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The environmental conditions to which astronauts and other military pilots are subjected represent a unique example for understanding and studying the biomechanical events that regulate the functioning of the human body. In particular, microgravity has shown a significant impact on various biological systems, such as the cardiovascular system, immune system, endocrine system, and, last but not least, musculoskeletal system. Among the potential risks of flying, low back pain (LBP) has a high incidence among astronauts and military pilots, and it is often associated with intervertebral disc degeneration events. The mechanisms of degeneration determine the loss of structural and functional integrity and are accompanied by the aberrant production of pro-inflammatory mediators that exacerbate the degenerative environment, contributing to the onset of pain. In the present work, the mechanisms of disc degeneration, the conditions of microgravity, and their association have been discussed in order to identify possible molecular mechanisms underlying disc degeneration and the related clinical manifestations in order to develop a model of prevention to maintain health and performance of air- and space-travelers. The focus on microgravity also allows the development of new proofs of concept with potential therapeutic implications.
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1 INTRODUCTION
Atmospheric flight, especially spaceflight, represents a unique “exposome” that exposes pilots, astronauts, and space crew to peculiar conditions such as ionizing radiation, microgravity, pressure variations, absence of circadian rhythm, and noise pollution. One of the interesting aspects concerning the incidence of low back pain (LBP) among pilots and astronauts is that it is certainly related to multiple aspects, such as posture and vibration, as well as exposure to microgravity.
LBP is one of the top three causes of disability in developed countries (Murray et al., 2012). An analysis conducted by the 2021 Global Burden of LBP shows that in 2017, the prevalence of LBP was about 7.5% of the world population (Wu et al., 2020). Over the years, the disability associated with this condition has increased, and the most affected age group is 50–54 years (2019). These data have a serious/important socioeconomic impact because 70% of the years of work lost involve people of the working age group (20–65) (Owen and Williamson, 2021).
Although the etiology of LBP is not fully understood and different anatomical structures may contribute to the onset of pain, it is typically associated with intervertebral disc (IVD) degeneration (Baliga et al., 2015). IVD degeneration (IDD) is considered an aberrant, pathological, cell-mediated response that leads to progressive structural damage of the IVD with pain (Adams et al., 2015). Nowadays, therapeutic strategies for treating IDD and alleviating related pain include conservative treatments, such as anti-inflammatory drugs. When these treatments are ineffective, radical surgery (e.g., disc removal and spinal fusion) is considered, although its purpose is not to restore the physiological structure and biomechanical properties of the disc but only to remove the source of pain.
Several studies have demonstrated the impact of spaceflight conditions, and particularly microgravity, on the musculoskeletal system, including IVD and its mechanisms of degeneration. In the following sections, we discuss the mechanisms of IDD, the microgravity conditions to which astronauts are subjected, and the experimental evidence confirming their association. Methods for simulating microgravity, both in orbit and on Earth, have also been described in order to consider the application of microgravity as a therapeutic approach for degenerative spinal pathologies and to suggest the potential for applying early, individualized countermeasures that avoid not only the onset of painful symptomatology but also its impact on work capacity and aerospace medicine.
2 THE INTERVERTEBRAL DISC
IVD is a complex, heterogeneous, and specialized structure consisting of fibrocartilaginous connective tissue positioned between two adjacent vertebrae. The IVD functions to impart limited flexibility to the body trunk, provide mechanical stability during axial compression and movement, and protect both the spinal cord and spinal nerves (Navone et al., 2017).
The main purpose of the IVD is to allow articulation between vertebrae by preventing friction between them. The IVD accounts for 20%–30% of the length of the spine, which plays a key role in protecting the bone marrow from injury, weight dispersion, movement, and nutrient transport (Raj, 2008). The healthy IVD consists of three structurally distinct and interdependent components: a gelatinous nucleus called the nucleus pulposus (NP), a lamellar outer ring of fibrous tissue called the annulus fibrosus (AF) surrounding the NP, and two cartilaginous endplates (CEPs) that serve as the interface between the disc and the vertebrae by covering both the NP and the AF cranially and caudally (Raj, 2008).
The main component of the inner and outer rings is water; the other components include collagen (type I and type II), proteoglycans, and other extracellular matrix proteins. The composition of the extracellular matrix is variable: moving away from the NP increases the presence of type I collagen (at the expense of type II) and the amount of proteoglycans decreases (Guerin and Elliott, 2007). In the fibrous ring, collagen is responsible for the structural and mechanical appearance and typical ring shape (Smith and Fazzalari, 2009). The NP forms the central part of the IVD. It consists of proteoglycan hydrogels in which there are randomly organized fibers of type II collagen and elastin (Perie et al., 2006). The central part of the NP is mainly composed of water, which enables the IVD to play its role of shock absorption and load dispersion.
The healthy adult IVD is almost entirely avascular, and only specialized capillaries, between the bone endplate and the CEPs, provide a limited supply of nutrients and oxygen that reach the interior of the IVD by passive diffusion through the CEPs (Urban et al., 2004). In addition, the healthy IVD is generally considered a sparsely innervated organ. Innervation, normally but not exclusively accompanied by vascularization, is restricted to the outer layers of the AF and consists of perivascular sensory and sympathetic nerve fibers. In particular, sensory fibers innervating the IVD have been shown to be small sensory nerves (both peptidergic and non-peptidergic nociceptors) as well as larger fibers forming proprioceptors.
3 IVD DEGENERATION
