioxidant; exercise; spaceflight












1. Introduction


Life on Earth developed under the influence of gravity, so organisms are constantly subjected to loading forces that provide a range of mechanical stimuli essential for the functioning of many physiological systems [1]. The lack of gravity and the resulting loss of mechanical stimulation of cells and tissues are essential characteristics of space, which is considered a hostile environment [2]. The effects induced by the microgravity that characterizes the space environment can be reproduced on Earth using tools and/or strategy, such as the clinostat, random positioning machine, and mechanical limb unloading [3].



The first investigations into musculoskeletal disorders during spaceflight were conducted in parallel by the Soviet Union and the United States. Particularly, Russian scientists discovered many effects of microgravity on cosmonauts during the 1960s, showing changes in biological properties with decreasing gravitational force and emphasizing the close relationship between physical strength and biological function [4]. Indeed, cells exposed to simulated microgravity can be profoundly affected by physical changes, such as loss of gravity-dependent convection, negligible hydrodynamic shear, and lack of sedimentation [5,6], which can significantly alter enzymatic, genetic, and epigenetic processes, causing changes in the form, function, and behavior of cells and tissues [7,8,9]. These alterations result in loss of bone and muscle mass [10,11,12], cardiovascular dysfunction [13,14], impaired fracture healing [15] and wound repair processes [16], as well as impaired immune response [17,18] and vestibular disorders in the ears [19]. Not surprisingly, such damage was found in all crew members of the Gemini Programme, developed by the United States during 1963–1966, in association with loss of bone calcium and muscle nitrogen, reduced post-flight exercise capacity, erythrocyte mass loss, and post-flight orthostatic intolerance [20]. Interestingly, in 1976, Michel et al. observed that bone mass loss in astronauts, in association with calcium, nitrogen, and phosphorus imbalance, occurred at a similar rate to that found in bed rest studies, producing a reduction in leg volume attributable to muscle atrophy and fluid loss [21].



Noteworthy, physical deterioration has been proposed to be counteracted using certain countermeasures, including regular exercise on treadmills and cyclettes and the use of special suits during working hours to stress the skeletal muscles, suggesting this strategy as a means of preventing the alterations induced by weightlessness [22]. Unfortunately, this strategy seems to be insufficient to completely preserve bodily functions, as the consequences of weightlessness persist even after the return to Earth’s gravity, significantly reducing work efficiency and quality of life [23]. Therefore, since space exploration is the new frontier of mankind, and the identification of defence strategies capable of counteracting the effects of being in space is necessary, laying the foundations also for the treatment of certain diseases induced by allurement and/or prolonged sedentariness, such as osteoporosis and sarcopenia.



Based on this evidence, the aim of our narrative review was to (i) describe the biological and molecular alterations of microgravity on the musculoskeletal system, (ii) list possible defence strategies to counteract the impact of weightlessness on bone and muscle tissue, and (iii) emphasize how such countermeasures may represent valid therapeutic options to counteract the musculoskeletal alterations found in both astronauts and elderly subjects forced into a sedentary lifestyle.




2. The Literature Search Strategy


A non-systematic search strategy was adopted for this narrative review, which allowed the selection of 151 scientific articles on the impact of microgravity on the musculoskeletal system, with a focus on potential defence strategies to counteract the bone and muscle mass loss induced by weightlessness. Articles of interest published between 1945 (start date) and 2023 were selected via the MEDLINE and Google Scholar bibliographic databases. The search strategy was based on the use of the following combinations of medical subject headings (MeHS) and keywords: (bone) OR (muscle) OR (musculoskeletal system) OR (bone mass) OR (muscle mass) OR (bone mineral density) OR (muscle atrophy) OR (osteoporosis) OR (sarcopenia) OR (preventive strategies) OR (nutrition) OR (antioxidant) OR (exercise) OR (myostatin) OR (irisin) AND (microgravity). For each combination listed, the keyword “microgravity” was replaced with the terms “weightlessness”, “simulated microgravity”, and “spaceflight”. Other articles consistent with the topic were selected independently of the search strategy and included in our manuscript.



The results included in vitro and in vivo experimental studies, narrative reviews, systematic reviews, meta-analyses, clinical trials, and randomized controlled trials to provide a comprehensive overview. Two researchers analyzed all research results by defining their relevance to the topic, while a third researcher resolved any disagreements during the article selection process. Finally, two other authors performed a further check of the selected articles, confirming their validity and clarifying any doubts.



The search process was performed on a worldwide basis, without excluding specific geographical areas or different ethnic groups. Language filters were applied to the list of results to eliminate non-English language articles.




3. Physiological Consequences of Microgravity: A Focus on the Musculoskeletal System


The impact of weightlessness can be seen on numerous organs and apparatuses, as short and long-duration spaceflights are known to induce a wide variety of physiological stresses that result in the impairment of their structural and functional integrity [24]. Much evidence has indicated, as an underlying mechanism, an imbalance in the distribution of interstitial fluid that, in the absence of gravity, is reduced by about 40% in the legs and shifts to the head, altering the pressure of the different anatomical districts [25]. This pressure variation is responsible for several physiological alterations that are commonly found in astronauts exposed to spaceflight, such as swelling of the forehead and facial tissue [26], spaceflight-associated neuro-ocular syndrome (SANS) caused by optic disc oedema [27], as well as increased kidney stone formation [28]. Undoubtedly, damage to the musculoskeletal system is among the most obvious manifestations of microgravity (Figure 1) and is reminiscent of the pathophysiological changes that affect bones and muscles during aging or during prolonged periods of bed rest and/or sedentary activity, such as osteoporosis and sarcopenia [29]. Indeed, simulated microgravity exposure is known to inhibit the differentiation and number of osteoblasts [30,31,32], as well as to induce skeletal muscle cell atrophy [33], confirming its marked impact on musculoskeletal health. Hence, the need to investigate musculoskeletal adaptations to microgravity to fully understand the biological mechanisms responsible for bone and muscle cell damage occurring in both astronauts and patients with osteoporosis and sarcopenia.



3.1. Microgravity Effects on Muscle


Skeletal muscles perform several functions that are essential for human life, as they not only provide the strength needed to counteract gravity and maintain posture, but also constitute a storehouse of important substrates, such as amino acids and carbohydrates, that are crucial for heat and energy production [34]. Exposure to real or simulated microgravity is known to result in a significant loss of muscle mass and strength, leading to muscle atrophy, changes in the composition and gene expression of muscle fibres, and a reduction in the regenerative capacity of satellite cells [35]. Undoubtedly, weightlessness-induced loss of muscle mass has been a medical and physiological concern, starting from the earliest space missions [4]. However, despite the important knowledge acquired on the physiological changes induced by spaceflight and the progress of research in this field, the molecular mechanisms responsible for muscle atrophy, as well as the effectiveness of possible countermeasures taken, still need to be investigated in depth.



In this context, experiments conducted on animal models subjected to spaceflight or lower limb unloading have shown that postural muscles, which generally contain a higher percentage of slow fibres, are more prone to atrophy than non-postural muscles [36,37,38]. Similar results have also been found for human skeletal muscles, as the effects of simulated microgravity appear to be more pronounced in antigravity muscles, i.e., those that play a postural role, such as the soleus, gastrocnemius, and quadriceps muscles [39,40,41]. In fact, during spaceflight or in a microgravity environment, the antigravity muscles are subject to atrophy as, in the absence of a gravitational field, the need to support the body is lost [42]. In this regard, Akima et al. investigated the volume changes of the extensor, flexor, and plantar flexor knee muscle groups of three crew members, identified as subjects A, B, and C, before and after a spaceflight of approximately 9, 15, and 16 days [43]. The greatest decrease in knee extensor muscle volume was found four days after the flight for subjects A (−15.4%) and C (−11.6%) and one day after the flight for subject B (−5.6%). Interestingly, the volume of the extensor and flexor muscles of the knee of subjects B and C almost recovered 21 and 30 days after landing, respectively, in contrast to subject A, who took between 30 and 120 days for full recovery. Similarly, a significant reduction in the volume of the plantar flexor muscles was observed, while full recovery took between 30 and 120 days, suggesting that alterations in muscle volume vary widely depending on the individual and the muscle group considered [43]. Overall, most studies have shown that the extensor muscles are more affected by microgravity than their antagonists, the flexors. For example, Widrick et al. observed that flexor fibres are less affected than extensor fibres after a 17-day spaceflight [44], although it has been reported that skeletal muscles are similarly affected by microgravity for long duration missions [39].



The devastating effects of microgravity on skeletal muscle may depend on the impaired maintenance of the progenitor stem cell pool. In this context, Hosoyama et al. exposed a cell culture model of fluctuating spherical aggregation of progenitor stem cells to clinostatic rotation for two weeks, observing a reduction in paired box 7 (Pax7), a transcription factor that plays a critical role in myogenesis, suggesting a dependence of muscle atrophy under microgravity conditions on stem cell pool depletion [45]. Similar results were obtained by Tarantino and colleagues, who recently investigated the role of myostatin, the most famous negative regulator of muscle growth, and bone morphogenetic protein 2 (BMP-2), in the response of human satellite cells isolated from patients undergoing hip arthroplasty for high-energy fracture, osteoarthritis, or osteoporosis exposed to random positioning machine (RPM) for three days [46]. Interestingly, increased myotube formation and increased BMP-2 expression were detected in all experimental groups already in the very early stages of RPM exposure. However, prolonged exposure to microgravity induced significant changes in myostatin expression, concomitant with the degeneration of satellite cells and myotubes, suggesting that the altered BMP-2/myostatin ratio may be responsible for the muscle atrophy and impaired regenerative potential that occurs under simulated microgravity conditions [46].



Interestingly, altered protein turnover has been suggested as the molecular mechanism responsible for load-free muscle atrophy. Indeed, hypokinesia and hypodynamia in rats subjected to hind limb unloading have long been known to cause a rapid reduction in protein synthesis, such as that observed in subjects exposed to prolonged bed rest or spaceflight [47,48,49]. This effect could depend on an increase in the dephosphorylation events of the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway, which would lead to its inactivation [50,51]. Indeed, the generation of mice lacking Akt or the insulin-like growth factor (IGF-1) receptor results in a phenotype characterized by a severe growth deficit and significant muscle atrophy, highlighting a crucial role of the PI3K/Akt/mammalian target of rapamycin (mTOR) pathway in the muscle growth regulation [52]. Furthermore, inhibition of this pathway in muscle cells is known to induce down-regulation of most IGF-1-regulated genes, confirming its involvement in the protein synthesis modulation. Indeed, intense muscular stimulation through maximal resistance exercise or with anabolic agents, such as IGF-1, results in the PI3K/Akt pathway activation and the consequent phosphorylation of mTOR. This results in the activation of specific downstream kinases, as well as the inactivation of repressors of protein synthesis, promoting an increase in the synthesis of muscle proteins that lead to growth and hypertrophy [53].



