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It is widely acknowledged that achieving and maintaining a healthier lifestyle can be enhanced through regular participation in sport and physical activity. Coevally, a growing number of health professionals regard exercise as a legitimate intervention strategy for those who have lost their health. Exercise has been shown to be effective for overweight or obese individuals, who are at risk to lose their health due to development of type II diabetes, cardiovascular disease, as well as, infiltration of muscles, bone and other organs with fat, so it can be considered medicine. However, exercise and associated mobility likely also have a strong prevention component that can effectively contribute to the maintenance of the integrity of multiple biological systems for those who do not have overt risk factors or ongoing disease. While prevention is preferred over intervention in the context of disease, it is clear that exercise and associated mobility, generally, can be an effective influence, although overtraining and excessive loading can be deleterious to health. The basis for the generally positive influence of exercise likely lies in the fact that many of our physiological systems are designed to function in the mechanically dynamic and active 1g environment of Earth (e.g., muscles, cartilage, ligaments, tendons, bones, and cardiovascular system, and neuro-cognitive function), and nearly all these systems subscribe to the “use it or lose it” paradigm. This conclusion is supported by the changes observed over the more than 50 years of space flight and exposure to microgravity conditions. Therefore, the premise advanced is: “exercise is preventative for loss of health due to age-related decline in the integrity of several physiological systems via constant reinforcement of those systems, and thus, optimal levels of exercise and physical activity are endemic to, essential for, and intrinsic to optimal health and wellbeing.”
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INTRODUCTION

Arguably, exercise and its associated mobility are integral to optimal health and wellbeing of humans. This statement generates questions related to how does it work, which biological and physiological systems benefit the most from its effects, and why? Is it important to know these answers? The concept that “Exercise is Health” existed for centuries (Hills et al., 2015), and events of the past 50 years related to multi-national space programs now provide unique potential clues to as to why exercise is so effective from the perspectives of both prevention and intervention.

Undoubtedly, exercise (aerobic and/or resistance) can be medicinal for those with diagnosed disease conditions. For example, for some individuals, exercise may alter symptoms or progression of diabetes (Way et al., 2016), dementia or loss of cognition (Liu-Ambrose and Donaldson, 2009; Ma et al., 2016), loss of cardiovascular integrity (Ribeiro et al., 2016), impaired bone formation and rate of loss in post-menopausal females (Moreira et al., 2014), osteopenia in general (Scott et al., 2008), and muscle atrophy (Carter et al., 2015), to name several of the most prevalent. However, once a disease has been established, the effectiveness of any intervention (e.g., exercise) may be diminished as the disease process implies dysfunction of normal homeostatic control; exercise is not a cure for the condition but part of the total intervention strategy (e.g., drugs, surgery, and exercise). In this context, exercise is likely medicinal but is not the whole picture. Prevention is a preferred approach versus intervention after the fact.

The reasons why exercise in the context of disease may be less effective than in the absence of disease are varied, in part due to the chronicity of diseases where it is reported to be effective, and in part due to the pharmacological interventions used. Firstly, disease implies pathology, and pathology implies dysfunction in the target integrity. Secondly, many diseases are treated with pharmacological agents, which in themselves may impact the pathology and contain, but not cure the conditions. Thus, an exercise protocol, added to drug interventions, will have its impact influenced by both the disease and the drugs. Thirdly, in many chronic diseases, such as those in which exercise reportedly has influence, target tissues can undergo epigenetic modifications (Brunet and Berger, 2014; Raman et al., 2018; Sqalla et al., 2018), which alter their responsiveness to normal stimuli, drugs, and other interventions (Piletic and Kunei, 2016). These conditions include Alzheimer’s disease (Qazi et al., 2018), osteoporosis (Ghayor and Weber, 2016), osteoarthritis (Van Meurs, 2017), rheumatoid arthritis (Cribbs et al., 2015), cardiovascular disease (Ahuja et al., 2017; Ghosh et al., 2017), diabetes (Muka et al., 2016; Raghuraman et al., 2016), and sarcopenia (Sharples et al., 2016). Exercise itself may result in epigenetic alterations both before and after development of chronic disease development (Grazioli et al., 2017), but whether exercise alone is preventative for disease development will require more investigation. Thus, the distinction between “Exercise is Medicine” and “Exercise is Health” has validity, and may explain why exercise in a prevention mode is preferred over that in a medicinal role, but that distinction does not imply that “exercise is medicine” is not a valuable intervention (Sallis, 2009).