Although the precise etiology of IDD remains unclear, degeneration occurs as a natural aging event, and numerous studies have shown that this process can be potentially accelerated or exacerbated by the synergistic contribution of environmental and genetic factors (Virtanen et al., 2007; Wang et al., 2016a; Wang et al., 2016b). Several studies on IDD have highlighted three likely triggers: biomechanical wear, lack of nutritional factors, and presence of pathogens (Urban et al., 2004; Alpantaki et al., 2011; Adams et al., 2015). As for environmental risk factors, an unhealthy lifestyle, for example, lack of exercise (Elfering et al., 2002), smoking (Cong et al., 2010; Wang et al., 2012), mechanical influences and occupational exposures (e.g., heavy lifting (DePalma et al., 2012), vibration (Virtanen et al., 2007), trauma (Heyn et al., 2014; Schroeder et al., 2014), and infectious agents (Stirling et al., 2001), has been suggested as a contributing cause of IDD. Furthermore, the importance of genetic factors in the development of IDD has become evident in recent years because of studies that have identified a correlation between polymorphisms in many key genes (Navone et al., 2012), such as the collagen I gene COL1A1 (Tilkeridis et al., 2005; Videman et al., 2009), the vitamin D receptor gene (Videman et al., 1998; Kawaguchi et al., 2002), several protease genes related to matrix degradation (Zhang et al., 2013; Zawilla et al., 2014), and different degrees of IDD (Kepler et al., 2013a; Kepler et al., 2013b), as well as the existence of a familial predisposition to IDD (Kalichman and Hunter, 2008; Battié et al., 2009). During the early stages of IDD, the main detectable features are the onset of an inflammatory condition in disc tissues, gradual degradation of NP and AF, and reduced viability of resistant cells (Navone et al., 2021). These pathological changes may subsequently lead to aberrant innervation and vascularization of the IVD and collapse of the spinal motion segment through NP herniation outside the AF or complete degradation of the NP within an intact AF (such as the “black disc”). All these events can compromise the entire functional properties of the spine and consequently cause pain (Smith et al., 2011; Kepler et al., 2013b).
IDD is characterized by the early onset of a severe inflammatory environment both within the degenerating IVD and in the peridiscal space, followed by the production and secretion of pro-inflammatory factors (e.g., cytokines) such as interleukin 1b (IL-1b), interleukin 6 (IL-6), and tumor necrosis factor α (TNF-α) (Takahashi et al., 1996; Shamji et al., 2010). These inflammatory mediators are produced by resident IVD cells as well as by circulating immune cells that infiltrate within the IVD (which, under physiological conditions, does not contain a resident immune cell population) due to the favorable conditions generated during IDD. Specifically, in the degenerating IVD, the infiltration of activated immunocytes, including macrophages, T and B cells, and natural killer (NK) cells (Geiss et al., 2007; Kokubo et al., 2008; Murai et al., 2010; Shamji et al., 2010), occurs in response to the expression of several chemokines by IVD cells and is enabled by the loss of the structural integrity of the extracellular matrix (ECM) of the disc (Navone et al., 2018). It has been shown that the onset of this severe inflammatory environment within the degenerating IVD triggers a series of pathogenic responses, such as ECM degradation, internal nerve damage, and vascular growth, which eventually lead to massive degeneration and can cause pain (Takahashi et al., 1996; Burke et al., 2002; Shamji et al., 2010). Furthermore, it has been shown that the increasing number of senescent NP cells plays an important role in the initiation of IDD. This effect is particularly due to the secretion of metabolic factors, collectively known as the senescence-associated secretory phenotype (SASP), as chemokines, growth factors, pro-inflammatory cytokines, and matrix-degrading proteases, which contribute to the ECM modifications (Gruber et al., 2011; Zhao et al., 2011; Bedore et al., 2014). In recent years, this finding prompted the potentiality to optimize treatments reducing senescence to slow down IDD and relieve LPB (Ngo et al., 2017) (Figure 1).
[image: Figure 1]FIGURE 1 | IVD degeneration mechanisms under Earth’s conditions and during spaceflight and missions.
4 REAL AND SIMULATED MICROGRAVITY: WHAT IS ITS CONTRIBUTION TO IDD?
Microgravity has demonstrated a significant impact on important structural and functional properties of cells, including cell morphology, proliferation, and migration (Bradbury et al., 2020) in both healthy and pathological cellular models (e.g., cancer cells), so much that gravitational biology has become a hot topic in space research and aerospace medicine.
Gravity determines almost all physical, chemical, and biological phenomena that occur on our planet. Everything on Earth is subjected to gravity, and a person’s weight corresponds to the force exerted on the mass of the human body by Earth’s gravitational field. The effect of gravity on an object can be completely nullified when it experiences “free fall,” as it does in orbit. This state is due to microgravity, which refers to an environment where gravity is less than that found on Earth’s surface, and is commonly called weightlessness. The physical and biological adaptive changes that occur during space missions highlight the importance of gravity during human evolution and an association between microgravity, aging, and disease onset. In space, this lack of gravity causes the loss of mechanical stimulation of cells and tissues and is therefore responsible for many of the physiological problems that astronauts experience, including diseases of the musculoskeletal system.
Under normal gravity conditions, the spine is subjected to diurnal changes in height and hydration. When we are standing, the spine is upright so that gravity compresses the discs, expelling water. During the day, the height of the disc decreases, the curvature of the spine changes, and the spine becomes more flexible. During sleep, in a horizontal position, the gravity load is lost so that the discs rehydrate, absorb water, and swell. This turnover allows the disc to regain physiological height and water content, maintaining structural and functional alignment. In space, the loss of diurnal fluctuation and microgravity results in an imbalance, as gravity is unable to counteract the discs’ inherent propensity to attract water (Adams et al., 1987).
Microgravity research is essential to reveal the impact of gravity on biological processes and organisms. Spaceflights to the International Space Station (ISS) provide unique conditions to study microgravity. However, research on near-Earth orbit is severely constrained by the limited number of flight opportunities, as experiments would have to be performed autonomously, the design is reasonably difficult, costs are higher than other flight options, and preparation takes years (Prasad et al., 2020).
For short periods, real microgravity can be experienced using instruments such as the Bremen Drop Tower, Germany, where an airtight capsule is dropped into an evacuated tube inside the tower. It represents a unique facility in Europe for performing experiments under weightless conditions with residual gravitational accelerations in the microgravity regime (Messerotti Benvenuti et al., 2011; Acharya et al., 2017). The maximum period of 4.74 s of each free-fall experiment at the Bremen Drop Tower is limited only by the height of the drop tower vacuum tube, which is completely fabricated by steel and enclosed by a concrete outer shell.