On the other hand, in addition to the reduction in protein synthesis, the prolonged absence of loading also leads to the activation of proteolytic systems that cause protein degradation, favoring muscle wasting [54]. Particularly, the ubiquitin–proteasome system has been proposed to be most involved in disuse muscle atrophy, as several mRNAs encoding proteins involved in this system are increased in muscle atrophy induced by hind limb unloading and spaceflight. These include mRNAs coding for muscle RING-finger protein-1 (MuRF1) and muscle atrophy F-box (MAFbx)/atrogin-1, two muscle-specific classes of ubiquitin-ligase (E3), an enzyme that recognizes multiple target protein substrates by regulating proteolysis [54]. Noteworthy, the expression of these muscle-specific ubiquitin ligases is regulated by fork head box O (FOXO) transcription factors, whose activity is under the control of the IGF-1-PI3K-Akt pathway [55]. Specifically, under unloaded conditions, Akt does not phosphorylate FOXO, which translocate into the nucleus and up-regulates the expression of ubiquitin ligases, highlighting the PI3K/Akt pathway involvement in both the reduction of protein synthesis and the increase in degradation due to unloading [56].



A further mechanism suggested to be involved in disuse muscle atrophy is increased oxidative stress, which is one of the main triggers of the imbalance between protein synthesis and degradation that leads to muscle atrophy [57,58,59]. Indeed, increased reactive oxygen species (ROS) promote the expression of proteins involved in proteolytic pathways, as well as proteases calpain and caspase-3, promoting protein degradation and apoptosis [58]. Interestingly, calcium is a known important regulator of calpain activation, suggesting its role in disuse-induced protein degradation [60]. In this context, Matsumoto et al. observed the calcium-mediated activation of the ubiquitous calpain calpain1 and calpain2 in rats subjected to upper limb unloading [61]. The deregulation of intracellular calcium levels could be responsible for the calpain activation and, consequently, the increase in protein degradation, as demonstrated by the alterations in the release and reabsorption of calcium from the sarcoplasmic reticulum observed after six days of spaceflight [62,63].



Finally, mitochondrial dysfunction appears to play a crucial role in spaceflight-induced cellular and tissue alterations, leading to an impairment of cellular respiration processes, adenosine triphosphate (ATP) production, oxidative phosphorylation, and mitochondrial gene expression [64]. In this context, peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), a promoter of mitochondrial biogenesis, is known to play a central role in mitochondrial alterations and muscle atrophy, as a reduced expression of PGC-1α, concomitant with significant muscle atrophy, has been observed in both human and mouse discharge models [65,66]. Overall, metabolic alterations affecting skeletal muscle under microgravity or no-load conditions result in reduced force-generating capacity [67]. This is mainly due to the decrease in the size of individual muscle fibres, as demonstrated by muscle biopsies from astronauts exposed to spaceflight, resulting in an overall reduction in specific force [68,69].



Unfortunately, existing data on the effect of spaceflight on skeletal muscles are rather heterogeneous, probably due to numerous factors, such as age, fitness, and nutritional status prior to flight, as well as the adoption of countermeasures to minimize the impact of weightlessness [35]. Furthermore, discordant data have also been reported on the type of muscle fibres that are primarily affected by microgravity. Indeed, a preferential atrophy of type I, slow, and fatigue-resistant muscle fibres has been observed in rats maintained under simulated microgravity [10]. On the other hand, in human skeletal muscles, muscle atrophy seems to affect both types of fibres equally, although some authors have reported greater atrophy in type II fibres, in conjunction with a significant reduction in the cross-sectional area of the vastus lateralis muscle [70].




3.2. Microgravity Effects on Bones


Bones are complex, constantly evolving tissues that provide the anchoring site for muscles and respond to changes in load, while also regulating mineral homeostasis through their involvement in metabolic pathways [71]. Indeed, bone is known to be a metabolically active organ that undergoes continuous remodelling throughout life through the phenomena of bone formation and resorption [72]. This process is operated by two types of cells that populate bone tissue: osteoblasts, which are responsible for the formation of new bone tissue, and osteoclasts, which instead drive resorption [73]. For the proper maintenance of homeostasis, the activity of these two cell types must be finely regulated, as deregulation of their activity could lead to the onset of metabolic bone diseases, such as osteoporosis [74].



For the activity of osteoblasts and osteoclasts to be in balance, thus maintaining the optimal microarchitecture of bone tissue, the mechanical stresses that characterize gravitational fields are necessary. However, in a microgravity environment, the absence of such mechanical stresses results in a rapid decoupling between formation and resorption, leading to a reduction in bone mass and promoting the onset of osteoporosis [75]. This condition, which has been compared to that observed in post-menopausal women, is known as spaceflight osteopenia, and it is manifested in astronauts by the bone mass loss in the proximal femur [76]. Therefore, bone mass loss due to weightlessness is a critical issue that needs substantial investigation at the molecular and cellular level. In recent years, many studies have been conducted to identify the biological changes induced by real or simulated microgravity that occur in mesenchymal stem cells, osteoblasts, and osteoclasts.



3.2.1. Mesenchymal Stem Cells (MSCs)


MSCs are multipotent stem cells present in the bone marrow and are important for their ability to differentiate into chondrocytes, osteoblasts, and adipocytes [77]. However, under simulated microgravity conditions, their differentiation potential may alter, favoring the maintenance of an undifferentiated state [78]. In this context, Liu and colleagues studied mitochondrial oxidative phosphorylation by assessing PGC-1α levels in MSCs under osteogenic and simulated microgravity conditions [79]. A significant inhibition of osteogenic differentiation and oxidative phosphorylation of MSCs was detected, concomitant with a reduction in the expression of sirtuin 1 (SRT1), an NAD+-dependent protein deacetylase that regulates energy metabolism. Interestingly, the use of resveratrol, a potent antioxidant that activates SRT1, resulted in SRT1 overexpression and preserved oxidative phosphorylation and osteogenic differentiation, suggesting that SRT1 upregulation may counteract the damaging effects of simulated microgravity [79].



The osteogenic differentiation potential loss could be caused precisely by the absence of mechanical stress, as microgravity exposure, as well as lack of physical activity due to spinal and brain injury, can significantly reduce mechanical stress and favour the adipogenic fate of MSCs, rather than the osteogenic one [80,81]. Although the mechanism that promotes the osteogenic-adipogenic transition in the absence of loading has not yet been fully elucidated, some evidence has suggested that weightlessness might influence the differentiation potential of MSCs by downregulating mitogen-activated protein kinase (MAPK) and increasing the peroxisome proliferator-activated receptor gamma (PPAR-γ) expression [82]. The cytoskeleton is also strongly influenced by signals from the extracellular microenvironment, being able to transduce the mechanical signals that cause deformation of the extracellular matrix [83,84]. However, simulated microgravity could result in the collapse of the actin microfilaments of the cytoskeleton, causing cell cycle arrest in the G0/G1 phase [85].




3.2.2. Osteoblasts and Osteoclasts


Osteoblasts are responsible for new tissue formation, playing a key role in maintaining bone homeostasis [86]. The effect of simulated microgravity on these cells has been known for some time. As early as 1997, Carmeliet et al. observed a significant reduction in alkaline phosphatase (ALP) activity and osteocalcin (OCN) expression in osteoblasts exposed to simulated microgravity [30]. Similarly, a five-day RPM exposure of the human osteosarcoma cell line SAOS-2 under osteogenic conditions caused a significant reduction in mineralization, calcifying nodules’ presence and pentraxin 3 (PTX3) expression, an important regulator of bone metabolism [87]. Furthermore, weightlessness has been suggested to inhibit the differentiation of osteoprogenitor cells into mature osteoblasts and reduce the osteogenic potential of bone marrow MSCs [88,89]. Overall, microgravity-induced loss of bone mass could be attributed to impaired activity, proliferation, and differentiation of osteoblasts, which would become less responsive to bone-related factors present in the microenvironment [90]. Alternatively, such physiological adaptation to microgravity could depend on cytoskeletal alterations that occur in osteoblasts in the absence of mechanical stimuli [91], the cytoskeleton being closely associated with nuclear morphology and function [92].



Noteworthy, simulated microgravity exposure is known to damage the actin microfilaments of osteoblasts, leading to a deficit in bone formation [93,94]. In this regard, Fan et al. recently observed that the osteoblast cell line MC3T3-E1 exposed to RPM for three days showed marked structural alteration of the cytoskeleton, reduced formation of focal adhesions, as well as significant down-regulation of focal adhesion kinase (FAK) signalling, a tyrosine kinase that regulates osteoblastic differentiation and bone regeneration [95]. Furthermore, simulated microgravity exposure dramatically reduced the expression of β-catenin and markers of osteoblastic maturation, such as BMP-2 and collagen type I (COL1), as well as inhibiting ALP activity and mineralization. Interestingly, treatment with cytotoxic necrotizing factor-1 (CNF1), which acts as an FAK activator, counteracted the deleterious effects of RPM exposure, suggesting FAK as a potential therapeutic target to prevent weightlessness-induced bone loss [95].



Although the mechanisms underlying weightlessness-induced bone loss have not yet been fully elucidated, altered calcium metabolism could explain the demineralizing effects of space missions [96]. Indeed, in weightlessness, the excessive release of calcium by bone tissue is responsible for the suppression of parathyroid hormone (PTH) and circulating 1,25-dihydroxyvitamin D (1,25(OH)2D), resulting in reduced intestinal calcium absorption that leads to muscle wasting and the onset of osteoporosis [97,98,99]. In this regard, Hu and colleagues found a significant reduction in osteoblastic differentiation and mineralized nodule formation in MC3T3-E1 murine pre-osteoblasts exposed to RPM for 24 h, in association with reduced expression of some important markers of osteoblastic differentiation, such as runt-related transcription factor 2 (RUNX2), OCN and COL1 [100]. In addition, the inhibitory effects of microgravity on osteoblast function were recently confirmed by Braveboy-Wagner and Lelkes, who observed that exposure of 7F2 osteoblasts to various levels of simulated partial gravity resulted in a significant gravity-dependent inhibition of short-term (six days) ALP proliferation and activity and long-term (twenty-one days) mineralization, suggesting a close association between impaired cell function and levels of simulated partial gravity [101].



Noteworthy, microgravity-induced loss of bone mass could also be caused by an alteration of osteoblast proliferation and apoptosis processes. In this context, Bucaro et al. observed in clinostat-exposed MC3T3-E1 cells a significant down-regulation of the anti-apoptotic protein Bcl-2 and Akt, key markers of cell proliferation and survival [75]. Subsequently, Dai and colleagues also confirmed the involvement of Akt in the response of rat bone marrow mesenchymal stem cells exposed to three days of clinorotation, confirming the alteration of proliferative and apoptotic processes among the main mechanisms responsible for the weightlessness-induced loss of bone mass [85].