Exercise can also contribute to the health of individuals at risk for losing it, such as in obese individuals, via re-establishing metabolic control, caloric balance, and other related energy utilization parameters. As a consequence, exercise can impact multiple biological and physiological systems via metabolic control. Exercise can influence conditions such as type II diabetes onset and progression at the level of muscle-mediated insulin-resistance (Way et al., 2016), as well as aspects of the metabolic syndrome and chronic inflammation associated with obesity, and many other aspects of the condition (Pedersen and Saltin, 2015). Nevertheless, even with obesity, epigenetic modifications can occur and progress over time (Desiderio et al., 2016; Pigeyre et al., 2016; Xu et al., 2016), and such changes may have transgenerational influences in both humans (Bays and Scinta, 2015) and preclinical models (Paul et al., 2019), so treating early obesity rather than long-term chronic obesity with exercise may yield substantially different outcomes for many individuals.

As more is learned about epigenetic modifications of both somatic and germ-line cells, there may be opportunities to reverse their potential negative impact on gene regulation, as well as enhance the positive influences. However, such epigenetic changes may be associated with alterations to DNA methylation, histone modifications, and some RNA-mediated processes (reviewed in Ling and Ronn, 2019), and as such will require a detailed analysis of negative and positive alterations, and whether transgenerational influences are associated with the changes. Interestingly, exercise is known to lead to epigenetic alterations of both skeletal muscle (reviewed in Widmann et al., 2019) and in germ cells leading to transgenerational effects, particularly as related to metabolic pathways (Denham, 2018; Axsom and Libonati, 2019). In the review by Axsom and Libonati (2019), the focus was on DNA methylation changes in offspring and included studies of both preclinical models and humans. However, it should be noted that the number of epigenetic-related studies performed to date has not been large, the number of studies done on humans versus preclinical models is small for obvious reasons associated with invasiveness, the exact mechanisms via which the epigenetic changes occur are still lacking in detail, and it remains to be determined which types of exercise (e.g., aerobic versus resistive) are most effective for generating adaptations. While there are limitations to the current findings, they are encouraging regarding exercise and disease risks (i.e., heart disease and cancer) and the transgenerational influences of such modifications—the latter may be contributed by both parents (Ashe and Khan, 2004; Ahuja et al., 2017; Denham, 2018; Axsom and Libonati, 2019). Furthermore, some epigenetic changes occur during aging (Pal and Tyler, 2016; Pagiatakis et al., 2019), so the effectiveness of exercise at the epigenetic level may be influenced by the age that it is implemented and sustained—potentially a life-long chronic exercise routine will be best.

Several of the above conditions are associated with aging, and indeed, dementia, cardiovascular diseases, sarcopenia, and osteoporosis are more common in mature or elderly populations. Obesity, with unique fat deposition patterns in males and post-menopausal females, was in the past more common in older individuals, particularly those with mobility issues, but also those who became more sedentary after a life of hard physical labor. However, more recently, younger individuals with sedentary occupations or lifestyles, compounded by poor diets (e.g., high in saturated fats and sucrose), are becoming obese. Regrettably, children with obesity constitute one of the fastest growing populations (Karnik and Kanekar, 2012), which generates concern for multiple reasons that include early onset of type II diabetes and cardiovascular disease, as well as musculoskeletal concerns related to growth and maturation. With obesity comes infiltration of muscle and bone with fat, which can have biomechanical consequences during post-puberty maturation of the skeleton articular system. Childhood or adolescent obesity effects on bone-muscle integrative functioning may remain altered even if weight is lost as an adult. Concomitantly, these effects may be related to epigenetic modifications, which can interfere with the effectiveness of exercise. Thus, exercise, tailored to the individual, has the potential to mitigate the risk for development of several conditions prior to their onset in individuals with obesity. In rats, exercise has been shown to be preventative for the consequences of diet-induced obesity (see Collins et al., 2016 for diet details) when implemented at the same time as the animals were started on such a high-fat and sugar diet (Rios et al., 2019).

The above-discussed progression leads to a third important function of exercise: the preventative aspects throughout the lifespan to maintain the integrity of multiple physiological systems including muscle, bone, cardiovascular, and respiratory systems, as well as brain function. It is generally recommended that adults and children engage in about 150 min of moderate exercise per week. Engaging in such exercise, at a minimum, throughout the lifespan has many benefits based on the literature. In addition, different types of exercise (e.g., aerobic vs. resistance) can have differential effects on tissue adaptation and quality. For example, Armamento-Villareal et al. (2019) reported how some forms of exercise can be more effective at protecting against bone-loss during weight-loss therapy in older adults with obesity. With similar amounts of weight loss, elderly individuals (≥65 years) who combined aerobic and resistance exercises or only resistance exercises during their weight-loss program had significantly less weight loss-induced decreases in bone mineral density versus those who only participated in aerobic exercises.