Parabolic flights are used for longer microgravity exposure due to the aircraft’s flight angle creating a microgravity condition that lasts about 22 s and is surrounded by two hypergravity phases with about 2 G for 20 s each (Acharya et al., 2017). An even longer microgravity exposure can be achieved by suborbital flight with a sounding rocket, allowing 6 min (TEXUS) or 13 min (MAXUS/MAPHEUS) of microgravity. On Earth, techniques for studying the impact of microgravity on the human body include the “head-down bed rest” (HDBR) method, in which the subject lies on a bed with the head tilted 6° (Messerotti Benvenuti et al., 2011). This condition can be used for short-term investigations (e.g., 72 h) (Liao et al., 2012) or long-term studies (e.g., 90 days) (Roberts et al., 2010), which mimic many effects of spaceflight on the human body, such as a decrease in bone density, muscle mass, and cephalic fluid strength and displacement. In parallel, the most reliable device currently available for testing simulated microgravity on in vitro cellular models is the 3D-clinostat, also called the random positioning machine (RPM). The 3D-clinostat is a multidirectional G-force generator, consisting of a central platform in which a housing for positioning the biological sample is attached, interconnected with two perpendicular arms that rotate independently, thus providing continuous rotation with two axes (Becker and Souza, 2013). In this way, the 3D-clinostat cancels the gravity vectors at the center of the device, allowing the cell inside to experience a microgravity environment averaging 10–3 G over time, due to which a lack of sedimentation and the growth of 3D multicellular spheroids can be observed (Figure 2). The continuous rotation of the RPM provides constant randomization of the gravity vector, making this device a useful adjunct to prepare for spaceflight studies. Notably, this on-ground model may present some limitations, as it has been recently reported that it may produce false-positive results that could be misinterpreted as cellular microgravity responses. For example, Mansour et al. (2023) described an impairment of myotube formation in murine myoblasts (C2C12 cells) cultured in a 2D-clinostat as an apparent effect of microgravity. However, focused experiments proved that this event was equally a consequence of fluid motion, suggesting that biological results from cellular models must be rigorously tested and ruled out before being attributed to microgravity.
[image: Figure 2]FIGURE 2 | Random positioning machine (Kopp, 2011).
A specialized form of clinostatism is the rotating wall vessel (RWV) bioreactor (Schwarz et al., 1992), developed by NASA, which consists of a horizontally rotating vessel without an internal mechanical stirrer, in which the vessel provides an environment characterized by low turbulence and shear.
An alternative method to simulate microgravity is immersion. The subject can be immersed either horizontally or vertically, depending on whether immersion occurs completely or not. The depth and temperature can also be variable. Immersion is called “dry” when the subject is isolated from the aqueous medium by impermeable fabrics. In this case, immersion can last up to days. As for “wet” dives, these occur without any kind of insulation and cannot last more than a couple of hours (Navasiolava et al., 2011).
5 EFFECTS OF MICROGRAVITY ON DISC DEGENERATION
The main experimental evidence obtained through in vitro studies on cellular models and in vivo studies on animal models and volunteer astronauts has been discussed in the following section. Table 1 shows the results of the selected studies which have been discussed later.
TABLE 1 | Summary of selected articles addressing research on the effects of simulated microgravity on the intervertebral disc.
[image: Table 1]5.1 Microgravity in vivo analysis
Despite the evidence of the increased risk of IVD herniation for astronauts, the precise impact of microgravity on IVD and its association with IDD have not been studied in depth. Different studies reported the effects of microgravity on disc height, ECM degradation, AF fiber alignment, and NP swelling, suggesting an increased risk of herniation in cases of prolonged and repeated space missions. For this reason, both in vivo experiments and in vitro 2D and 3D cellular models have been exploited to recapitulate the impact of spaceflight conditions on the IVD of healthy astronauts (Smith and Mercuri, 2021).
An experiment conducted by Bailey et al. (2014) aimed to observe microgravity-induced changes in lumbar and caudal IVDs in the C57BL/C mouse model. The experimental mice models participated in the STS-131 space mission and were sacrificed immediately after spending 15 days in space. The researchers observed that in the caudal IVDs of mice subjected to spaceflight, there was a 32% decrease in IVD height and a 70% reduction in the sliding parameter given by nuclear bulge. For lumbar IVDs, no changes in either height or nuclear pressure were observed. Furthermore, microgravity did not affect either annular viscoelasticity or endplate permeability of the lumbar and caudal vertebrae. Given the difference in the results between the caudal and lumbar vertebrae, the authors stated that the absence of load and the continuous movement of the vertebrae could be the reason for the higher incidence of cervical disc herniation than that of lumbar disc herniation in astronauts.
A further study used 120 rabbits divided into control, microgravity (suspension through the tail), hypergravity (animal models subjected to a 1-min centrifuge at +7 G three times) and mixed groups. The animal models were subjected to these conditions for 30, 60, and 90 days. From the results, increased expression of metalloproteinases such as MMP-1, MMP-3, and TIMP-1, enzymes responsible for ECM degradation, was observed in the mixed group, followed by the hypergravity and microgravity groups, and a pattern of apoptosis activation was observed. With this study, the authors confirmed that both microgravity and hypergravity have a strong impact on the onset of IDD (60). The same group used the same subdivision of rabbit animal models by exposing them to microgravity and hypergravity for 4, 8, and 24 weeks. After exposure, the authors assessed the body weight of the animals, which increased in the control group alone and decreased in all other groups. In addition, the glycosaminoglycan (GAG) content in the three groups was significantly lower than that in the control group, suggesting that changes in gravity may be involved in the development of IDD (Wu et al., 2019).
A study on 321 astronauts showed that the risk of lumbar disc herniation after a space mission is 4.3 times higher in astronauts than in the general population (Chang et al., 2016). In agreement with this result, a NASA study states that the risk of cervical herniation in astronauts is 35.9 times higher than that in control and 2.8 times higher than that of lumbar disc herniation; moreover, the risk is higher in the first period after return to Earth (Johnston et al., 2010; Belavy et al., 2016). Surprisingly, the duration of spaceflight did not increase the risk of herniation occurrence due to the necessary precautions applied after spaceflight (Johnston et al., 2010). The cause of hernia in these cases may be attributed to physiological hydration of the IVD during exposure to microgravity burdening the AF, increasing the risk of hernia (Laws et al., 2016; Green and Scott, 2017). However, hydration is transient/not statistically significant for astronauts during spaceflight. The study also confirmed that spaceflight affects other pathophysiological features, such as a reduction in GAGs, increased collagen–proteoglycan ratio, and increased expression of metalloproteins in the ECM (Freed et al., 1997; Owen et al., 2020; Panesar et al., 2020).