Finally, the impairment of osteoblastic activity under microgravity conditions has been correlated with an increase in osteoclastogenesis [102,103]. In this respect, Tamma et al. studied the differentiation of osteoclast precursors, cultured on slices of devitalized bovine bone for four days under microgravity conditions inside bioreactors with a perfusion system, into mature osteoclasts [104]. Interestingly, a significant increase in the expression of genes involved in osteoclast maturation and activity was observed, in association with an increase in bone resorption demonstrated by an increased release of collagen telopeptides, suggesting osteoclasts and their precursors as direct targets of microgravity [104]. These findings were confirmed by Sambandam and colleagues, who found over-expression of growth factors in pre-osteoclasts exposed to simulated microgravity, resulting in increased bone resorption [105]. In addition, nano-CT scans and measurements of tartrate-resistant acid phosphatase (TRAP), an osteoclast-specific gene, on C57BL/6 mice exposed to spaceflight for 15 days aboard the space shuttle ST-131, showed marked bone loss and increased osteoclast numbers, confirming the effect of microgravity on bone resorption [106]. Similarly, Chatani and colleagues, aboard two ISS flights, used double transgenic fish, with a TRAP promoter linked to a green fluorescent protein and a metalloproteinase 9 promoter linked to a red fluorescent protein, to identify osteoclasts and assess their activity by RNA extraction and transcriptome analysis. Interestingly, a significant up-regulation of osteoclast activity was observed on days four and six of spaceflight, concomitantly with an increased expression of osteoclast-specific genes after the second day of flight [107].






4. Can We Resist Microgravity?


In the near future, humanity is about to colonize space and, with it, satellites and planets. This momentous event will bring about a radical change in the way human beings are accustomed to living, necessitating adaptation to hitherto unknown living conditions. As mentioned above, prolonged exposure to very low gravitational forces will lead to unavoidable physiological changes, which will require timely and effective management and preventive action. For this reason, the concept of space medicine must be explored, highlighting the need to develop strategies to prevent and/or counteract physiological alterations induced by weightlessness [108]. In the area of musculoskeletal alterations, numerous options have been explored (Figure 2), although scientific research is still far from identifying an elixir capable of opposing the devastating effects of microgravity.



4.1. Nutrition and Antioxidants


Nutrition plays a key role in space travel, from providing all the nutrients to meet the body’s metabolic needs and requirements, to enhancing the individual’s emotional wellbeing. Furthermore, adequate nutrition is crucial to compensate for some of the negative effects of weightlessness, such as oxidative stress and bone and muscle mass loss [109]. For this reason, the World Health Organization (WHO) has established specific nutritional requirements for spaceflight, based on the daily needs of people on Earth. Particularly, the recommended intake of key macronutrients, such as proteins, lipids, and carbohydrates, should also be combined with a constant vitamin intake, given their antioxidant power [110]. Not surprisingly, the ROS generation and the resulting oxidative stress are among the main contributors to the bone mass loss that occurs in microgravity conditions [111]. In this regard, Smith and colleagues found a 32% increase in the urinary concentration of 8-hydroxy-2′-deoxyguanosine (8-OHdG) during long-duration spaceflight, while the concentration of superoxide dismutase was significantly reduced after flight, suggesting potential damage to cellular and nuclear structures as a consequence of weightlessness [112]. In agreement, Rai et al. observed a close association between prolonged exposure to microgravity and increases in specific oxidative stress markers, such as 8-OhdG and malondialdehyde, confirming that mechanical exhaust promotes ROS formation and that this effect is more pronounced in long duration flights and persists for several weeks after the end of the mission [113]. Similar results were observed in mouse models subjected to limb unloading, in which an increase in intracellular levels of ROS, 8-OhdG, and 4-hydroxynonenel (4-HNE) was detected at the same time as significant bone loss caused by reduced osteoblastic capacity [114]. Interestingly, daily administration of an antioxidant, vitamin C, significantly attenuated bone loss during mechanical unloading, preserving bone morphometric parameters, such as bone volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation at optimal values [114]. Similarly, Xin and colleagues investigated the efficacy of treatment with 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (curcumin), a known antioxidant that reduces free radicals and promotes the expression of various cytoprotective and antioxidant proteins, in counteracting bone loss in rats exposed to hind limb suspension for six weeks. Surprisingly, curcumin treatment proved to be an effective countermeasure to inhibit ROS formation induced by mechanical unloading, enhancing osteoblastic differentiation, and attenuating osteoclastogenesis [115,116]. The extraordinary power of antioxidants was recently confirmed by Morabito et al., who demonstrated how treatment with 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), a water-soluble analogue of vitamin E, counteracted oxidative damage induced by prolonged exposure to RPM in a murine osteoblast cell line, while also preserving cytoskeleton architecture and restoring intracellular ROS and calcium levels [117].



The involvement of oxidative stress has also been demonstrated in muscle atrophy induced by mechanical exhaustion. In this context, although some antioxidant cocktails have proven ineffective [118,119], greater success has been demonstrated for the overexpression of catalase [120], mitochondria-targeted antioxidants [121], and administration of a mimetic of superoxide dismutase and catalase (EUK-134) [122,123]. Interestingly, Lawler et al. have recently shown that the oxidative stress response and atrophy of skeletal muscle fibres occurring under simulated microgravity conditions can be mitigated by inhibition of the pro-oxidant enzyme NAPDH oxidase-2 (Nox2), a membrane oxidoreductase that produces ROS in response to skeletal muscle contractions and stretch [124]. In agreement with other studies, manganese-dependent superoxide dismutase (MnSOD), an antioxidant enzyme, was also down-regulated with mechanical unloading, in association with the nuclear transcription factor erythroid-2 (Nrf2), providing protection against muscle wasting and oxidative stress typical of the sarcopenic condition [125,126]. Finally, treatment of rats with the fat-soluble antioxidant vitamin E promoted an improvement of muscle wasting atrophy by approximately 20 per cent, just as intramuscular injection of the flavonoid quercetin into the gastrocnemius muscle was observed to effectively prevent muscle weight loss in rats subjected to hind limb unloading [127,128].




4.2. Exercise


The benefits of exercise on musculoskeletal health are well known and widely documented. Indeed, regular exercise preserves the function and structure of both bone and muscle tissue, preventing the onset of osteoporosis and sarcopenia [129,130]. Unfortunately, the beneficial effects of exercise on the musculoskeletal system under load-free conditions appear to be only partial, as they do not fully restore bone and muscle mass. In this context, Norman et al. found a complete preservation of bone mineral density (BMD) in rats subjected to limb unloading and treadmill exercise, while their muscle mass was significantly lower than that of controls, indicating a partial beneficial effect of exercise in counteracting weightlessness-induced damage [131].



Already during the first space missions, the introduction of regular exercise, increased exercise duration and improved equipment used were observed to mitigate, but not prevent, musculoskeletal changes [132]. This is also true for the first missions to the international space station (ISS), as daily exercise using a treadmill, cycle ergometer, and advanced resistance exercise device (ARED) was beneficial, but not sufficient, to prevent bone and muscle decline in astronauts [133]. In this context, Gopalakrishnan et al. quantified the changes in muscle volume, strength, and endurance of crew members on the ISS, noting a general loss of concentric strength in all lower limb muscle groups, despite the exercise programme [134]. Subsequently, Fitts and colleagues investigated the effects of no-load and exercise countermeasures on anaerobic and aerobic enzyme activity and glycogen and lipid content in the slow and fast fibres of the soleus and gastrocnemius muscles in nine ISS crew members for six months. Post-flight results showed that treadmill running partially protected against muscle atrophy, as well as increasing the muscle’s aerobic enzyme activity [135]. Other evidence subsequently suggested that a combination of resistance training and a mix of high-intensity interval and continuous aerobic training, in association with the use of innovative and appropriate equipment, could be a viable countermeasure in counteracting the loss of bone mass and muscle strength caused by mechanical unloading, although not offering complete prevention [136]. More recently, Gabel and colleagues investigated the effects on bone microarchitecture, density, and strength of the distal tibia and radius in 17 astronauts exposed to spaceflight, looking for possible correlations between mission duration, bone markers, and pre-flight and in-flight exercise on bone morphological changes [137]. Noteworthy, individuals with high pre-flight bone turnover were more sensitive to the negative effects of offloading in microgravity conditions, while a higher probability of preserving bone strength and tibia trabecular bone was found in crew members who increased the volume of in-flight endurance training compared to pre-flight. Overall, these results highlight that pre-flight bone turnover markers and exercise chronology could be valuable preventive measures to identify crew members at increased risk of bone loss due to offloading [137].




4.3. Regulators of Musculoskeletal Health: A Focus on Myostatin and Irisin


Bone and muscle are known to perform an important endocrine function due to their ability to release numerous molecules, osteokines, and myokines, respectively, that promote biochemical communication between the two tissues [138]. Some of these biomarkers play important regulatory functions in the musculoskeletal system, influencing the quality of bone and muscle tissue and representing therapeutic targets for weightlessness-induced loss of bone and muscle mass. Particularly, myostatin and irisin, two important myokines released by skeletal muscle under sedentary/exertion and exercise conditions, respectively, are also known to influence bone tissue health, suggesting a significant role in bone–muscle crosstalk [139,140].



In this context, Cariati et al. evaluated the efficacy of anti-myostatin antibody treatment in primary cultures of satellite cells isolated from patients undergoing hip arthroplasty for high-energy fractures, osteoarthritis, or osteoporosis, exposed to RPM for 72 h [141]. Marked morphological changes, including cytoplasmic vacuolization of the myotubes and the presence of clear areas of necrosis, were observed in all experimental groups, especially in osteoporotic patients, in association with an increased expression of myostatin, which is probably responsible for microgravity-induced cell degeneration. Surprisingly, treatment of cells with anti-myostatin antibodies preserved cell viability by reducing the deleterious effects of RPM exposure, suggesting myostatin as a potential therapeutic target to counteract the muscle mass loss that occurs in the absence of loading and characterizes the sarcopenic condition [141]. In agreement, Smith and colleagues investigated the effects of myostatin inhibition through the administration of an anti-myostatin neutralizing antibody (YN41) in mice housed aboard the ISS, which were characterized by significant soleus muscle atrophy and marked weight loss compared to ground control mice. Noteworthy, YN41 treatment promoted an increase in body weight, lean mass, and muscle strength, with a more pronounced effect on fast-twitch muscles [142]. Similarly, inhibition of the myostatin/activin A signalling pathway, using a soluble form of the activin type IIB receptor (ACVR2B) that can bind each of these ligands, promotes significant increases in muscle and bone mass in mice housed on the ISS, with effects comparable to those seen in mice on earth [143]. Indeed, ACVR2B treatment exerted a positive effect on bone tissue, as demonstrated by the increase in long bone and vertebrae mass assessed by computed tomography (microCT), both in mice exposed to weightlessness and in mice on the ground. Furthermore, microgravity exposure and ACVR2B treatment altered several signalling pathways, inducing changes in the expression levels of key components of muscle and bone metabolism [143].