Although exercise and enhanced mobility are cost-effective prevention strategies in which nearly all individuals can engage, undoubtedly genetics also plays a role in risk for cardiovascular disease, osteoporosis, and other conditions, so exercise is only one component of a series of modifiable activities for an individual (Figure 1). Often exercise has to be optimally matched with good dietary habits, sufficient sleep, and socialization to reap optimal benefits (Figure 1).
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FIGURE 1. Potential Modifiers of Exercise Effectiveness.


In terms of the positive effects of exercise on cognitive function, a growing body of evidence suggests that cognitive function can be enhanced via short-term and long-term exercise and physical activity. Won et al. (2019) studied brain activation during a semantic memory task after a single bout of exercise in healthy older adults (55–85 years) using functional magnetic resonance imaging (fMRI)—semantic memory includes things that are “common knowledge” (e.g., names of colors, sounds of letters, capitals of countries, and other basic facts acquired over a lifetime). On separate days, subjects engaged in either 30 min of rest or 30 min of stationary cycling exercise immediately before performing a memory task during fMIR scanning. Acute exercise resulted in significantly greater semantic memory activation in the middle frontal, inferior temporal, middle temporal, and fusiform gyrus, as well as greater activation in the bilateral hippocampus. Complementing those positive responses, there are numerous studies that highlight the positive effects of longer-term exercise on cognitive and neural plasticity in older adults. In a comprehensive and critical review of related research, Kramer et al. (1999) and Erickson and Kramer (2009) concluded that even 6 months of moderate levels of aerobic activity are sufficient to produce significant improvements in cognitive function, particularly on measures of executive function. Colcombe and Kramer (2003) also reported that exercise broadly improved cognitive function across a number of domains including spatial functioning and executive control. The positive effects of exercise on cognitive function appear to extend to older adults with dementia; Heyn et al. (2004) reported that aerobic exercise interventions could reliably reverse cognitive impairments in demented individuals. In like manner, patients in the early stages of Alzheimer’s disease who were more aerobically fit had less whole-brain atrophy and white matter atrophy than those patients who were less aerobically fit (Burns et al., 2008). In summarizing the state-of-knowledge about the effects of exercise on brain function, Erickson and Kramer (2009) posited that “…an active lifestyle with moderate amounts of aerobic activity will likely improve cognitive and brain function and reverse neural decay frequently observed in older adults.” (p. 24). That conclusion by Erickson and Kramer (2009) was strongly corroborated by a Norwegian population-based prospective study (>30,000 men and women participants) that assessed the temporal changes in cardiorespiratory fitness and risk of dementia incidence and mortality (Tari et al., 2019). Tari et al. (2019) found that individuals who sustained high estimated cardiorespiratory fitness had a reduced risk of incident dementia and reduced risk of dementia mortality. Participants who increased their estimated cardiorespiratory fitness over time, gained 2.2 dementia-free years and 2.7 years of life when compared to those who remained unfit. Complementing the positive effects of aerobic exercise on cognitive function, Liu-Ambrose and Donaldson (2009) reported that incorporating resistance training, in conjunction with aerobic exercise, among senior individuals can also produce cognitive benefits.

While the positive effects of exercise permeate across a host of biological systems, over-exercising and excessive tissue loading can lead to deleterious effects and injury. The same parameters of exercise (i.e., duration, frequency, and intensity) that influence positive responses can also influence the risk of injury (Jones et al., 1994). Catastrophic failures of tissues (e.g., tendons, ligaments, and bone) occur when the ultimate loads of a tissue are exceeded. Such catastrophic injuries (e.g., patellar tendon rupture) have been reported for activities such as Olympic weightlifting (Zernicke et al., 1977), and extensive epidemiological data document the pervasive rates of knee anterior cruciate ligament (ACL) injuries in athletes (Joseph et al., 2013). ACL injuries account for over half of all knee injuries in sport (Risberg et al., 2004). In an extensive analysis of United States high school students participating in athletics—with nearly 10 million athlete-exposures during 2007–2012, Joseph et al. (2013) found that participants were seven times more likely to sustain an ACL injury in competition than in practice, and the highest ACL injury rates occurred in girls’ soccer (12%) and boys’ American football (11%), with the lowest rate in baseball (<1%).