A prospective longitudinal study on six volunteer astronauts evaluated any changes in the spine after a 6-month mission on the ISS. To obtain these results, 3T magnetic resonance imaging (MRI) and dynamic fluoroscopy of the spine were performed. These examinations were performed 30 days after takeoff and repeated the day after landing on Earth. The results obtained showed a flattening of lordosis with an average of 11% among the subjects. In the central lumbar IVDs (L2–L5), there was a decrease in the active flexion–extension range of motion, while the passive showed no change. In 20% of the subjects, there was a decrease in the mean functional cross-sectional area and a 8%–9% decrease in the cross-sectional area of the multifidus and spinal erector spinae. In addition, changes in multifidus were correlated with changes in lordosis. However, only two subjects with severe pre-flight irregularities had lumbar pain or hernia after flight. From this study, the authors showed that multifidus atrophy, as opposed to IVD swelling, is associated with lumbar flattening by increasing stiffness and, if present simultaneously with pre-flight vertebral endplate irregularities, exponentially increases the likelihood of the onset of disc disease (Bailey et al., 2018).
5.2 Effects of microgravity on cellular models
Studies on cell models placed under real or simulated microgravity conditions have shown important cellular and molecular changes in IVD, impacting structural composition and thus functionality. (Jin et al. 2013) proved that mouse IVDs cultured under microgravity conditions simulated by the RWV experienced a downregulation of GAG content and an upregulation of MMP-3 and apoptotic mediators, concluding that microgravity is able to mimic the in vivo degeneration events. The association between IDD and inflammation in microgravity condition has been confirmed by the altered expression levels of tumor suppressor proteins p53 and p16 in rat models. The authors reported a significant IVD injury observed by MRI in the rat experimental group. They also noted histological signs of IDD, upregulation of inflammatory factors (TNF-α, IL-1β, and IL-6), and expression of p53 and p16 both at mRNA and protein levels. Furthermore, a statistically significant correlation was observed between these variations and the degree of IDD (Li et al., 2019). From the structural point of view, an imbalance in the expression and production of proteoglycans present in the IVD demonstrated the alteration in structural composition. In fact, studies on the ratio of aggrecan (cartilage-specific proteoglycan) to versican (general proteoglycan) showed a lower ratio in porcine chondrocytes cultured aboard the ISS. Using quantitative polymerase chain reaction (PCR), Stamenković et al. (2010) revealed that ISS tissue displayed higher expression ratios of collagen type II to type I than normal gravity control tissue, despite not translating to higher protein levels. The author attributes this mechanism to a negative effect of microgravity on collagen post-translational modifications and potential readaptation to gravity upon return of the ISS sample.
In a study on GAGs conducted by Földes et al. (1996), rats were exposed to microgravity aboard the Cosmos 1887 biosatellite for 12.5 days. The rats subjected to spaceflight exhibited a different distribution of collagen in the outer AF and endplate of cartilage and also showed hypertrophy with mild mineralization. In the NP, notochordal cells were found with a predominant population of choroid cells. There was also a significant increase in GAG orientation in both the outer and inner areas of the AF and NP. All these features, according to the authors, could be molecular causes of many of the axial pathologies faced by astronauts.
Pedrini-Mille et al. (1992) analyzed the IVD of rats involved in the COSMOS 2044 mission. This study showed that there was a reduction in weight of rat AF compared to the control (−20%). Indeed, in the spaceflight cohort, the collagen/proteoglycan ratio was greater, but there was no significant difference in the proportion of collagen I or II. A further experiment, conducted by submerging the AFs in water to let the proteoglycan diffuse, showed that a greater amount of proteoglycans was released from the AFs subjected to spaceflight than that from the control subjects. The authors associated the increased loss of proteoglycans with an abnormal conformation of proteoglycans or a reduction in the volume of the molecule, stating that these changes may affect the biomechanics of the AF.
Recently, Doty et al. (1999) studied how spaceflight could alter cell cycle, differentiation, apoptosis, and proliferation processes. For this study, chick embryonic mesenchymal cells were divided into two populations: a control group (1 G) and a spaceflight group aboard STS-95 for 9 days. Flow cytometry revealed that cells subjected to spaceflight showed higher expression of cyclin E, proliferating cell nuclear antigen (PCNA), and p27 and a lower G1 phase of the cell cycle than the control group. Analysis of cell culture media showed that spaceflight cells continuously metabolized glucose to lactate during the 9 days of spaceflight. This analysis affirms how spaceflight affects the cell cycle but not apoptosis, which can also be confirmed by the presence of cells in the G1 phase of the cell cycle.
Franco-Obregón et al. (2018) conducted studies on cells isolated from AF and NP biopsies and showed that treatment with the TRPC-SKF-96365 (SKF) channel inhibitor for up to 5 days under microgravity conditions resulted in a reduction in proliferative capacity and a consequent increase in disc cell senescence. Furthermore, treatment with SKF channel inhibitor led to a change in the cell cycle of disc cells by increasing the G2/M phase, thus affirming that induced microgravity has consequences on cell cycle and cell senescence.
5.3 Microgravity and therapeutic approaches
Several experimental and clinical studies are currently underway to investigate the benefits that microgravity can provide to individuals suffering from acute injuries or chronic diseases of the musculoskeletal system.
As mentioned, immersion is a technique used to simulate microgravity and its effects, including the reduction in load on the musculoskeletal system that allows individuals with musculoskeletal disorders to obtain relief (Bender et al., 2005). In addition, the water heating technique raises patients’ body temperature, reduces gamma fiber activity of motor neurons, and reduces activity and spasticity. All these contribute to better muscle-articular alignment, which allows the range of motion to be expanded, improving the subjects’ mobility and increasing the effectiveness of this rehabilitation technique (Bellomo et al., 2012). The analgesic effect of this technique can be attributed to its action on mechanical and thermal receptors and the blocking of pain perception (Lange et al., 2006). It has also been shown that patients undergoing this rehabilitation can reduce the intake of drugs, thus avoiding their side effects (Yalcinkaya et al., 2014).
6 CONCLUSION