Encouraging results were also obtained using irisin, a myokine secreted by skeletal muscle in response to exercise that promotes bone formation, adipocyte browning, and cognitive gain [144,145]. The action of this myokine on bone metabolism was highlighted by Colaianni et al., who demonstrated not only that irisin promotes osteoblast differentiation in vitro, but also that osteoblasts increase ALP and COLI expression in an irisin-dependent manner [146]. Furthermore, injection of low doses of recombinant irisin (r-irisin) into young male mice is known to induce significant increases in BMD of cortical tissue, periosteal circumference, and flexural strength, indicating irisin-dependent bone stimulation [147]. Not surprisingly, irisin has been proposed as a key biomarker of weightlessness-induced bone loss, suggesting its use in counteracting microgravity- and disuse-induced musculoskeletal defects. In this regard, administration of recombinant irisin (r-irisin) in mice subjected to limb unloading preserved femoral cortical and trabecular BMD and muscle mass from atrophy [148]. In agreement, Chen and colleagues proposed that r-irisin could positively regulate osteoblast differentiation under simulated microgravity conditions by increasing the β-catenin expression and promoting the expression of osteogenic markers, such as ALP and COLI, and cell proliferation-related genes, such as cyclin-dependent kinases (CDKs) 2 and 12 and cyclins A2, D1, and E1 [149]. Finally, Sanesi et al. demonstrated the involvement of the FNDC5/irisin axis in unloading-induced bone and muscle mass loss and confirmed its potential therapeutic use in counteracting unloading-induced musculoskeletal damage [150]. Indeed, the authors analyzed the pattern of protein expression in vastus lateralis and gastrocnemius muscles and cortical bone, in parallel with serum irisin levels, in mice subjected to four weeks of hind limb unloading. Noteworthy, mice subjected to limb unloading, but treated with r-irisin, in contrast to untreated animals, retained the expression of the myosin heavy chain isoforms, MyHCIIα and MyHCIIx, as well as the anti-apoptotic factor Bcl-2, demonstrating that the bone and muscle decline occurring in mice with suspended limbs is prevented by the action of r-irisin. In addition, r-irisin was able to inhibit the expression of the senescence marker p53 and the pro-apoptotic marker Bax, confirming the role of this myokine in counteracting weightlessness-induced cell death [150]. Finally, Cariati et al. recently investigated the efficacy of a single administration of r-irisin in primary cultures of human osteoblasts exposed to RPM for three or six days [151]. Interestingly, cells treated with r-irisin during three-day RPM exposure showed significant protection from apoptotic death, in terms of cell viability, intracellular ROS production, and ratio of apoptotic markers, as well as full preservation of mineralizing capacity, as assessed by PTX3 expression. However, a single administration of r-irisin was not sufficient to counteract the damage induced by RPM exposure for a longer time, suggesting the need for repeated administration or the development of complementary strategies aimed at corroborating the action of r-irisin [151].





5. Conclusions


The muscle degeneration observed in astronauts during space missions is usually associated with bone mass loss. However, although weightlessness is known to cause high bone resorption and a rapid decrease in bone minerals and calcium, the underlying mechanisms are still not entirely clear, and little is known about the role of potential markers involved in microgravity exposure-induced damage.



Much evidence has proposed altered expression of proteins and molecules involved in bone–muscle crosstalk as responsible for the impact of weightlessness on musculoskeletal health. Among these, the expression patterns of some mediators of musculoskeletal health, such as myostatin and irisin, appear to be involved in both muscle and bone damage induced by mechanical unloading and in the progression of age-related musculoskeletal disorders, such as osteoporosis and sarcopenia. However, further studies are needed not only to deepen our knowledge of the mechanisms of action of these molecules and other biomarkers, but also to identify the early sensors of mechanotransduction and to fully understand the physiological effects of weightlessness and develop strategies to counteract its detrimental consequences. Among the proposed solutions, the administration of antioxidants, regular exercise, and an appropriate nutritional approach are undoubtedly the most widely used prevention strategies. In addition, the development of experimental drug therapies, such as the use of anti-myostatin antibodies and r-irisin, are among the most innovative choices on which research has recently focused. Undoubtedly, the development of countermeasures that can prevent the bone and muscle mass loss induced by weightlessness could ensure safe space missions for astronauts and shed light on the pathogenesis of musculoskeletal disorders, highlighting the need for significant research progress in this field to address humanity’s greatest challenge.







Author Contributions


Conceptualization, R.B. and I.C.; investigation, R.B., I.C. and M.M.; data curation, R.B. and I.C.; writing—original draft preparation, R.B. and I.C.; writing—review and editing, I.C., U.T. and V.T.; supervision, U.T. and V.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The authors acknowledge the Centre of Space Bio-medicine, “Tor Vergata” University of Rome for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tanaka, K.; Nishimura, N.; Kawai, Y. Adaptation to microgravity, deconditioning, and countermeasures. J. Physiol. Sci. 2017, 67, 271–281. [Google Scholar] [CrossRef]

	



Kandarpa, K.; Schneider, V.; Ganapathy, K. Human health during space travel: An overview. Neurol. India 2019, 67, S176–S181. [Google Scholar] [CrossRef]

	



Anil-Inevi, M.; Sarigil, O.; Kizilkaya, M.; Mese, G.; Tekin, H.C.; Ozcivici, E. Stem Cell Culture Under Simulated Microgravity. Adv. Exp. Med. Biol. 2020, 1298, 105–132. [Google Scholar] [CrossRef] [PubMed]

	



Convertino, V.A. Physiological adaptations to weightlessness: Effects on exercise and work performance. Exerc. Sport Sci. Rev. 1990, 18, 119–166. [Google Scholar] [CrossRef] [PubMed]

	



Todd, P. Gravity-dependent phenomena at the scale of the single cell. ASGSB Bull. Publ. Am. Soc. Gravit. Sp. Biol. 1989, 2, 95–113. [Google Scholar]

	



Hammond, T.G.; Hammond, J.M. Optimized suspension culture: The rotating-wall vessel. Am. J. Physiol. Renal Physiol. 2001, 281, F12–F25. [Google Scholar] [CrossRef]

	



Klein-Nulend, J.; Bacabac, R.G.; Veldhuijzen, J.P.; Van Loon, J.J.W.A. Microgravity and bone cell mechanosensitivity. Adv. Sp. Res. Off. J. Comm. Sp. Res. 2003, 32, 1551–1559. [Google Scholar] [CrossRef]

	



Pardo, S.J.; Patel, M.J.; Sykes, M.C.; Platt, M.O.; Boyd, N.L.; Sorescu, G.P.; Xu, M.; van Loon, J.J.W.A.; Wang, M.D.; Jo, H. Simulated microgravity using the Random Positioning Machine inhibits differentiation and alters gene expression profiles of 2T3 preosteoblasts. Am. J. Physiol. Cell Physiol. 2005, 288, C1211–C1221. [Google Scholar] [CrossRef]

	



Monici, M.; Fusi, F.; Paglierani, M.; Marziliano, N.; Cogoli, A.; Pratesi, R.; Bernabei, P.A. Modeled gravitational unloading triggers differentiation and apoptosis in preosteoclastic cells. J. Cell. Biochem. 2006, 98, 65–80. [Google Scholar] [CrossRef]

	



Fitts, R.H.; Riley, D.R.; Widrick, J.J. Functional and structural adaptations of skeletal muscle to microgravity. J. Exp. Biol. 2001, 204, 3201–3208. [Google Scholar] [CrossRef]

	



Fitts, R.H.; Trappe, S.W.; Costill, D.L.; Gallagher, P.M.; Creer, A.C.; Colloton, P.A.; Peters, J.R.; Romatowski, J.G.; Bain, J.L.; Riley, D.A. Prolonged space flight-induced alterations in the structure and function of human skeletal muscle fibres. J. Physiol. 2010, 588, 3567–3592. [Google Scholar] [CrossRef] [PubMed]

	



Bettis, T.; Kim, B.-J.; Hamrick, M.W. Impact of muscle atrophy on bone metabolism and bone strength: Implications for muscle-bone crosstalk with aging and disuse. Osteoporos. Int. 2018, 29, 1713–1720. [Google Scholar] [CrossRef] [PubMed]

	



Aubert, A.E.; Beckers, F.; Verheyden, B. Cardiovascular function and basics of physiology in microgravity. Acta Cardiol. 2005, 60, 129–151. [Google Scholar] [CrossRef] [PubMed]

	



Convertino, V.A. Consequences of cardiovascular adaptation to spaceflight: Implications for the use of pharmacological countermeasures. Gravit. Sp. Biol. Bull. Publ. Am. Soc. Gravit. Sp. Biol. 2005, 18, 59–69. [Google Scholar]

	



Kirchen, M.E.; O’Connor, K.M.; Gruber, H.E.; Sweeney, J.R.; Fras, I.A.; Stover, S.J.; Sarmiento, A.; Marshall, G.J. Effects of microgravity on bone healing in a rat fibular osteotomy model. Clin. Orthop. Relat. Res. 1995, 318, 231–242. [Google Scholar]

	



Radek, K.A.; Baer, L.A.; Eckhardt, J.; DiPietro, L.A.; Wade, C.E. Mechanical unloading impairs keratinocyte migration and angiogenesis during cutaneous wound healing. J. Appl. Physiol. 2008, 104, 1295–1303. [Google Scholar] [CrossRef]

	



Sonnenfeld, G. The immune system in space, including Earth-based benefits of space-based research. Curr. Pharm. Biotechnol. 2005, 6, 343–349. [Google Scholar] [CrossRef]

	



Stowe, R.P.; Sams, C.F.; Pierson, D.L. Adrenocortical and immune responses following short- and long-duration spaceflight. Aviat. Space. Environ. Med. 2011, 82, 627–634. [Google Scholar] [CrossRef]

	



Morita, H.; Abe, C.; Tanaka, K. Long-term exposure to microgravity impairs vestibulo-cardiovascular reflex. Sci. Rep. 2016, 6, 33405. [Google Scholar] [CrossRef]

	



Berry, C.A. The medical legacy of Gemini. Life Sci. Space Res. 1968, 6, 1–19. [Google Scholar]

	



Michel, E.L.; Johnston, R.S.; Dietlein, L.F. Biomedical results of the Skylab Program. Life Sci. Space Res. 1976, 14, 3–18. [Google Scholar] [PubMed]

	



Grigoriev, A.I.; Morukov, B.V.; Vorobiev, D.V. Water and electrolyte studies during long-term missions onboard the space stations SALYUT and MIR. Clin. Investig. 1994, 72, 169–189. [Google Scholar] [CrossRef] [PubMed]