Excess training and overuse can also produce significant injuries in bone (i.e., stress reactions and stress fractures). In particular, long-distance runners and military personnel are susceptible to bone stress injuries. Significant epidemiological data have been collected in both the Israel and United States armies on bone stress fractures of male and female soldiers (Friedl et al., 2008), with the data revealing 50% of women have one or more injuries by the end of basic training, including stress fractures. The high rates of exercise-related stress fractures in women—and also in men—can be linked to components of the Female Athlete Triad: (1) low energy availability with or without disordered eating, (2) menstrual dysfunction (females), and (3) low bone mineral density. Individuals can present with one or more of these Triad components (DeSouza et al., 2014). For male distance runners, Kraus et al. (2019) recently published a 7-year retrospective and prospective study of the bone stress injury rates of 156 male United States collegiate distance runners. They used applicable risk assessment categories from a “modified” Female Athlete Triad and discovered that male runners presented with risk factors for bone stress injuries that paralleled those found in female runners as described by the Female Athlete Triad, including “…low energy availability, low body mass index, prior bone stress injury, and low bone mineral density values.” (p. 237). Their results highlighted the importance of optimizing nutrition and energy availability and achieving optimal body mass index to sustain and enhance skeletal health.

Recent data (Tenforde et al., 2016) revealed new insights about the relation between Female Athlete Triad Risk Assessment Stratification and the development of bone stress injuries. Tenforde et al. (2018) classified female collegiate athletes in 16 sports into low-, moderate-, and high-risk categories using the Female Athlete Triad Risk Assessment score and used those scores to compare incidence of bone stress injuries. Sports with the highest proportion of moderate- and high-risk scores included gymnastics, lacrosse, and cross-country runners, with the cross-country runners sustaining the majority of the bone stress injuries. To complement those results, Tenforde and researchers at Stanford University, Harvard University, and the University of North Carolina collectively investigated the interrelations among Triad Risk factors, sport-specific loading factors, and bone mineral density in female collegiate athletes. They analyzed data of 239 athletes across 16 different sports with a range of loading characteristics (e.g., high-impact and multidirectional vs. non-impact sports). They discovered that both sport type and Triad risk factors affected bone mineral density. Synchronized swimmers and swimmers/divers had the lowest bone mineral densities, while the highest bone mineral densities were found in gymnastics, volleyball, and basketball athletes. Athletes in non- or low-impact sports, with low body mass index, and oligomenorrhea/amenorrhea were at highest risk for reduced bone mineral density.

One of the lingering questions regarding the systems affected is whether some of these responses are interrelated (e.g., improved blood flow and cardiovascular system function associated with enhanced brain function), or the responses could reflect independent target systems that are uniquely sensitive to the mechanical stimulation associated with specific exercise regimens. Another lingering question relates to “precision health”—analyzing and integrating complex, individual-specific genetic, physiological, and environmental data to sustain health and well-being and to predict and prevent disease or optimize individual treatment and interventions. There is no doubt that different people respond to different exercise strategies. Healthy individuals vs. individuals with cardiovascular, pulmonary, and/or diabetes diseases may have varying responses to training modalities (moderate-intensity continuous exercise training vs. high-intensity interval training) (Ross et al., 2016). How specific exercise interventions and training can be personalized to each specific individual remains as a challenge to address with future research.

To achieve the above-mentioned goal will require more information and understanding regarding the mechanisms involved in responsiveness to exercise and better information regarding factors that modulate such responsiveness. There is clear evidence that sex can play a role in responsiveness to exercise at the level of the brain, with females responding more than males (reviewed in Barha et al., 2017, 2019; Dao et al., 2019). This is an interesting response pattern since most Alzheimer patients are female. Furthermore, it has been reported that some people are responders and others non-responders to both aerobic exercise and resistance training (reviewed in Sparks, 2017). In addition, the type of exercise may be critical. Most studies have focused on aerobic exercise, but the type of exercise may be important in how a target system is affected, such as the cardiovascular system (Barha et al., 2017). This latter point implies that some of the mechanisms involved can vary, and there may not be a single molecular explanation for the effectiveness of exercise.

The molecular basis for the effectiveness of exercise in the brain is believed to relate to the brain levels of mature BDNF (brain-derived neurotrophic factor), but the results in humans are equivocal (discussed in Barha et al., 2017). Another possibility is the stimulation of myokine release from skeletal muscle following exercise (Nielsen and Pedersen, 2008, Nielsen and Pedersen, 2011, 2017; Pedersen and Febbraio, 2012; Giudice and Taylor, 2017; Eckel, 2019). Such myokines can then travel to target tissues via the circulation and affect their metabolism (Figures 2, 3). Whether they affect the target tissues directly or indirectly via the microvasculature in different tissues remains to be determined. Finally, exercise may directly influence the metabolism of tissues responsive to biomechanical signals via the loading associated with the exercise (i.e., muscle, tendons, bone, ligaments, and endothelial cells of the microvasculature). Some of these tissues respond to tensile and compressive loading, while endothelial cells of the microvasculture can respond to stress-related changes associated with changes in blood flow with exercise (Ando and Kamiya, 1996; Boisseau, 2005). Some of these potential interrelations are outlined in Figures 2, 3.
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FIGURE 2. Possible Mechanisms by which Aerobic Exercise Impacts Multiple Target Tissues.
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FIGURE 3. Resistance Exercise and Effectiveness on Target Tissues.