The studies analyzed were undertaken with the aim of identifying the relationship between microgravity, understood as a peculiar condition to which astronauts are subjected, and IVD degeneration, which can result in a pathological condition that can affect the performance of astronauts themselves, limiting their operations. This overview described several studies revealing the effective role of microgravity, and space conditions in general, in IVD pathophysiology, in terms of structural and functional modifications, as well as the onset of an inflammatory microenvironment. Taken together, these findings suggest the necessity to better investigate the associations between these two mechanisms in order to identify the molecular mechanisms characterizing IDD and to apply specific preventive countermeasures to safeguard the health of pilots and ensure or increase their work efficiency and performance. In addition to being a major ailment afflicting pilots and astronauts, it should be noted that IDD, as well as associated LBP, is one of the most disabling causes of the world’s population, so the recognition of novel cellular and molecular targets and potential preventive approaches could have a potent impact on civilian and military healthcare costs.
AUTHOR CONTRIBUTIONS
GM, LG, SEN, ML, and GCA contributed to conception, design, data collection, and writing of the manuscript. AA, MB, FB, CG, EG, CF, CDM, GKL, CC, AL, PP, and ML contributed to data collection, manuscript writing, and revision of the manuscript. All authors read and approved the final manuscript.
FUNDING
The research was partially funded by the Italian Ministry of Health RC 2020/2021 (PI GM), RC 2021/2022 (PI GM) and the Italian Ministry of Defence PNRM 2020 (PI GM).
ACKNOWLEDGMENTS
The authors would like to thank the Framework Agreement between Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, the Italian Air Force, and the University of Milan. We would like also to thank A-Tono, The World in Your Hand for the precious collaboration in supporting and disseminating our research activity and the Aeronautical Military Studies Center (CESMA) of Italian Air Force for their contribution in our scientific activity in the field of aerospace medicine.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Acharya, M. M., Baddour, A. A. D., Kawashita, T., Allen, B. D., Syage, A. R., Nguyen, T. H., et al. (2017). Epigenetic determinants of space radiation-induced cognitive dysfunction. Sci. Rep. 7, 42885. doi:10.1038/srep42885
 Adams, M. A., Dolan, P., and Hutton, W. C. (1987). Diurnal variations in the stresses on the lumbar spine. Spine (Phila Pa 1976) 12 (2), 130–137. doi:10.1097/00007632-198703000-00008
 Adams, M. A., Lama, P., Zehra, U., and Dolan, P. (2015). Why do some intervertebral discs degenerate, when others (in the same spine) do not?Clin. Anat. 28 (2), 195–204. doi:10.1002/ca.22404
 Alpantaki, K., Katonis, P., Hadjipavlou, A. G., Spandidos, D. A., and Sourvinos, G. (2011). Herpes virus infection can cause intervertebral disc degeneration: A causal relationship?J. Bone Jt. Surg. Br. 93 (9), 1253–1258. doi:10.1302/0301-620X.93B9.27002
 Bailey, J. F., Hargens, A. R., Cheng, K. K., and Lotz, J. C. (2014). Effect of microgravity on the biomechanical properties of lumbar and caudal intervertebral discs in mice. J. Biomech. 47 (12), 2983–2988. doi:10.1016/j.jbiomech.2014.07.005
 Bailey, J. F., Miller, S. L., Khieu, K., O’Neill, C. W., Healey, R. M., Coughlin, D. G., et al. (2018). From the international space station to the clinic: How prolonged unloading may disrupt lumbar spine stability. Spine J. 18 (1), 7–14. doi:10.1016/j.spinee.2017.08.261
 Baliga, S., Treon, K., and Craig, N. J. A. (2015). Low back pain: Current surgical approaches. Asian Spine J. 9 (4), 645–657. doi:10.4184/asj.2015.9.4.645
 Battié, M. C., Videman, T., Kaprio, J., Gibbons, L. E., Gill, K., Manninen, H., et al. (2009). The twin spine study: Contributions to a changing view of disc degeneration. Spine J. 9 (1), 47–59. doi:10.1016/j.spinee.2008.11.011
 Becker, J. L., and Souza, G. R. (2013). Using space-based investigations to inform cancer research on Earth. Nat. Rev. Cancer 13 (5), 315–327. doi:10.1038/nrc3507
 Bedore, J., Leask, A., and Séguin, C. A. (2014). Targeting the extracellular matrix: Matricellular proteins regulate cell-extracellular matrix communication within distinct niches of the intervertebral disc. Matrix Biol. 37, 124–130. doi:10.1016/j.matbio.2014.05.005
 Belavy, D. L., Adams, M., Brisby, H., Cagnie, B., Danneels, L., Fairbank, J., et al. (2016). Disc herniations in astronauts: What causes them, and what does it tell us about herniation on Earth?Eur. spine J. Off. Publ. Eur. Spine Soc. Eur. Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 25 (1), 144–154. doi:10.1007/s00586-015-3917-y
 Bellomo, R. G., Barassi, G., Iodice, P., Di Pancrazio, L., Megna, M., and Saggini, R. (2012). Visual sensory disability: Rehabilitative treatment in an aquatic environment. Int. J. Immunopathol. Pharmacol. 25, 17S–21S. doi:10.1177/03946320120250s103
 Bender, T., Karagülle, Z., Bálint, G. P., Gutenbrunner, C., Bálint, P. V., and Sukenik, S. (2005). Hydrotherapy, balneotherapy, and spa treatment in pain management. Rheumatol. Int. 25 (3), 220–224. doi:10.1007/s00296-004-0487-4
 Bradbury, P., Wu, H., Choi, J. U., Rowan, A. E., Zhang, H., Poole, K., et al. (2020). Modeling the impact of microgravity at the cellular level: Implications for human disease. Front. Cell Dev. Biol. 8, 96. doi:10.3389/fcell.2020.00096
 Burke, J. G., Watson, R. W. G., McCormack, D., Dowling, F. E., Walsh, M. G., and Fitzpatrick, J. M. (2002). Intervertebral discs which cause low back pain secrete high levels of proinflammatory mediators. J. Bone Jt. Surg. Br. 84 (2), 196–201. doi:10.1302/0301-620x.84b2.12511
 Chang, D. G., Healey, R. M., Snyder, A. J., Sayson, J. V., Macias, B. R., Coughlin, D. G., et al. (2016). Lumbar spine paraspinal muscle and intervertebral disc height changes in astronauts after long-duration spaceflight on the international space station. Spine (Phila Pa 1976) 41 (24), 1917–1924. doi:10.1097/BRS.0000000000001873
 Cong, L., Pang, H., Xuan, D., and Tu, G. (2010). The interaction between aggrecan gene VNTR polymorphism and cigarette smoking in predicting incident symptomatic intervertebral disc degeneration. Connect. Tissue Res. 51 (5), 397–403. doi:10.3109/03008200903564455
 DePalma, M. J., Ketchum, J. M., and Saullo, T. R. (2012). Multivariable analyses of the relationships between age, gender, and body mass index and the source of chronic low back pain. Pain Med. 13 (4), 498–506. doi:10.1111/j.1526-4637.2012.01339.x
 Doty, S. B., Stiner, D., and Telford, W. G. (1999). The effect of spaceflight on cartilage cell cycle and differentiation. J. gravitational Physiol. a J. Int. Soc. Gravitational Physiol. 6 (1), P89–P90.
 Elfering, A., Semmer, N., Birkhofer, D., Zanetti, M., Hodler, J., and Boos, N. (2002). Risk factors for lumbar disc degeneration: A 5-year prospective MRI study in asymptomatic individuals. Spine (Phila Pa 1976) 27 (2), 125–134. doi:10.1097/00007632-200201150-00002
 Földes, I., Kern, M., Szilágyi, T., and Oganov, V. S. (1996). Histology and histochemistry of intervertebral discs of rats participated in spaceflight. Acta Biol. Hung 47 (1–4), 145–156.
 Franco-Obregón, A., Cambria, E., Greutert, H., Wernas, T., Hitzl, W., Egli, M., et al. (2018). TRPC6 in simulated microgravity of intervertebral disc cells. Eur. spine J. Off. Publ. Eur. Spine Soc. Eur. Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 27 (10), 2621–2630. doi:10.1007/s00586-018-5688-8
 Freed, L. E., Langer, R., Martin, I., Pellis, N. R., and Vunjak-Novakovic, G. (1997). Tissue engineering of cartilage in space. Proc. Natl. Acad. Sci. U. S. A. 94 (25), 13885–13890. doi:10.1073/pnas.94.25.13885