	



Ruden, D.M.; Bolnick, A.; Awonuga, A.; Abdulhasan, M.; Perez, G.; Puscheck, E.E.; Rappolee, D.A. Effects of Gravity, Microgravity or Microgravity Simulation on Early Mammalian Development. Stem Cells Dev. 2018, 27, 1230–1236. [Google Scholar] [CrossRef]

	



Prasad, B.; Grimm, D.; Strauch, S.M.; Erzinger, G.S.; Corydon, T.J.; Lebert, M.; Magnusson, N.E.; Infanger, M.; Richter, P.; Krüger, M. Influence of Microgravity on Apoptosis in Cells, Tissues, and Other Systems In Vivo and In Vitro. Int. J. Mol. Sci. 2020, 21, 9373. [Google Scholar] [CrossRef] [PubMed]

	



Baisch, F.J. Body fluid distribution in man in space and effect of lower body negative pressure treatment. Clin. Investig. 1993, 71, 690–699. [Google Scholar] [CrossRef]

	



Zhang, L.-F.; Hargens, A.R. Spaceflight-Induced Intracranial Hypertension and Visual Impairment: Pathophysiology and Countermeasures. Physiol. Rev. 2018, 98, 59–87. [Google Scholar] [CrossRef]

	



Huang, A.S.; Stenger, M.B.; Macias, B.R. Gravitational Influence on Intraocular Pressure: Implications for Spaceflight and Disease. J. Glaucoma 2019, 28, 756–764. [Google Scholar] [CrossRef]

	



Liakopoulos, V.; Leivaditis, K.; Eleftheriadis, T.; Dombros, N. The kidney in space. Int. Urol. Nephrol. 2012, 44, 1893–1901. [Google Scholar] [CrossRef]

	



Herrmann, M.; Engelke, K.; Ebert, R.; Müller-Deubert, S.; Rudert, M.; Ziouti, F.; Jundt, F.; Felsenberg, D.; Jakob, F. Interactions between Muscle and Bone-Where Physics Meets Biology. Biomolecules 2020, 10, 432. [Google Scholar] [CrossRef]

	



Carmeliet, G.; Nys, G.; Bouillon, R. Microgravity reduces the differentiation of human osteoblastic MG-63 cells. J. Bone Miner. Res. 1997, 12, 786–794. [Google Scholar] [CrossRef]

	



Nabavi, N.; Khandani, A.; Camirand, A.; Harrison, R.E. Effects of microgravity on osteoclast bone resorption and osteoblast cytoskeletal organization and adhesion. Bone 2011, 49, 965–974. [Google Scholar] [CrossRef]

	



Hughes-Fulford, M.; Lewis, M.L. Effects of microgravity on osteoblast growth activation. Exp. Cell Res. 1996, 224, 103–109. [Google Scholar] [CrossRef]

	



Vandenburgh, H.; Chromiak, J.; Shansky, J.; Del Tatto, M.; Lemaire, J. Space travel directly induces skeletal muscle atrophy. FASEB J. 1999, 13, 1031–1038. [Google Scholar] [CrossRef]

	



Frontera, W.R.; Ochala, J. Skeletal muscle: A brief review of structure and function. Calcif. Tissue Int. 2015, 96, 183–195. [Google Scholar] [CrossRef]

	



Narici, M.V.; de Boer, M.D. Disuse of the musculo-skeletal system in space and on earth. Eur. J. Appl. Physiol. 2011, 111, 403–420. [Google Scholar] [CrossRef] [PubMed]

	



Roy, R.R.; Bello, M.A.; Bouissou, P.; Edgerton, V.R. Size and metabolic properties of fibers in rat fast-twitch muscles after hindlimb suspension. J. Appl. Physiol. 1987, 62, 2348–2357. [Google Scholar] [CrossRef]

	



Gardetto, P.R.; Schluter, J.M.; Fitts, R.H. Contractile function of single muscle fibers after hindlimb suspension. J. Appl. Physiol. 1989, 66, 2739–2749. [Google Scholar] [CrossRef] [PubMed]

	



Ohira, Y.; Jiang, B.; Roy, R.R.; Oganov, V.; Ilyina-Kakueva, E.; Marini, J.F.; Edgerton, V.R. Rat soleus muscle fiber responses to 14 days of spaceflight and hindlimb suspension. J. Appl. Physiol. 1992, 73, 51S–57S. [Google Scholar] [CrossRef]

	



Fitts, R.H.; Riley, D.R.; Widrick, J.J. Physiology of a microgravity environment invited review: Microgravity and skeletal muscle. J. Appl. Physiol. 2000, 89, 823–839. [Google Scholar] [CrossRef]

	



Slentz, D.H.; Truskey, G.A.; Kraus, W.E. Effects of chronic exposure to simulated microgravity on skeletal muscle cell proliferation and differentiation. In Vitro Cell. Dev. Biol. Anim. 2001, 37, 148–156. [Google Scholar] [CrossRef] [PubMed]

	



Kalb, R.; Solomon, D. Space exploration, Mars, and the nervous system. Arch. Neurol. 2007, 64, 485–490. [Google Scholar] [CrossRef] [PubMed]

	



LeBlanc, A.; Rowe, R.; Schneider, V.; Evans, H.; Hedrick, T. Regional muscle loss after short duration spaceflight. Aviat. Space. Environ. Med. 1995, 66, 1151–1154. [Google Scholar]

	



Akima, H.; Kawakami, Y.; Kubo, K.; Sekiguchi, C.; Ohshima, H.; Miyamoto, A.; Fukunaga, T. Effect of short-duration spaceflight on thigh and leg muscle volume. Med. Sci. Sports Exerc. 2000, 32, 1743–1747. [Google Scholar] [CrossRef]

	



Widrick, J.J.; Knuth, S.T.; Norenberg, K.M.; Romatowski, J.G.; Bain, J.L.; Riley, D.A.; Karhanek, M.; Trappe, S.W.; Trappe, T.A.; Costill, D.L.; et al. Effect of a 17 day spaceflight on contractile properties of human soleus muscle fibres. J. Physiol. 1999, 516 Pt 3, 915–930. [Google Scholar] [CrossRef]

	



Hosoyama, T.; Ichida, S.; Kanno, M.; Ishihara, R.; Hatashima, T.; Ueno, K.; Hamano, K. Microgravity influences maintenance of the human muscle stem/progenitor cell pool. Biochem. Biophys. Res. Commun. 2017, 493, 998–1003. [Google Scholar] [CrossRef]

	



Tarantino, U.; Cariati, I.; Marini, M.; D’Arcangelo, G.; Tancredi, V.; Primavera, M.; Iundusi, R.; Gasbarra, E.; Scimeca, M. Effects of Simulated Microgravity on Muscle Stem Cells Activity. Cell. Physiol. Biochem. 2020, 54, 736–747. [Google Scholar] [CrossRef]

	



Thomason, D.B.; Biggs, R.B.; Booth, F.W. Protein metabolism and beta-myosin heavy-chain mRNA in unweighted soleus muscle. Am. J. Physiol. 1989, 257, R300–R305. [Google Scholar] [CrossRef] [PubMed]

	



Ferrando, A.A.; Lane, H.W.; Stuart, C.A.; Davis-Street, J.; Wolfe, R.R. Prolonged bed rest decreases skeletal muscle and whole body protein synthesis. Am. J. Physiol. 1996, 270, E627–E633. [Google Scholar] [CrossRef]

	



Stein, T.P.; Leskiw, M.J.; Schluter, M.D.; Donaldson, M.R.; Larina, I. Protein kinetics during and after long-duration spaceflight on MIR. Am. J. Physiol. 1999, 276, E1014–E1021. [Google Scholar] [CrossRef]

	



Bodine, S.C.; Stitt, T.N.; Gonzalez, M.; Kline, W.O.; Stover, G.L.; Bauerlein, R.; Zlotchenko, E.; Scrimgeour, A.; Lawrence, J.C.; Glass, D.J.; et al. Akt/mTOR pathway is a crucial regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in vivo. Nat. Cell Biol. 2001, 3, 1014–1019. [Google Scholar] [CrossRef] [PubMed]

	



Hornberger, T.A.; Hunter, R.B.; Kandarian, S.C.; Esser, K.A. Regulation of translation factors during hindlimb unloading and denervation of skeletal muscle in rats. Am. J. Physiol. Cell Physiol. 2001, 281, C179–C187. [Google Scholar] [CrossRef] [PubMed]

	



Peng, X.-D.; Xu, P.-Z.; Chen, M.-L.; Hahn-Windgassen, A.; Skeen, J.; Jacobs, J.; Sundararajan, D.; Chen, W.S.; Crawford, S.E.; Coleman, K.G.; et al. Dwarfism, impaired skin development, skeletal muscle atrophy, delayed bone development, and impeded adipogenesis in mice lacking Akt1 and Akt2. Genes Dev. 2003, 17, 1352–1365. [Google Scholar] [CrossRef]

	



Chopard, A.; Hillock, S.; Jasmin, B.J. Molecular events and signalling pathways involved in skeletal muscle disuse-induced atrophy and the impact of countermeasures. J. Cell. Mol. Med. 2009, 13, 3032–3050. [Google Scholar] [CrossRef] [PubMed]

	



Bodine, S.C.; Baehr, L.M. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am. J. Physiol. Endocrinol. Metab. 2014, 307, E469–E484. [Google Scholar] [CrossRef] [PubMed]

	



Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell 2004, 117, 399–412. [Google Scholar] [CrossRef]

	



Stitt, T.N.; Drujan, D.; Clarke, B.A.; Panaro, F.; Timofeyva, Y.; Kline, W.O.; Gonzalez, M.; Yancopoulos, G.D.; Glass, D.J. The IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-induced ubiquitin ligases by inhibiting FOXO transcription factors. Mol. Cell 2004, 14, 395–403. [Google Scholar] [CrossRef]

	



Powers, S.K.; Kavazis, A.N.; McClung, J.M. Oxidative stress and disuse muscle atrophy. J. Appl. Physiol. 2007, 102, 2389–2397. [Google Scholar] [CrossRef]

	



Powers, S.K. Can antioxidants protect against disuse muscle atrophy? Sports Med. 2014, 44 (Suppl. S2), S155–S165. [Google Scholar] [CrossRef]

	



Zuo, L.; Pannell, B.K. Redox Characterization of Functioning Skeletal Muscle. Front. Physiol. 2015, 6, 338. [Google Scholar] [CrossRef]

	



Huang, J.; Zhu, X. The molecular mechanisms of calpains action on skeletal muscle atrophy. Physiol. Res. 2016, 65, 547–560. [Google Scholar] [CrossRef]

	