From the above discussion, some clues regarding the mechanisms involved in how exercise is effective have been surmised, but many questions still remain unanswered. The answers to these and related questions are difficult to untangle in populations who are restricted to living on Earth.



MOBILITY AND NAVIGATION THROUGH THE ENVIRONMENT

From the preceding discussion, it is clear that mobility and mechanical loading of multiple tissues are likely intrinsic aspects of human evolution and progression to current Homo sapiens. However, mobility is only one aspect of functioning, with mobility and navigation (patterned mobility) integrated to contribute to survival (e.g., evading predators and hunting) and performing a multitude of tasks. Thus, navigation requires integration of mobility, vision, and neural control (brain) involvement (reviewed in Hart et al., 2019). Visual compromise with aging (e.g., cataracts, macular degeneration, or diabetic retinopathy) can inhibit function even if mobility is maintained and sustained. In addition, navigation involves other senses (e.g., hearing, smell, and touch). Recently, it was reported that diet-induced obesity in a preclinical model led to eye changes (Collins et al., 2018), and those changes could be affected, in part, by exercise. In addition, there also appears to be a link between compromise in knee integrity and the eye in other circumstances such as uveitis in juvenile idiopathic arthritis and additional links between the eye and the knee as evidenced by changes in the eye following a knee injury in preclinical models (Kydd et al., 2007); discussed in Hart, 2018b). Thus, there are multiple ways to interfere with optimal functioning related to mobility and navigation compromises due to loss of integration, which is essential for effective navigation of the organism or person.



BUILDING ON INFORMATION FROM SPACEFLIGHT-ASSOCIATED LOSS OF SYSTEM INTEGRITY

Building on the premise that optimal physiological functioning on Earth requires exercise and mobility, we posit that important and creative insights can be gleaned from space programs where exposure to microgravity or microgravity analogs generates situations diametrically opposed to exercise (i.e., loss of system integrity). Humans were not designed for microgravity environments, but the adaptive responses of humans to space flight and microgravity have the potential to reveal unique insights about the integrated responses of physiological systems to physical activity versus inactivity and explanations for why exercise is both necessary and effective to maintain health.

An often ignored reality of life is that on Earth we live in a 1g environment. During evolution, at some point, the migration from an ocean or aquatic-based environment required developing the ability to function in a 1g environment with its associated ground reaction forces (Morey-Holton, 2003). For humans, this required developing systems that allowed for upright walking and running, requirements that required an enhanced cardiovascular system, modifications to the spinal column, enhanced muscle function, and adaptations for coordinated and interactive neuro-control mechanisms from the brain to the periphery. As Homo sapiens represent human adaptations to this point, such adaptations allow us to function effectively in this 1g environment (Morey-Holton, 2003). Further, the implication of our Earth-related 1g adaptation is that from fetal development onward, we have been prepared for and continuously adapt to this environment during childhood and adolescence. The 1g environment is inextricably linked to regulation during maturation and in maturity, and advancing age likely impacts patterns of senescence due to subtle or overt failures of system regulation.