 Geiss, A., Larsson, K., Rydevik, B., Takahashi, I., and Olmarker, K. (2007). Autoimmune properties of nucleus pulposus: An experimental study in pigs. Spine (Phila Pa 1976) 32 (2), 168–173. doi:10.1097/01.brs.0000251651.61844.2d
 Green, D. A., and Scott, J. P. R. (2017). Spinal health during unloading and reloading associated with spaceflight. Front. Physiol. 8, 1126. doi:10.3389/fphys.2017.01126
 Gruber, H. E., Ingram, J. A., Hoelscher, G. L., Zinchenko, N., Norton, H. J., and Hanley, E. N. J. (2011). Constitutive expression of cathepsin K in the human intervertebral disc: New insight into disc extracellular matrix remodeling via cathepsin K and receptor activator of nuclear factor-κB ligand. Arthritis Res. Ther. 13 (4), R140. doi:10.1186/ar3454
 Guerin, H. L., and Elliott, D. M. (2007). Quantifying the contributions of structure to annulus fibrosus mechanical function using a nonlinear, anisotropic, hyperelastic model. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 25 (4), 508–516. doi:10.1002/jor.20324
 Heyn, P. C., Baumgardner, C. A., McLachlan, L., and Bodine, C. (2014). Mixed-reality exercise effects on participation of individuals with spinal cord injuries and developmental disabilities: A pilot study. Top. Spinal Cord. Inj. Rehabil. 20 (4), 338–345. doi:10.1310/sci2004-338
 Jin, L., Feng, G., Reames, D. L., Shimer, A. L., Shen, F. H., and Li, X. (2013). The effects of simulated microgravity on intervertebral disc degeneration. Spine J. 13 (3), 235–242. doi:10.1016/j.spinee.2012.01.022
 Johnston, S. L., Campbell, M. R., Scheuring, R., and Feiveson, A. H. (2010). Risk of herniated nucleus pulposus among U.S. astronauts. Aviat. Space Environ. Med. 81 (6), 566–574. doi:10.3357/asem.2427.2010
 Kalichman, L., and Hunter, D. J. (2008). The genetics of intervertebral disc degeneration. Familial predisposition and heritability estimation. Jt. bone spine 75 (4), 383–387. doi:10.1016/j.jbspin.2007.11.003
 Kawaguchi, Y., Kanamori, M., Ishihara, H., Ohmori, K., Matsui, H., and Kimura, T. (2002). The association of lumbar disc disease with vitamin-D receptor gene polymorphism. J. Bone Jt. Surg. Am. 84 (11), 2022–2028. doi:10.2106/00004623-200211000-00018
 Kepler, C. K., Markova, D. Z., Dibra, F., Yadla, S., Vaccaro, A. R., Risbud, M. V., et al. (2013). Expression and relationship of proinflammatory chemokine RANTES/CCL5 and cytokine IL-1β in painful human intervertebral discs. Spine (Phila Pa 1976) 38 (11), 873–880. doi:10.1097/BRS.0b013e318285ae08
 Kepler, C. K., Ponnappan, R. K., Tannoury, C. A., Risbud, M. V., and Anderson, D. G. (2013). The molecular basis of intervertebral disc degeneration. Spine J. 13 (3), 318–330. doi:10.1016/j.spinee.2012.12.003
 Kokubo, Y., Uchida, K., Kobayashi, S., Yayama, T., Sato, R., Nakajima, H., et al. (2008). Herniated and spondylotic intervertebral discs of the human cervical spine: Histological and immunohistological findings in 500 en bloc surgical samples. Laboratory investigation. J. Neurosurg. Spine 9 (3), 285–295. doi:10.3171/SPI/2008/9/9/285
 Kopp, S. (2011). “Impact of gravity on the actin filament system of the macrophage cell line RAW 264.7,”. DLR. 
 Lange, U., Müller-Ladner, U., Schmidt, K. L., and Muller-Ladner, U. (2006). Balneotherapy in rheumatic diseases–an overview of novel and known aspects. Rheumatol. Int. 26 (6), 497–499. doi:10.1007/s00296-005-0019-x
 Laws, C. J., Berg-Johansen, B., Hargens, A. R., and Lotz, J. C. (2016). The effect of simulated microgravity on lumbar spine biomechanics: An in vitro study. Eur. spine J. Off. Publ. Eur. Spine Soc. Eur. Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 25 (9), 2889–2897. doi:10.1007/s00586-015-4221-6
 Li, Y., Cao, L., Li, J., Sun, Z., Liu, C., Liang, H., et al. (2019). Influence of microgravity-induced intervertebral disc degeneration of rats on expression levels of p53/p16 and proinflammatory factors. Exp. Ther. Med. 17 (2), 1367–1373. doi:10.3892/etm.2018.7085
 Liao, Y., Zhang, J., Huang, Z., Xi, Y., Zhang, Q., Zhu, T., et al. (2012). Altered baseline brain activity with 72 h of simulated microgravity–initial evidence from resting-state fMRI. PLoS One 7 (12), e52558. doi:10.1371/journal.pone.0052558
 Mansour, J., Berwanger, C., Jung, M., Eichinger, L., and Ben Fabry, C. S. C. (2023) “Simulated microgravity during clino-rotation is disturbed by spurious fluid motion,”. bioRxiv. 
 Messerotti Benvenuti, S., Bianchin, M., and Angrilli, A. (2011). Effects of simulated microgravity on brain plasticity: A startle reflex habituation study. Physiol. Behav. 104 (3), 503–506. doi:10.1016/j.physbeh.2011.05.019
 Murai, K., Sakai, D., Nakamura, Y., Nakai, T., Igarashi, T., Seo, N., et al. (2010). Primary immune system responders to nucleus pulposus cells: Evidence for immune response in disc herniation. Eur. Cell Mater 19, 13–21. doi:10.22203/ecm.v019a02
 Murray, C. J. L., Vos, T., Lozano, R., Naghavi, M., Flaxman, A. D., Michaud, C., et al. (2012). Disability-adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: A systematic analysis for the global burden of disease study 2010. Lancet (London, Engl. 380 (9859), 2197–2223. doi:10.1016/S0140-6736(12)61689-4
 Navasiolava, N. M., Custaud, M-A., Tomilovskaya, E. S., Larina, I. M., Mano, T., Gauquelin-Koch, G., et al. (2011). Long-term dry immersion: Review and prospects. Eur. J. Appl. Physiol. 111 (7), 1235–1260. doi:10.1007/s00421-010-1750-x
 Navone, S. E., Campanella, R., Guarnaccia, L., Ouellet, J. A., Locatelli, M., Cordiglieri, C., et al. (2021). Inflammatory interactions between degenerated intervertebral discs and microglia: Implication of sphingosine-1-phosphate signaling. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 39 (7), 1479–1495. doi:10.1002/jor.24827
 Navone, S. E., Marfia, G., Canzi, L., Ciusani, E., Canazza, A., Visintini, S., et al. (2012). Expression of neural and neurotrophic markers in nucleus pulposus cells isolated from degenerated intervertebral disc. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 30 (9), 1470–1477. doi:10.1002/jor.22098
 Navone, S. E., Marfia, G., Giannoni, A., Beretta, M., Guarnaccia, L., Gualtierotti, R., et al. (2017). Inflammatory mediators and signalling pathways controlling intervertebral disc degeneration. Histol. Histopathol. 32 (6), 523–542. doi:10.14670/HH-11-846
 Navone, S. E., Peroglio, M., Guarnaccia, L., Beretta, M., Grad, S., Paroni, M., et al. (2018). Mechanical loading of intervertebral disc modulates microglia proliferation, activation, and chemotaxis. Osteoarthr. Cartil. 26 (7), 978–987. doi:10.1016/j.joca.2018.04.013
 Ngo, K., Patil, P., McGowan, S. J., Niedernhofer, L. J., Robbins, P. D., Kang, J., et al. (2017). Senescent intervertebral disc cells exhibit perturbed matrix homeostasis phenotype. Mech. Ageing Dev. 166, 16–23. doi:10.1016/j.mad.2017.08.007
 Owen, D., and Williamson, P. C. (2021). The global burden of low back pain. Int. Assoc. Study Pain . 
 Owen, P. J., Armbrecht, G., Bansmann, M., Zange, J., Pohle-Fröhlich, R., Felsenberg, D., et al. (2020). Whey protein supplementation with vibration exercise ameliorates lumbar paraspinal muscle atrophy in prolonged bed rest. J. Appl. Physiol. 128 (6), 1568–1578. doi:10.1152/japplphysiol.00125.2020
 Panesar, S. S., Fernandez-Miranda, J. C., Kliot, M., and Ashkan, K. (2020). Neurosurgery and manned spaceflight. Neurosurgery 86 (3), 317–324. doi:10.1093/neuros/nyy531