Matsumoto, A.; Fujita, N.; Arakawa, T.; Fujino, H.; Miki, A. Influence of electrical stimulation on calpain and ubiquitin-proteasome systems in the denervated and unloaded rat tibialis anterior muscles. Acta Histochem. 2014, 116, 936–942. [Google Scholar] [CrossRef]

	



Caiozzo, V.J.; Baker, M.J.; Herrick, R.E.; Tao, M.; Baldwin, K.M. Effect of spaceflight on skeletal muscle: Mechanical properties and myosin isoform content of a slow muscle. J. Appl. Physiol. 1994, 76, 1764–1773. [Google Scholar] [CrossRef]

	



Schulte, L.M.; Navarro, J.; Kandarian, S.C. Regulation of sarcoplasmic reticulum calcium pump gene expression by hindlimb unweighting. Am. J. Physiol. Physiol. 1993, 264, C1308–C1315. [Google Scholar] [CrossRef]

	



Lee, P.H.U.; Chung, M.; Ren, Z.; Mair, D.B.; Kim, D.-H. Factors mediating spaceflight-induced skeletal muscle atrophy. Am. J. Physiol. Cell Physiol. 2022, 322, C567–C580. [Google Scholar] [CrossRef]

	



Cannavino, J.; Brocca, L.; Sandri, M.; Bottinelli, R.; Pellegrino, M.A. PGC1-α over-expression prevents metabolic alterations and soleus muscle atrophy in hindlimb unloaded mice. J. Physiol. 2014, 592, 4575–4589. [Google Scholar] [CrossRef] [PubMed]

	



Brocca, L.; Cannavino, J.; Coletto, L.; Biolo, G.; Sandri, M.; Bottinelli, R.; Pellegrino, M.A. The time course of the adaptations of human muscle proteome to bed rest and the underlying mechanisms. J. Physiol. 2012, 590, 5211–5230. [Google Scholar] [CrossRef]

	



Oliveira, J.R.S.; Mohamed, J.S.; Myers, M.J.; Brooks, M.J.; Alway, S.E. Effects of hindlimb suspension and reloading on gastrocnemius and soleus muscle mass and function in geriatric mice. Exp. Gerontol. 2019, 115, 19–31. [Google Scholar] [CrossRef] [PubMed]

	



Maffei, M.; Longa, E.; Qaisar, R.; Agoni, V.; Desaphy, J.-F.; Camerino, D.C.; Bottinelli, R.; Canepari, M. Actin sliding velocity on pure myosin isoforms from hindlimb unloaded mice. Acta Physiol. 2014, 212, 316–329. [Google Scholar] [CrossRef] [PubMed]

	



Canepari, M.; Pellegrino, M.A.; D’Antona, G.; Bottinelli, R. Single muscle fiber properties in aging and disuse. Scand. J. Med. Sci. Sports 2010, 20, 10–19. [Google Scholar] [CrossRef]

	



Edgerton, V.R.; Zhou, M.Y.; Ohira, Y.; Klitgaard, H.; Jiang, B.; Bell, G.; Harris, B.; Saltin, B.; Gollnick, P.D.; Roy, R.R. Human fiber size and enzymatic properties after 5 and 11 days of spaceflight. J. Appl. Physiol. 1995, 78, 1733–1739. [Google Scholar] [CrossRef]

	



Blaber, E.; Marçal, H.; Burns, B.P. Bioastronautics: The influence of microgravity on astronaut health. Astrobiology 2010, 10, 463–473. [Google Scholar] [CrossRef]

	



Siddiqui, J.A.; Partridge, N.C. Physiological Bone Remodeling: Systemic Regulation and Growth Factor Involvement. Physiology 2016, 31, 233–245. [Google Scholar] [CrossRef] [PubMed]

	



Sims, N.A.; Martin, T.J. Coupling the activities of bone formation and resorption: A multitude of signals within the basic multicellular unit. Bonekey Rep. 2014, 3, 481. [Google Scholar] [CrossRef]

	



Xiao, W.; Li, S.; Pacios, S.; Wang, Y.; Graves, D.T. Bone Remodeling Under Pathological Conditions. Front. Oral Biol. 2016, 18, 17–27. [Google Scholar] [CrossRef]

	



Bucaro, M.A.; Zahm, A.M.; Risbud, M.V.; Ayyaswamy, P.S.; Mukundakrishnan, K.; Steinbeck, M.J.; Shapiro, I.M.; Adams, C.S. The effect of simulated microgravity on osteoblasts is independent of the induction of apoptosis. J. Cell. Biochem. 2007, 102, 483–495. [Google Scholar] [CrossRef]

	



Arfat, Y.; Xiao, W.-Z.; Iftikhar, S.; Zhao, F.; Li, D.-J.; Sun, Y.-L.; Zhang, G.; Shang, P.; Qian, A.-R. Physiological effects of microgravity on bone cells. Calcif. Tissue Int. 2014, 94, 569–579. [Google Scholar] [CrossRef] [PubMed]

	



Brown, C.; McKee, C.; Bakshi, S.; Walker, K.; Hakman, E.; Halassy, S.; Svinarich, D.; Dodds, R.; Govind, C.K.; Chaudhry, G.R. Mesenchymal stem cells: Cell therapy and regeneration potential. J. Tissue Eng. Regen. Med. 2019, 13, 1738–1755. [Google Scholar] [CrossRef] [PubMed]

	



Yuge, L.; Sasaki, A.; Kawahara, Y.; Wu, S.; Matsumoto, M.; Manabe, T.; Kajiume, T.; Takeda, M.; Magaki, T.; Takahashi, T.; et al. Simulated microgravity maintains the undifferentiated state and enhances the neural repair potential of bone marrow stromal cells. Stem Cells Dev. 2011, 20, 893–900. [Google Scholar] [CrossRef]

	



Liu, L.; Cheng, Y.; Wang, J.; Ding, Z.; Halim, A.; Luo, Q.; Song, G. Simulated Microgravity Suppresses Osteogenic Differentiation of Mesenchymal Stem Cells by Inhibiting Oxidative Phosphorylation. Int. J. Mol. Sci. 2020, 21, 9747. [Google Scholar] [CrossRef]

	



Zayzafoon, M.; Gathings, W.E.; McDonald, J.M. Modeled microgravity inhibits osteogenic differentiation of human mesenchymal stem cells and increases adipogenesis. Endocrinology 2004, 145, 2421–2432. [Google Scholar] [CrossRef]

	



Ozcivici, E.; Luu, Y.K.; Adler, B.; Qin, Y.-X.; Rubin, J.; Judex, S.; Rubin, C.T. Mechanical signals as anabolic agents in bone. Nat. Rev. Rheumatol. 2010, 6, 50–59. [Google Scholar] [CrossRef]

	



Huang, Y.; Dai, Z.-Q.; Ling, S.-K.; Zhang, H.-Y.; Wan, Y.-M.; Li, Y.-H. Gravity, a regulation factor in the differentiation of rat bone marrow mesenchymal stem cells. J. Biomed. Sci. 2009, 16, 87. [Google Scholar] [CrossRef] [PubMed]

	



McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen, C.S. Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage commitment. Dev. Cell 2004, 6, 483–495. [Google Scholar] [CrossRef]

	



Rodriguez, O.C.; Schaefer, A.W.; Mandato, C.A.; Forscher, P.; Bement, W.M.; Waterman-Storer, C.M. Conserved microtubule-actin interactions in cell movement and morphogenesis. Nat. Cell Biol. 2003, 5, 599–609. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Z.Q.; Wang, R.; Ling, S.K.; Wan, Y.M.; Li, Y.H. Simulated microgravity inhibits the proliferation and osteogenesis of rat bone marrow mesenchymal stem cells. Cell Prolif. 2007, 40, 671–684. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-M.; Lin, C.; Stavre, Z.; Greenblatt, M.B.; Shim, J.-H. Osteoblast-Osteoclast Communication and Bone Homeostasis. Cells 2020, 9, 73. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Scimeca, M.; Rinaldi, A.M.; Marini, M.; Tarantino, U.; Tancredi, V. Exposure to Random Positioning Machine Alters the Mineralization Process and PTX3 Expression in the SAOS-2 Cell Line. Life 2022, 12, 610. [Google Scholar] [CrossRef]

	



Caillot-Augusseau, A.; Lafage-Proust, M.H.; Soler, C.; Pernod, J.; Dubois, F.; Alexandre, C. Bone formation and resorption biological markers in cosmonauts during and after a 180-day space flight (Euromir 95). Clin. Chem. 1998, 44, 578–585. [Google Scholar] [CrossRef]

	



Pan, Z.; Yang, J.; Guo, C.; Shi, D.; Shen, D.; Zheng, Q.; Chen, R.; Xu, Y.; Xi, Y.; Wang, J. Effects of hindlimb unloading on ex vivo growth and osteogenic/adipogenic potentials of bone marrow-derived mesenchymal stem cells in rats. Stem Cells Dev. 2008, 17, 795–804. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, H.; Wang, X.; Zhang, C. The lack of mass transfer in bone lacunar-canalicular system may be the decisive factor of osteoporosis under microgravity. Life Sci. Sp. Res. 2021, 31, 80–84. [Google Scholar] [CrossRef]

	



Guignandon, A.; Lafage-Proust, M.H.; Usson, Y.; Laroche, N.; Caillot-Augusseau, A.; Alexandre, C.; Vico, L. Cell cycling determines integrin-mediated adhesion in osteoblastic ROS 17/2.8 cells exposed to space-related conditions. FASEB J. 2001, 15, 2036–2038. [Google Scholar] [CrossRef]

	



Starr, D.A. Communication between the cytoskeleton and the nuclear envelope to position the nucleus. Mol. Biosyst. 2007, 3, 583–589. [Google Scholar] [CrossRef]

	



Kumei, Y.; Morita, S.; Katano, H.; Akiyama, H.; Hirano, M.; Oyha, K.; Shimokawa, H. Microgravity signal ensnarls cell adhesion, cytoskeleton, and matrix proteins of rat osteoblasts: Osteopontin, CD44, osteonectin, and alpha-tubulin. Ann. N. Y. Acad. Sci. 2006, 1090, 311–317. [Google Scholar] [CrossRef]

	



Qian, A.R.; Li, D.; Han, J.; Gao, X.; Di, S.M.; Zhang, W.; Hu, L.F.; Shang, P. Fractal dimension as a measure of altered actin cytoskeleton in MC3T3-E1 cells under simulated microgravity using 3-D/2-D clinostats. IEEE Trans. Biomed. Eng. 2012, 59, 1374–1380. [Google Scholar] [CrossRef]

	



Fan, C.; Wu, Z.; Cooper, D.M.L.; Magnus, A.; Harrison, K.; Eames, B.F.; Chibbar, R.; Groot, G.; Huang, J.; Genth, H.; et al. Activation of Focal Adhesion Kinase Restores Simulated Microgravity-Induced Inhibition of Osteoblast Differentiation via Wnt/Β-Catenin Pathway. Int. J. Mol. Sci. 2022, 23, 5593. [Google Scholar] [CrossRef]