With the onset of human space exploration nearly six decades ago, we are now afforded the opportunity to investigate the influence of prolonged microgravity on humans. Interestingly, several of the same systems positively influenced by exercise on Earth are negatively influenced by exposure to microgravity (e.g., muscle atrophy with fatty infiltration, loss of bone quality and structure, loss of cardiovascular tone, and altered features of cognition) (Zernicke et al., 1990; Grabherr and Mast, 2010; Ploutz-Snyder et al., 2014; Ohira et al., 2015; Grimm et al., 2016; Hughson et al., 2016; Hart, 2018a). These systems, which appear to be uniquely and ubiquitously sensitive to microgravity effects, may be sentinel systems of the human body that have most effectively adapted to functioning in a 1g environment; they adhere to the use it or lose it paradigm (Scott et al., 2008; Hart and Scott, 2012; Hart, 2018a). Based on current efficacy of space-based, countermeasure attempts to overcome the negative influences of microgravity, some of the systems (e.g., skeletal muscle atrophy) are more readily responsive than others (e.g., osteopenia). Similarly, maintenance of integrated system integrity on Earth in the 1g environment is likely not based on multiple completely independent systems, but operate as highly integrated and interactive elements, with—as yet—unidentified central regulatory components. Even with chronic exposure to the 1g environment on Earth, the function and responsiveness of many of these same systems decline with age—often independently from each other. Thus, if there is a “central regulator” of these systems, some downstream components may decline with age independently—possibly due to otherwise silent mutations or epigenetic alterations. Furthermore, the regulation of these systems on Earth or in space may be sex-dependent, as several are influenced by hormones, and it is clear that regulation in females can vary across the lifespan due to events such as pregnancy and menopause. Thus, as astronauts are usually fit and free of overt chronic diseases of the systems affected by space flight, the findings of the changes associated with exposure to microgravity strongly support the notion that “Exercise is Health” and essential to maintain the integrity of the human system which evolved in the 1g environment of Earth.



THE “USE IT OR LOSE IT” PARADIGM

Even on Earth, the use it or lose it paradigm is evident. If a leg is immobilized in a cast, the muscles of that lower extremity will atrophy. Once the cast is removed and the limb is re-mobilized, the affected muscles re-adapt to a new set point. With prolonged bed rest, muscles atrophy and can become infiltrated with fat (Trudel et al., 2009). Similarly, bones can lose their integrity with prolonged bedrest, and that skeletal loss can be rapidly initiated (Kos et al., 2014). Relatedly, with bedrest, cardiovascular tone is altered, possibly involving neural control elements in ways resembling what happens in space (Hughson and Shoemaker, 2015). Thus, disuse atrophy occurs on Earth in some of the same systems as are observed to be altered in space and following exposure to microgravity.

The questions then arise as to why and how such changes occur in space and on Earth. Related to induction of atrophy, the menisci of the rabbit knee have been used as a model to better understand the involved mechanisms (Natsu-ume et al., 2005). Removing the menisci from the knee led to the rapid de-repression of a cascade of catabolic genes that could be detected within 4 h of removing the tissue from the animal. Applying intermittent cyclic compressive loading, analogous to what the tissue experiences in vivo, prevented the de-repression of this catabolic set of genes. Thus, a set of catabolic genes that can degrade a specific tissue were held in check by exogenous loading, such as that conveyed by ground reaction forces. Potentially, similar mechanisms apply to other tissues as well, but the genes involved may differ somewhat with different tissues; those specific differences, however, remain to be elucidated.

Conversely, loading of a tissue can also lead to up-regulation of genes that contribute to tissue integrity or healing processes. Different types of loading may be applied to a tissue (e.g., compression, shear, or tension), and cell responses can be loading-type specific (Majima et al., 2000). Vascular endothelial cells experience shear loading due to blood flow and the pulsatile nature of shear promoted by arterial forces (Koida and Hambrecht, 2005; Johnson et al., 2011). Endothelial cells experiencing loading respond to the stimuli by enhancing or suppressing production of specific molecules, and such responses influence endothelial cell functioning. Therefore, strong evidence exists at the target cell level for the how exercise and biomechanical loading may impact cells.

As noted, in space both bone and muscle can undergo atrophy and current mechanical countermeasures have proven to be reasonably effective in preventing muscle atrophy, but not as effective for bone loss. Interestingly, loss of bone while in space is more evident for bones of the lower extremities than the upper extremities (Hart, 2018a)—which are used extensively for generating contact forces by the astronauts and cosmonauts to navigate and propel themselves throughout the space station. Bones become biomechanically compromised when exposed to reduced forces and weightlessness (Zernicke et al., 1990). Therefore, the metabolic set point for bone homeostasis in an adult may depend on a bone’s location in the body, and its regular and systematic exposure to exercise-related ground reaction or contact forces. Osteocytes appear to play a role in skeletal regulation and may serve mechanosensory functions in bone (Plotkin and Bellido, 2016). In space or microgravity, the integrity of osteoblasts is compromised, while osteoclasts appear to continue to function (Nabavi et al., 2011). This binary system of our skeleton may be uniquely regulated compared to other systems, and therefore, the 1g environment of Earth has led to specific evolutionary characteristics that transcend the simple use it or lose it paradigm, and thus, the need for and the impact of exercise and loading on this tissue may be essential for bone health (Grimm et al., 2016).