 Pedrini-Mille, A., Maynard, J. A., Durnova, G. N., Kaplansky, A. S., Pedrini, V. A., Chung, C. B., et al. (1992). Effects of microgravity on the composition of the intervertebral disk. J. Appl. Physiol. 73, 26S–32S. doi:10.1152/jappl.1992.73.2.S26
 Perie, D. S., Maclean, J. J., Owen, J. P., and Iatridis, J. C. (2006). Correlating material properties with tissue composition in enzymatically digested bovine annulus fibrosus and nucleus pulposus tissue. Ann. Biomed. Eng. 34 (5), 769–777. doi:10.1007/s10439-006-9091-y
 Prasad, B., Grimm, D., Strauch, S. M., Erzinger, G. S., Corydon, T. J., Lebert, M., et al. (2020). Influence of microgravity on apoptosis in cells, tissues, and other systems in vivo and in vitro. Vitro. Int. J. Mol. Sci. 21 (24), 9373. doi:10.3390/ijms21249373
 Raj, P. P. (2008). Intervertebral disc: Anatomy-physiology-pathophysiology-treatment. Pain Pract. 8 (1), 18–44. doi:10.1111/j.1533-2500.2007.00171.x
 Roberts, D. R., Ramsey, D., Johnson, K., Kola, J., Ricci, R., Hicks, C., et al. (2010). Cerebral cortex plasticity after 90 days of bed rest: Data from TMS and fMRI. Aviat. Space Environ. Med. 81 (1), 30–40. doi:10.3357/asem.2532.2009
 Schroeder, S. R., Marquis, J. G., Reese, R. M., Richman, D. M., Mayo-Ortega, L., Oyama-Ganiko, R., et al. (2014). Risk factors for self-injury, aggression, and stereotyped behavior among young children at risk for intellectual and developmental disabilities. Am. J. Intellect. Dev. Disabil. 119 (4), 351–370. doi:10.1352/1944-7558-119.4.351
 Schwarz, R. P., Goodwin, T. J., and Wolf, D. A. (1992). Cell culture for three-dimensional modeling in rotating-wall vessels: An application of simulated microgravity. J. tissue Cult. methods Tissue Cult. Assoc. Man. Cell, tissue, organ Cult. Proced. 14 (2), 51–57. doi:10.1007/BF01404744
 Shamji, M. F., Setton, L. A., Jarvis, W., So, S., Chen, J., Jing, L., et al. (2010). Proinflammatory cytokine expression profile in degenerated and herniated human intervertebral disc tissues. Arthritis Rheum. 62 (7), 1974–1982. doi:10.1002/art.27444
 Smith, K., and Mercuri, J. (2021). Microgravity and radiation effects on astronaut intervertebral disc health. Aerosp. Med. Hum. Perform. 92 (5), 342–352. doi:10.3357/AMHP.5713.2021
 Smith, L. J., and Fazzalari, N. L. (2009). The elastic fibre network of the human lumbar anulus fibrosus: Architecture, mechanical function and potential role in the progression of intervertebral disc degeneration. Eur. spine J. Off. Publ. Eur. Spine Soc. Eur. Spinal Deform. Soc. Eur. Sect. Cerv. Spine Res. Soc. 18 (4), 439–448. doi:10.1007/s00586-009-0918-8
 Smith, L. J., Nerurkar, N. L., Choi, K-S., Harfe, B. D., and Elliott, D. M. (2011). Degeneration and regeneration of the intervertebral disc: Lessons from development. Dis. Model Mech. 4 (1), 31–41. doi:10.1242/dmm.006403
 Stamenković, V., Keller, G., Nesic, D., Cogoli, A., and Grogan, S. P. (2010). Neocartilage formation in 1 g, simulated, and microgravity environments: Implications for tissue engineering. Tissue Eng. Part A 16 (5), 1729–1736. doi:10.1089/ten.tea.2008.0624
 Stirling, A., Worthington, T., Rafiq, M., Lambert, P. A., and Elliott, T. S. (2001). Association between sciatica and Propionibacterium acnes. Lancet (London, Engl. Engl. 357, 2024–2025. doi:10.1016/S0140-6736(00)05109-6
 Takahashi, H., Suguro, T., Okazima, Y., Motegi, M., Okada, Y., and Kakiuchi, T. (1996). Inflammatory cytokines in the herniated disc of the lumbar spine. Spine (Phila Pa 1976) 21 (2), 218–224. doi:10.1097/00007632-199601150-00011
 Tilkeridis, C., Bei, T., Garantziotis, S., and Stratakis, C. A. (2005). Association of a COL1A1 polymorphism with lumbar disc disease in young military recruits. J. Med. Genet. 42, e44. doi:10.1136/jmg.2005.033225
 Urban, J. P. G., Smith, S., and Fairbank, J. C. T. (2004). Nutrition of the intervertebral disc. Spine (Phila Pa 1976) 29 (23), 2700–2709. doi:10.1097/01.brs.0000146499.97948.52
 Videman, T., Leppävuori, J., Kaprio, J., Battié, M. C., Gibbons, L. E., Peltonen, L., et al. (1998). Intragenic polymorphisms of the vitamin D receptor gene associated with intervertebral disc degeneration. Spine (Phila Pa 1976) 23 (23), 2477–2485. doi:10.1097/00007632-199812010-00002
 Videman, T., Saarela, J., Kaprio, J., Näkki, A., Levälahti, E., Gill, K., et al. (2009). Associations of 25 structural, degradative, and inflammatory candidate genes with lumbar disc desiccation, bulging, and height narrowing. Arthritis Rheum. 60 (2), 470–481. doi:10.1002/art.24268
 Virtanen, I. M., Karppinen, J., Taimela, S., Ott, J., Barral, S., Kaikkonen, K., et al. (2007). Occupational and genetic risk factors associated with intervertebral disc disease. Spine (Phila Pa 1976) 32 (10), 1129–1134. doi:10.1097/01.brs.0000261473.03274.5c
 Wang, B., Wang, D., Yan, T., and Yuan, H. (2016). MiR-138-5p promotes TNF-α-induced apoptosis in human intervertebral disc degeneration by targeting SIRT1 through PTEN/PI3K/Akt signaling. Exp. Cell Res. 345 (2), 199–205. doi:10.1016/j.yexcr.2016.05.011
 Wang, D., Nasto, L. A., Roughley, P., Leme, A. S., Houghton, A. M., Usas, A., et al. (2012). Spine degeneration in a murine model of chronic human tobacco smokers. Osteoarthr. Cartil. 20 (8), 896–905. doi:10.1016/j.joca.2012.04.010
 Wang, F., Cai, F., Shi, R., Wang, X-H., and Wu, X-T. (2016). Aging and age related stresses: A senescence mechanism of intervertebral disc degeneration. Osteoarthr. Cartil. 24 (3), 398–408. doi:10.1016/j.joca.2015.09.019
 Wu, A., March, L., Zheng, X., Huang, J., Wang, X., Zhao, J., et al. (2020). Global low back pain prevalence and years lived with disability from 1990 to 2017: Estimates from the global burden of disease study 2017. Ann. Transl. Med. 8 (6), 299. doi:10.21037/atm.2020.02.175
 Wu, D., Zheng, C., Wu, J., Huang, R., Chen, X., Zhang, T., et al. (2017). Molecular biological effects of weightlessness and hypergravity on intervertebral disc degeneration. Aerosp. Med. Hum. Perform. 88 (12), 1123–1128. doi:10.3357/AMHP.4872.2017
 Wu, D., Zhou, X., Zheng, C., He, Y., Yu, L., Qiu, G., et al. (2019). The effects of simulated +Gz and microgravity on intervertebral disc degeneration in rabbits. Sci. Rep. 9 (1), 16608. doi:10.1038/s41598-019-53246-7
 Yalcinkaya, E. Y., Caglar, N. S., Tugcu, B., and Tonbaklar, A. (2014). Rehabilitation outcomes of children with cerebral palsy. J. Phys. Ther. Sci. 26 (2), 285–289. doi:10.1589/jpts.26.285
 Zawilla, N. H., Darweesh, H., Mansour, N., Helal, S., Taha, F. M., Awadallah, M., et al. (2014). Matrix metalloproteinase-3, vitamin D receptor gene polymorphisms, and occupational risk factors in lumbar disc degeneration. J. Occup. Rehabil. 24 (2), 370–381. doi:10.1007/s10926-013-9472-7
 Zhang, Y., Gu, Z., and Qiu, G. (2013). Association of the polymorphism of MMP2 with the risk and severity of lumbar disc degeneration in the Chinese Han population. Eur. Rev. Med. Pharmacol. Sci. 17 (13), 1830–1834.
 Zhao, C-Q., Zhang, Y-H., Jiang, S-D., Li, H., Jiang, L-S., and Dai, L-Y. (2011). ADAMTS-5 and intervertebral disc degeneration: The results of tissue immunohistochemistry and in vitro cell culture. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 29 (5), 718–725. doi:10.1002/jor.21285
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Marfia, Guarnaccia, Navone, Ampollini, Balsamo, Benelli, Gaudino, Garzia, Fratocchi, Di Murro, Ligarotti, Campanella, Landolfi, Perelli, Locatelli and Ciniglio Appiani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1124991-t001.jpg
Reference