	



Sun, Z.; Li, Y.; Zhou, H.; Cai, M.; Liu, J.; Gao, S.; Yang, J.; Tong, L.; Wang, J.; Zhou, S.; et al. Simulated microgravity reduces intracellular-free calcium concentration by inhibiting calcium channels in primary mouse osteoblasts. J. Cell. Biochem. 2019, 120, 4009–4020. [Google Scholar] [CrossRef]

	



Smith, S.M.; Heer, M.A.; Shackelford, L.C.; Sibonga, J.D.; Ploutz-Snyder, L.; Zwart, S.R. Benefits for bone from resistance exercise and nutrition in long-duration spaceflight: Evidence from biochemistry and densitometry. J. Bone Miner. Res. 2012, 27, 1896–1906. [Google Scholar] [CrossRef]

	



Smith, S.M.; Wastney, M.E.; O’Brien, K.O.; Morukov, B.V.; Larina, I.M.; Abrams, S.A.; Davis-Street, J.E.; Oganov, V.; Shackelford, L.C. Bone markers, calcium metabolism, and calcium kinetics during extended-duration space flight on the mir space station. J. Bone Miner. Res. 2005, 20, 208–218. [Google Scholar] [CrossRef] [PubMed]

	



Grimm, D.; Grosse, J.; Wehland, M.; Mann, V.; Reseland, J.E.; Sundaresan, A.; Corydon, T.J. The impact of microgravity on bone in humans. Bone 2016, 87, 44–56. [Google Scholar] [CrossRef] [PubMed]

	



Hu, L.; Li, J.; Qian, A.; Wang, F.; Shang, P. Mineralization initiation of MC3T3-E1 preosteoblast is suppressed under simulated microgravity condition. Cell Biol. Int. 2015, 39, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Braveboy-Wagner, J.; Lelkes, P.I. Impairment of 7F2 osteoblast function by simulated partial gravity in a Random Positioning Machine. NPJ Microgravity 2022, 8, 20. [Google Scholar] [CrossRef] [PubMed]

	



Rucci, N.; Rufo, A.; Alamanou, M.; Teti, A. Modeled microgravity stimulates osteoclastogenesis and bone resorption by increasing osteoblast RANKL/OPG ratio. J. Cell. Biochem. 2007, 100, 464–473. [Google Scholar] [CrossRef]

	



Saxena, R.; Pan, G.; Dohm, E.D.; McDonald, J.M. Modeled microgravity and hindlimb unloading sensitize osteoclast precursors to RANKL-mediated osteoclastogenesis. J. Bone Miner. Metab. 2011, 29, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Tamma, R.; Colaianni, G.; Camerino, C.; Di Benedetto, A.; Greco, G.; Strippoli, M.; Vergari, R.; Grano, A.; Mancini, L.; Mori, G.; et al. Microgravity during spaceflight directly affects in vitro osteoclastogenesis and bone resorption. FASEB J. 2009, 23, 2549–2554. [Google Scholar] [CrossRef]

	



Sambandam, Y.; Blanchard, J.J.; Daughtridge, G.; Kolb, R.J.; Shanmugarajan, S.; Pandruvada, S.N.M.; Bateman, T.A.; Reddy, S.V. Microarray profile of gene expression during osteoclast differentiation in modelled microgravity. J. Cell. Biochem. 2010, 111, 1179–1187. [Google Scholar] [CrossRef] [PubMed]

	



Blaber, E.A.; Dvorochkin, N.; Lee, C.; Alwood, J.S.; Yousuf, R.; Pianetta, P.; Globus, R.K.; Burns, B.P.; Almeida, E.A.C. Microgravity induces pelvic bone loss through osteoclastic activity, osteocytic osteolysis, and osteoblastic cell cycle inhibition by CDKN1a/p21. PLoS ONE 2013, 8, e61372. [Google Scholar] [CrossRef] [PubMed]

	



Chatani, M.; Morimoto, H.; Takeyama, K.; Mantoku, A.; Tanigawa, N.; Kubota, K.; Suzuki, H.; Uchida, S.; Tanigaki, F.; Shirakawa, M.; et al. Acute transcriptional up-regulation specific to osteoblasts/osteoclasts in medaka fish immediately after exposure to microgravity. Sci. Rep. 2016, 6, 39545. [Google Scholar] [CrossRef]

	



Grimm, D. Microgravity and Space Medicine. Int. J. Mol. Sci. 2021, 22, 6697. [Google Scholar] [CrossRef]

	



Costa, F.; Ambesi-Impiombato, F.S.; Beccari, T.; Conte, C.; Cataldi, S.; Curcio, F.; Albi, E. Spaceflight Induced Disorders: Potential Nutritional Countermeasures. Front. Bioeng. Biotechnol. 2021, 9, 666683. [Google Scholar] [CrossRef]

	



Cooper, M.; Douglas, G.; Perchonok, M. Developing the NASA food system for long-duration missions. J. Food Sci. 2011, 76, R40–R48. [Google Scholar] [CrossRef]

	



Tian, Y.; Ma, X.; Yang, C.; Su, P.; Yin, C.; Qian, A.-R. The Impact of Oxidative Stress on the Bone System in Response to the Space Special Environment. Int. J. Mol. Sci. 2017, 18, 2132. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.M.; Zwart, S.R.; Block, G.; Rice, B.L.; Davis-Street, J.E. The nutritional status of astronauts is altered after long-term space flight aboard the International Space Station. J. Nutr. 2005, 135, 437–443. [Google Scholar] [CrossRef] [PubMed]

	



Rai, B.; Kaur, J.; Catalina, M.; Anand, S.C.; Jacobs, R.; Teughels, W. Effect of simulated microgravity on salivary and serum oxidants, antioxidants, and periodontal status. J. Periodontol. 2011, 82, 1478–1482. [Google Scholar] [CrossRef] [PubMed]

	



Morikawa, D.; Nojiri, H.; Saita, Y.; Kobayashi, K.; Watanabe, K.; Ozawa, Y.; Koike, M.; Asou, Y.; Takaku, T.; Kaneko, K.; et al. Cytoplasmic reactive oxygen species and SOD1 regulate bone mass during mechanical unloading. J. Bone Miner. Res. 2013, 28, 2368–2380. [Google Scholar] [CrossRef]

	



Xin, M.; Yang, Y.; Zhang, D.; Wang, J.; Chen, S.; Zhou, D. Attenuation of hind-limb suspension-induced bone loss by curcumin is associated with reduced oxidative stress and increased vitamin D receptor expression. Osteoporos. Int. 2015, 26, 2665–2676. [Google Scholar] [CrossRef]

	



Dinkova-Kostova, A.T.; Talalay, P. Direct and indirect antioxidant properties of inducers of cytoprotective proteins. Mol. Nutr. Food Res. 2008, 52 (Suppl. S1), S128–S138. [Google Scholar] [CrossRef]

	



Morabito, C.; Guarnieri, S.; Cucina, A.; Bizzarri, M.; Mariggiò, M.A. Antioxidant Strategy to Prevent Simulated Microgravity-Induced Effects on Bone Osteoblasts. Int. J. Mol. Sci. 2020, 21, 3638. [Google Scholar] [CrossRef]

	



Koesterer, T.J.; Dodd, S.L.; Powers, S. Increased antioxidant capacity does not attenuate muscle atrophy caused by unweighting. J. Appl. Physiol. 2002, 93, 1959–1965. [Google Scholar] [CrossRef] [PubMed]

	



Farid, M.; Reid, M.B.; Li, Y.-P.; Gerken, E.; Durham, W.J. Effects of dietary curcumin or N-acetylcysteine on NF-kappaB activity and contractile performance in ambulatory and unloaded murine soleus. Nutr. Metab. 2005, 2, 20. [Google Scholar] [CrossRef]

	



Dodd, S.L.; Gagnon, B.J.; Senf, S.M.; Hain, B.A.; Judge, A.R. Ros-mediated activation of NF-kappaB and Foxo during muscle disuse. Muscle Nerve 2010, 41, 110–113. [Google Scholar] [CrossRef]

	



Min, K.; Smuder, A.J.; Kwon, O.-S.; Kavazis, A.N.; Szeto, H.H.; Powers, S.K. Mitochondrial-targeted antioxidants protect skeletal muscle against immobilization-induced muscle atrophy. J. Appl. Physiol. 2011, 111, 1459–1466. [Google Scholar] [CrossRef] [PubMed]

	



Lawler, J.M.; Kunst, M.; Hord, J.M.; Lee, Y.; Joshi, K.; Botchlett, R.E.; Ramirez, A.; Martinez, D.A. EUK-134 ameliorates nNOSμ translocation and skeletal muscle fiber atrophy during short-term mechanical unloading. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 306, R470–R482. [Google Scholar] [CrossRef] [PubMed]

	



Kuczmarski, J.M.; Hord, J.M.; Lee, Y.; Guzzoni, V.; Rodriguez, D.; Lawler, M.S.; Garcia-Villatoro, E.L.; Holly, D.; Ryan, P.; Falcon, K.; et al. Effect of Eukarion-134 on Akt-mTOR signalling in the rat soleus during 7 days of mechanical unloading. Exp. Physiol. 2018, 103, 545–558. [Google Scholar] [CrossRef]

	



Lawler, J.M.; Hord, J.M.; Ryan, P.; Holly, D.; Janini Gomes, M.; Rodriguez, D.; Guzzoni, V.; Garcia-Villatoro, E.; Green, C.; Lee, Y.; et al. Nox2 Inhibition Regulates Stress Response and Mitigates Skeletal Muscle Fiber Atrophy during Simulated Microgravity. Int. J. Mol. Sci. 2021, 22, 3252. [Google Scholar] [CrossRef]

	



Kitaoka, Y.; Takeda, K.; Tamura, Y.; Fujimaki, S.; Takemasa, T.; Hatta, H. Nrf2 deficiency does not affect denervation-induced alterations in mitochondrial fission and fusion proteins in skeletal muscle. Physiol. Rep. 2016, 4, e13064. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.-D.; Fan, S.-D.; Chen, X.-Y.; Yan, X.-L.; Zhang, X.-Z.; Ma, B.-W.; Yu, D.-Y.; Xiao, W.-Y.; Zhuang, C.-L.; Yu, Z. Nrf2 deficiency exacerbates frailty and sarcopenia by impairing skeletal muscle mitochondrial biogenesis and dynamics in an age-dependent manner. Exp. Gerontol. 2019, 119, 61–73. [Google Scholar] [CrossRef] [PubMed]

	