During a period of rapid bone growth, however, there may be loading-independent aspects to bone. That is, during growth and maturation, if a knee is immobilized by pinning in flexion, the tibia continues to grow while muscles atrophy and ligaments of the knee cease to grow and mature (Hart et al., 2002). In a rabbit model, under rigid immobilization of the knee, the tibia continued to grow at a rapid pace. When the pin was subsequently removed, the knee joint could not be extended or opened due to bone overgrowth. The extent of this dysfunction gradually diminished when the immobilization was initiated as the age of the rabbits was increased from 3 to 6 to 8 weeks (Hart et al., 2002). In this period of rapid growth by the tibia, growth continued in the absence of mechanical loading, and thus, some biological factors may override the mechanical aspects during rapid growth. It also implies that bone growth in this situation was likely the driver of growth even in the absence of the ground reaction force stimuli, and the muscles, ligaments, and likely the tendons and muscles were responding to the growth of the bone rather than progressing in a co-stimulant manner. Whether support for this concept may be associated with the second phase of accelerated growth following onset of puberty remains unclear, as this phase is complicated by the presence of sex hormones, which can exert their own impact on muscles, bone, cardiovascular system, and cognitive functioning. However, once skeletal maturity has been achieved and an integrated set point for these systems is established, homeostasis and adaptations within a physiological window are likely regulated by use and mechanical loading (e.g., exercise, ground reaction and musculoskeletal forces, and daily physical activities on Earth).

With regard to the cardiovascular system changes in space or following exposure to microgravity, it is not clear whether the changes are due to a primary effect on the cells of the system or a secondary consequence of other alterations, such as changes to fluid regulation. It is clear, however, that the system continues to function well in spite of the changes associated with space flight as the incidence of cardiovascular events in space is very low. Therefore, many aspects of how and why the changes to the cardiovascular system occur remain to be elucidated. Nonetheless, it is well-documented that exercising in space (e.g., International Space Station) can be performed effectively and with many benefits (Macias et al., 2005).

Obviously, bone, muscles, most joint tissues, and the cardiovascular system all are innervated, and some of the above regulation may be associated with neural activity. Neuromuscular control and neuroRegulation of the cardiovascular system are well recognized, and the neural input into bone regulation is also supported (Elefteriou, 2005; Masi, 2012; Dimitri and Rosen, 2017). As bone and muscle are vascularized, there are likely essential interfaces among the systems affected by exposure to microgravity. In many tissues, the neural elements parallel the microvascularity, and the microvascular elements are likely linked to other cells in a tissue in a paracrine fashion, but the relative roles of elements and their responses to microgravity outside of the 1g environment in which they develop remain to be clarified (Grabherr and Mast, 2010). As these elements appear to work as integrated units to maintain functionality, the units likely require repeated and systematic loading to maintain their integrated function.



RESPONSES TO SPACEFLIGHT AND MICROGRAVITY REPRESENT AN ACCELERATED FORM OF AGING

Many of the physiological systems most affected by space flight and exposure to microgravity are those that are frequently and adversely affected by aging processes and associated increased incidence of diseases (e.g., osteoporosis, sarcopenia, cardiovascular diseases, and cognition decline). This similarity between responses to space/microgravity and aging was noted by Ray (1991), but many details regarding potential interrelations remain to be elucidated (Vernikos and Schneider, 2010). As we noted, these same systems, or disease entities, can be impacted by exercise, and as such, exercise is often viewed as “medicine” in that context. By extension, exercise via reinforcement of these systems designed to allow humans to operate in a 1g environment—before overt disease onset—would likely be beneficial to prevent the age-associated loss of system integrity leading to overt disease. As most astronauts have been younger than 50 years of age, they have been very healthy, but mature adults. The responses to space and microgravity are specific to the individual in the extent of the changes that occur, and it is not known whether there are family history linkages to specific relevant diseases in each astronaut. Furthermore, most astronauts to date have been males, and whether the responses of females are the same remains to be confirmed (Ploutz-Snyder et al., 2014). Essentially, it is unknown why the individual astronaut’s variations in response pattern exist. The changes observed and their extent may or may not be superimposed on specific genetic or epigenetic backgrounds, but this is a highly likely consideration (Hart, 2018a). Thus, under a 1g environment, silent genetic alterations may not become evident until the loading environment of living on Earth is removed by space flight or becomes evident during aging via more sedentary lifestyles. Thus, exercise and constant reinforcement of these 1g operational systems may overcome, at least in part, several genetic risk factors for disease development. As such, exercise and reinforcement of the relevant physiological systems may be particularly important during the last third of life for most individuals.