Messerotti Benvenuti
etal. (2011)

Roberts et al. (2010)

Bailey et al. (2014)

Wu et al. (2017)

Johnston et al. (2010)

Laws et al. (2016)

Bailey et al. (2018)

Stamenkovié et al.
(2010)

Foldes et al. (1996)

Pedrini-Mille et al.
(1992)

Franco-Obregdn et al.
(2018)

Learning

Brain plasticity

Corticospinal plasticity

Biomechanical properties of lumbar and
caudal discs

Molecular biological changes in IDD under
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Effects of swelling-induced disc height
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nuclear pressure during forward bending

Quantitative measures of lumbar spine
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of rat lumbar IVD during a 12.5-day
spaceflight
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functions of the AF

Role of transient receptor potential
canonical (TRPC) channels in IVD
mechanosensing

Med

A total of 22 male matching astronauts were divided
into two groups

1) Head-down bed rest (HDBR)

2) Sitting control

EMG of the orbicularis oculi muscle used to
measure startle reflex amplitude during picture
viewing with acoustic startle probes

Four subjects underwent functional MRI (fMRI),
transcranial magnetic stimulation (TMS), and
functional mobility testing (FMT) before and after
90 d of bed rest

Eight C57BL/C mice on 15-day mission aboard
STS-131

- Physiological disc height (PDH) measurement
in sita

- Compressive creep tests to parameterize:

1) Endplate permeability (k)

2) Nuclear swelling pressure strain dependence (D)
3) Annular viscoelasticity (G)

A total of 120 rabbits were divided into control,
weightlessness, hypergravity, and mixed
(hypergravity + weightlessness) groups, simulated
by tail-suspension and animal centrifuge

- Immunohistochemical determination of MMP-1,
MMP-3, and TIMP-1 expression

- TUNEL staining

Incidence rates of HNP in astronauts using the
Longitudinal Study of Astronaut Health database

Eight human lumbar motion segments subjected to
baseline flexion and compression and pure moment
flexibility tests

- Free-swelling to vary supraphysiologic heights
consistent with prolonged weightlessness

Six NASA astronauts involved in a 6-month mission
aboard the ISS

- 3T magnetic resonance imaging and dynamic
fluoroscopy of the lumbar spine pre- and post-flight

Porcine chondrocytes cultured in (i) microgravity
during Flight 75 on the ISS, (ii) simulated
microgravity in a random positioning machine
(RPM), and (iii) normal gravity (1 g control)

- Histology, immunohistochemistry, quantitative
real-time PCR, and histomorphometric analysis

Semiquantitative histochemical, topo-optical
reactions were measured and evaluated by
retardation values of birefringence

‘The lumbar annuli of rats flown on COSMOS
2044 were compared with those of three control
groups and a tail-suspension experimental model

Primary human IVD cells exposed to simulated
microgravity and to the TRPC channel inhibitor
SKF-96365 (SKF)

Proliferative capacity, cell cycle distribution,
senescence, and TRPC channel expression

Result

Habituation analysis showed a normal reflex
inhibition across blocks in sitting controls and
no habituation in HDBR subjects

- Leg recruitment curve slope decreases
- Hand recruitment curve slope increases

- No change in activation for the hand but an
increase in activation post-bed rest for the leg

- Caudal discs:
PDH; 70% D

the spaceflight group—32%

- Lumbar discs: no difference in PDH and D

- kand G for lumbar and caudal discs did not
appear to be influenced by microgravity

- MMP-1, MMP-3, and TIMP-1 were expressed
in all groups, except controls

- Cell apoptosis induced by MMP and TIMP-1
expression

- Weightlessness and hypergravity may both
aggravate IDD

- Incidence of HNP was 4.3 times higher in
astronauts

- More HNP in the cervical region of the spine

- Decrease in flexibility and increase in annular
strain and nuclear pressure after the swelling-
induced disc height increase

- Loss of lordotic curvature with disc swelling
- Increased herniation risk

- Decrease in supine lumbar lordosis

- Decrease in active flexion-extension range of
‘motion (FE ROM) for the middle three lumbar
discs

- No significant passive FE ROM changes

- No difference in disc water content from pre-
to post-flight

- Changes in multifidus and erector spinac,
correlated with lordosis, chronic low back pain,
and disc herniation

- Weaker ECM staining of ISS neocartilage
tissues

- Higher collagen II/I expression ratios in IS
samples

- Higher aggrecan/versican gene expression
profiles in control 1g

- Reduced cell density in microgravity was
significantly reduced compared with the normal
gravity neocartilage tissues

- Lateral expansion and accumulation of
notochordal cells in the NP

- Swelling of cartilage endplates, involving
hypertrophied cells with mild extracellular
mineralization

- Mild decrease in orientation of collagen fibers
in the external zone of AF and cartilage endplate

- Increase in orientation of hyase-sensible
glycosaminoglycans in the internal zone of AF
and NP

- Increase in orientation of glycoproteins in AF

- Significant smaller wet and dry weights of AFs
in the flight group

- Greater collagen-to-proteoglycan ratio in the
flight group

- No detectable collagen or in the number of
pyridinoline cross-links

- Abnormal or smaller proteoglycans in flown
rat AFs

- Normal spatial distribution of the
proteoglycans in AF

- Tail suspension did not affect the size of the
annuli but increased leached proteoglycans

- Reduced proliferation and increased
senescence after simulated microgravity and
TRPC channel inhibition

~Reduced TRPCG expression with simulated
‘microgravity
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