Mukai, R.; Nakao, R.; Yamamoto, H.; Nikawa, T.; Takeda, E.; Terao, J. Quercetin prevents unloading-derived disused muscle atrophy by attenuating the induction of ubiquitin ligases in tail-suspension mice. J. Nat. Prod. 2010, 73, 1708–1710. [Google Scholar] [CrossRef]

	



Lee, Y.-H.; Seo, D.-H.; Park, J.-H.; Kabayama, K.; Opitz, J.; Lee, K.H.; Kim, H.-S.; Kim, T.-J. Effect of Oenothera odorata Root Extract on Microgravity and Disuse-Induced Muscle Atrophy. Evid. Based Complement. Alternat. Med. 2015, 2015, 130513. [Google Scholar] [CrossRef]

	



Cariati, I.; Masuelli, L.; Bei, R.; Tancredi, V.; Frank, C.; Arcangelo, G.D. Neurodegeneration in Niemann—Pick Type C Disease: An Updated Review on Pharmacological and Non-Pharmacological Approaches to Counteract Brain and Cognitive Impairment. Int. J. Mol. Sci. 2021, 22, 6600. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Annino, G.; Scimeca, M.; Bonanno, E.; D’Arcangelo, G.; Tancredi, V. Dose-Response Effect of Vibratory Stimulus on Synaptic and Muscle Plasticity in a Middle-Aged Murine Model. Front. Physiol. 2021, 12, 678449. [Google Scholar] [CrossRef]

	



Norman, T.L.; Bradley-Popovich, G.; Clovis, N.; Cutlip, R.G.; Bryner, R.W. Aerobic exercise as a countermeasure for microgravity-induced bone loss and muscle atrophy in a rat hindlimb suspension model. Aviat. Space. Environ. Med. 2000, 71, 593–598. [Google Scholar] [PubMed]

	



Trappe, S.; Costill, D.; Gallagher, P.; Creer, A.; Peters, J.R.; Evans, H.; Riley, D.A.; Fitts, R.H. Exercise in space: Human skeletal muscle after 6 months aboard the International Space Station. J. Appl. Physiol. 2009, 106, 1159–1168. [Google Scholar] [CrossRef] [PubMed]

	



Moosavi, D.; Wolovsky, D.; Depompeis, A.; Uher, D.; Lennington, D.; Bodden, R.; Garber, C.E. The effects of spaceflight microgravity on the musculoskeletal system of humans and animals, with an emphasis on exercise as a countermeasure: A systematic scoping review. Physiol. Res. 2021, 70, 119–151. [Google Scholar] [CrossRef] [PubMed]

	



Gopalakrishnan, R.; Genc, K.O.; Rice, A.J.; Lee, S.M.C.; Evans, H.J.; Maender, C.C.; Ilaslan, H.; Cavanagh, P.R. Muscle volume, strength, endurance, and exercise loads during 6-month missions in space. Aviat. Space. Environ. Med. 2010, 81, 91–102. [Google Scholar] [CrossRef]

	



Fitts, R.H.; Colloton, P.A.; Trappe, S.W.; Costill, D.L.; Bain, J.L.W.; Riley, D.A. Effects of prolonged space flight on human skeletal muscle enzyme and substrate profiles. J. Appl. Physiol. 2013, 115, 667–679. [Google Scholar] [CrossRef]

	



English, K.L.; Downs, M.; Goetchius, E.; Buxton, R.; Ryder, J.W.; Ploutz-Snyder, R.; Guilliams, M.; Scott, J.M.; Ploutz-Snyder, L.L. High intensity training during spaceflight: Results from the NASA Sprint Study. NPJ Microgravity 2020, 6, 21. [Google Scholar] [CrossRef]

	



Gabel, L.; Liphardt, A.-M.; Hulme, P.A.; Heer, M.; Zwart, S.R.; Sibonga, J.D.; Smith, S.M.; Boyd, S.K. Pre-flight exercise and bone metabolism predict unloading-induced bone loss due to spaceflight. Br. J. Sports Med. 2022, 56, 196–203. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Pallone, G.; Romagnoli, C.; Rinaldi, A.M.; Annino, G.; D’Arcangelo, G.; Tancredi, V. Whole Body Vibration Improves Brain and Musculoskeletal Health by Modulating the Expression of Tissue-Specific Markers: FNDC5 as a Key Regulator of Vibration Adaptations. Int. J. Mol. Sci. 2022, 23, 10388. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Onorato, F.; Mastrogregori, A.; Rossi, D.; Iundusi, R.; Gasbarra, E.; Tancredi, V.; Tarantino, U. Role of Physical Activity in Bone-Muscle Crosstalk: Biological Aspects and Clinical Implications. J. Funct. Morphol. Kinesiol. 2021, 6, 55. [Google Scholar] [CrossRef]

	



Qin, Y.; Peng, Y.; Zhao, W.; Pan, J.; Ksiezak-Reding, H.; Cardozo, C.; Wu, Y.; Divieti Pajevic, P.; Bonewald, L.F.; Bauman, W.A.; et al. Myostatin inhibits osteoblastic differentiation by suppressing osteocyte-derived exosomal microRNA-218: A novel mechanism in muscle-bone communication. J. Biol. Chem. 2017, 292, 11021–11033. [Google Scholar] [CrossRef]

	



Cariati, I.; Scimeca, M.; Bonanni, R.; Triolo, R.; Naldi, V.; Toro, G.; Marini, M.; Tancredi, V.; Iundusi, R.; Gasbarra, E.; et al. Role of Myostatin in Muscle Degeneration by Random Positioning Machine Exposure: An in vitro Study for the Treatment of Sarcopenia. Front. Physiol. 2022, 13, 782000. [Google Scholar] [CrossRef] [PubMed]

	



Smith, R.C.; Cramer, M.S.; Mitchell, P.J.; Lucchesi, J.; Ortega, A.M.; Livingston, E.W.; Ballard, D.; Zhang, L.; Hanson, J.; Barton, K.; et al. Inhibition of myostatin prevents microgravity-induced loss of skeletal muscle mass and strength. PLoS ONE 2020, 15, e0230818. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.-J.; Lehar, A.; Meir, J.U.; Koch, C.; Morgan, A.; Warren, L.E.; Rydzik, R.; Youngstrom, D.W.; Chandok, H.; George, J.; et al. Targeting myostatin/activin A protects against skeletal muscle and bone loss during spaceflight. Proc. Natl. Acad. Sci. USA 2020, 117, 23942–23951. [Google Scholar] [CrossRef] [PubMed]

	



Colaianni, G.; Mongelli, T.; Colucci, S.; Cinti, S.; Grano, M. Crosstalk Between Muscle and Bone Via the Muscle-Myokine Irisin. Curr. Osteoporos. Rep. 2016, 14, 132–137. [Google Scholar] [CrossRef]

	



Bonanni, R.; Cariati, I.; Tarantino, U.; D’Arcangelo, G.; Tancredi, V. Physical Exercise and Health: A Focus on Its Protective Role in Neurodegenerative Diseases. J. Funct. Morphol. Kinesiol. 2022, 7, 38. [Google Scholar] [CrossRef] [PubMed]

	



Colaianni, G.; Cuscito, C.; Mongelli, T.; Oranger, A.; Mori, G.; Brunetti, G.; Colucci, S.; Cinti, S.; Grano, M. Irisin enhances osteoblast differentiation in vitro. Int. J. Endocrinol. 2014, 2014, 902186. [Google Scholar] [CrossRef]

	



Colaianni, G.; Cuscito, C.; Mongelli, T.; Pignataro, P.; Buccoliero, C.; Liu, P.; Lu, P.; Sartini, L.; Di Comite, M.; Mori, G.; et al. The myokine irisin increases cortical bone mass. Proc. Natl. Acad. Sci. USA 2015, 112, 12157–12162. [Google Scholar] [CrossRef]

	



Colaianni, G.; Mongelli, T.; Cuscito, C.; Pignataro, P.; Lippo, L.; Spiro, G.; Notarnicola, A.; Severi, I.; Passeri, G.; Mori, G.; et al. Irisin prevents and restores bone loss and muscle atrophy in hind-limb suspended mice. Sci. Rep. 2017, 7, 2811. [Google Scholar] [CrossRef]

	



Chen, Z.; Zhang, Y.; Zhao, F.; Yin, C.; Yang, C.; Wang, X.; Wu, Z.; Liang, S.; Li, D.; Lin, X.; et al. Recombinant Irisin Prevents the Reduction of Osteoblast Differentiation Induced by Stimulated Microgravity through Increasing β-Catenin Expression. Int. J. Mol. Sci. 2020, 21, 1259. [Google Scholar] [CrossRef]

	



Sanesi, L.; Storlino, G.; Dicarlo, M.; Oranger, A.; Zerlotin, R.; Pignataro, P.; Suriano, C.; Guida, G.; Grano, M.; Colaianni, G.; et al. Time-dependent unloading effects on muscle and bone and involvement of FNDC5/irisin axis. NPJ Microgravity 2023, 9, 4. [Google Scholar] [CrossRef]

	



Cariati, I.; Bonanni, R.; Rinaldi, A.M.; Marini, M.; Iundusi, R.; Gasbarra, E.; Tancredi, V.; Tarantino, U. Recombinant irisin prevents cell death and mineralization defects induced by random positioning machine exposure in primary cultures of human osteoblasts: A promising strategy for the osteoporosis treatment. Front. Physiol. 2023, 14, 1107933. [Google Scholar] [CrossRef] [PubMed]








[image: Life 13 01423 g001 550] 





Figure 1. Impact of microgravity on the musculoskeletal system. Microgravity exposure affects bone metabolism, reducing the osteogenic differentiation potential of mesenchymal stem cells (MSCs), as well as the expression of several bone biomarkers, including alkaline phosphatase (ALP), osteocalcin (OCN), pentraxin 3 (PTX3) collagen type I (COL1), runt-related transcription factor 2 (RUNX2), and β-catenin. Consequently, bone mass loss, increased bone resorption, and reduced mineralization occur, all of which promote the onset of osteoporosis. Muscle metabolism is also affected by microgravity exposure. A reduction in the regenerative capacity of satellite cells, a reduction in myogenesis and cell growth, as well as a reduction in the expression of paired box 7 (Pax7) and bone morphogenetic protein 2 (BMP-2) and an increase in the expression of myostatin, are among the main alterations in muscle related to the onset of sarcopenia. 
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Figure 2. Potential strategies to prevent and/or counteract weightlessness-induced damage to the musculoskeletal system. The most widely used prevention strategies to preserve musculoskeletal health in microgravity include an appropriate nutritional approach and the antioxidants administration, such as vitamin E, vitamin C, curcumin, and trolox, to reduce oxidative stress, in combination with regular exercise, both aerobic and endurance, to increase bone mass and reduce muscle atrophy. In addition, the development of experimental drug therapies, such as the use of anti-myostatin antibodies and recombinant irisin, are among the most innovative choices on which research has recently focused. 
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