Based on the existing knowledge, much is known about how these systems may be regulated under Earth conditions, but we do not know a lot about why they are regulated in that manner, nor do we fully understand the impact of genetic and epigenetic variables on the integrity of these systems in the context of our 1g environment. Therefore, detailed analyses of individual-specific responses to microgravity and 1g during maturation and aging could provide new insights into the why the systems are regulated as they appear to be and identify new targets to focus on for new interventions. If these systems require constant reinforcement via exercise across the lifespan to thwart risk and maintain their integrity in Homo sapiens, then that could be a cost-effective approach to enhance healthy aging and mitigate health risks. Ideally that would entail having the types and doses of exercise optimized for specific physiological systems across the lifespan (Hart and Scott, 2012; Sjogaard et al., 2016) and personalized for each individual. In addition, optimal conditions will change during the different phases of life and cannot be considered constant. Similarly, what is required to maintain system integrity (e.g., threshold maintenance) versus optimizing system integrity (i.e., maximal impact) may also be different during growth, maturation, and senescence.



THE DISTINCTIONS BETWEEN EXERCISE IS HEALTH VS. EXERCISE IS MEDICINE

The preceding discussion aligns with other authors (Cheng and Mao, 2016; Sjogaard et al., 2016; Smith, 2016), who have highlighted that distinctions exist between “Exercise is Health” vs. “Exercise is Medicine.” Those distinctions are not static, but are dynamically influenced by multiple factors. Firstly, for those with chronic diseases or conditions, one distinction may depend on the status of the patient’s disease process when an exercise regimen is initiated. Those with early disease and modest tissue-altering pathology may respond better via interfering with the disease progression than patients that have more progressed pathology. In contrast, those with advanced disease, with associated pathological disruption of tissue integrity and more extensive epigenetic alterations, would potentially be less likely to exhibit a positive response to exercise than patients in early disease. Furthermore, the use of exercise in conjunction with suitable drugs or compounds, could provide additive or synergistic effects for the exercise component (Hart, 2018c). Secondly, if epigenetic alterations, and not just tissue disruptive pathology, are playing a critical role in the distinction between whether exercise is health vs. medicine, then it may be possible to reverse the epigenetic alterations using drugs or other interventions. While not being driven by a traditional disease process, it was noted that some of the epigenetic changes detected after a 1-year space flight were reversible after return to Earth1 (Garrett-Bakelman et al., 2019). Thus, some epigenetic alterations to the human genome are reversible once a return to the 1g environment is established. Therefore, the distinctions between “Exercise is Health vs. Medicine” may be malleable, and there may be opportunities to shift the effectiveness of exercise for those with chronic diseases back to that of the healthy individual via interventions, which impact epigenetic alterations associated with disease.



CONCLUSION

If the proposed inverse relations are valid between the benefits of exercise and the effects of microgravity exposure on similar systems, then detailed mechanistic clues as to why exercise is health may be gleaned and could be effectively studied to elaborate new and critical insights. The most obvious conclusion is that our 1g-dependent systems require constant reinforcement to be optimized and maintained throughout life. Similar to mastering a sport or a musical instrument, practice makes perfect; these 1g-dependent systems may require regular and focused attention to maintain their integrity and effectiveness, at the levels of individual tissues and via central neural control mechanisms. Thus, the premise that “Exercise is Health” may be the preferred designation and have much of its basis in the maintenance of these 1g-dependent systems to prevent or inhibit their dysfunction or senescence (i.e., loss of system integrity with advancing age). As such, the “Exercise is Health” designation for impact on those who have not lost their health is a valid distinction from “Exercise is Medicine,” which applies to those who have lost their health in an impacted system that is altered by associated pathology (e.g., epigenetics, altered cell types, and/or different cell types) and its treatment. Thus, exercise is essential to life for humans on Earth and is intrinsic to optimized and sustained system integrity across a person’s lifespan.

Sedentary behavior and a lack of a minimal or reinforcing loading may allow for exercise/loading-inhibited otherwise “silent” mutations in our genomes to overcome such inhibition and contribute to senescence, and what we now label “aging related” declines in integrity. As such, a more apt designation for exercise is that it is intrinsic to who we are, and optimal exercise is essential to maintain and sustain integrated optimal functioning. The unique blend of independent and integrated systems influenced by exercise defines how humans evolved to thrive in Earth’s 1g environment. This perspective is supported by Pontzer (2019), who discussed the role of exercise in human physiology as Homo sapiens evolved from great-ape lineages. Detailed investigation of how these 1g-related systems work, where they are controlled, and how they are regulated (and inter-regulated) by exercise and mobility may provide unique and significant new clues for maintaining optimal health and mitigating risks for loss of health.
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