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The upcoming exploration missions will imply a much longer duration than any of the missions flown so far. In these missions, physiological adaptation to the new environment leads to changes in different body systems, such as the cardiovascular and musculoskeletal systems, metabolic and neurobehavioral health and immune function. To keep space travelers healthy on their trip to Moon, Mars and beyond and their return to Earth, a variety of countermeasures need to be provided to maintain body functionality. From research on the International Space Station (ISS) we know today, that for instance prescribing an adequate training regime for each individual with the devices available in the respective spacecraft is still a challenge. Nutrient supply is not yet optimal and must be optimized in exploration missions. Food intake is intrinsically linked to changes in the gut microbiome composition. Most of the microbes that inhabit our body supply ecosystem benefit to the host-microbe system, including production of important resources, bioconversion of nutrients, and protection against pathogenic microbes. The gut microbiome has also the ability to signal the host, regulating the processes of energy storage and appetite perception, and influencing immune and neurobehavioral function. The composition and functionality of the microbiome most likely changes during spaceflight. Supporting a healthy microbiome by respective measures in space travelers might maintain their health during the mission but also support rehabilitation when being back on Earth. In this review we are summarizing the changes in the gut microbiome observed in spaceflight and analog models, focusing particularly on the effects on metabolism, the musculoskeletal and immune systems and neurobehavioral disorders. Since space travelers are healthy volunteers, we focus on the potential of countermeasures based on pre- and probiotics supplements.
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INTRODUCTION

When entering microgravity the bodies system starts to adapt to the new environment. Fluid shifts from the lower into the upper part of the body and might alongside other factors, cause changes in gastrointestinal function. In combination with reduced fluid intake often seen in space travelers, this might cause reduced gastrointestinal motility. Gastrointestinal transit time has not been systematically studied during flight, but results from analog studies [rats hindlimb suspension (HU) and human short-term bed rest] show that the transit time was significantly longer than during ambulatory control periods (Lane et al., 1993; Shi et al., 2017). Lowering of mechanical loading leads to muscle breakdown and loss of bone mass (Smith et al., 2005; LeBlanc et al., 2007; Grimm et al., 2016). Data from spaceflights has also shown that most space travelers do not achieve their required energy intake through the on-board rations and typically consume about 75–80% of their daily requirements (Zwart et al., 2014). This is associated with a variety of effects on space travelers ranging from a decrease in cognitive ability to general microgravity-induced physiological responses, such as impaired cardiovascular performance, exacerbated muscle atrophy and diminished immune function (Smith et al., 2014). For shorter spaceflights up to 6 months, these effects could be reversed but when moving on to exploration missions of 1 year and longer, the effects may be much more serious and lead to mission failure, i.e., early return because of malnourishment and consequent diseases or even survival of space travelers as has been seen with some pioneering expeditions on Earth.

Inadequate energy intake has been confirmed by short-term missions (8–14 days) where total energy expenditure (TEE) was analyzed by the double-labeled water method (Lane et al., 1997). While TEE did not change in spaceflight, energy intake of these space travelers decreased leading to negative energy balances and loss in body mass (Lane et al., 1997; Stein et al., 1999b). A common cause of reduced dietary intake during the first days of a mission seems to be space motion sickness (Seddon et al., 1994; Reschke et al., 1998; Lackner and DiZio, 2006). The effects of space motion sickness typically pass after the first several days of flight, but the decreased dietary intake can extend well beyond the first week (Stein et al., 1999b). Inadequate energy intake is associated not only with loss of fat tissue, but also with decreased protein synthesis (in flight), increased protein catabolism (in bed rest), and subsequent loss of lean tissue mass (Stein et al., 1999a). Existing data suggest that systems such as muscle, bone and cardiovascular systems are adversely affected by inadequate energy intake. Studies show that undernutrition, depending on severity, exacerbates the negative effects of bed rest/spaceflight on muscle mass and strength (Biolo et al., 2007), bone mass (Ihle and Loucks, 2004), motor and cognitive function (Phillips, 1994), and the cardiovascular system (Smith et al., 2009; Florian et al., 2015).

Adaptive mechanisms in microgravity lead to an optimal state for the microgravity environment but the intention is that space travelers who fly to Moon or Mars with some level of gravity, are immediately fit for duty. They won’t stay in this environment forever, they will get back to Earth and should be healthy and able – after a short recovery - to live in the 1 G environment. Many countermeasures, mainly different training regimes and modification in nutrient supply, have been tested so far but none of them fully maintains the physiological condition in a 1 G environment.

Food intake is intrinsically linked to the composition and function of the gut microbiome. Recent research provides a growing body of evidence demonstrating that host appetite and food intake are linked to the gut microbiome (Alcock et al., 2014; Fetissov, 2017). Perhaps this is due to the fact that most of the microbes that inhabit our body provide benefits to the entire host-microbe system, including production of important resources, bioconversion of nutrients, and protection against pathogenic microbes (Turroni et al., 2018). The gut microbiome is also acknowledged to be critical in maintaining immunological and neurological homeostasis. However, there may be altered (i.e., dysbiotic) gut microbial patterns, which promote intestinal inflammation and systemic low-grade inflammation. Both in turn may promote the development of several disorders, such as type 2 diabetes. Reduced insulin sensitivity has been demonstrated in various short- and longer-term space missions (Leach and Alexander, 1975; Leach and Rambaut, 1977; Stein et al., 1994; Hughson et al., 2016). Since diet is recognized as a pivotal determinant of gut microbiome composition and function (Zmora et al., 2019), changing general food habits on Earth to space food or the respective space travelers’ selection might – beside other environmental factors – deeply affect the gut microbiome structure and functionality with repercussions on the space traveler’s health. Extending the countermeasure portfolio by supplementing pre- and or probiotics might be of interest to support health maintenance of space travelers on exploration missions.

In this review, we aim to summarize the effects of changes in the gut microbiome seen on Earth and in microgravity, which might affect the health of space travelers during exploration missions. Our main focus is –with respect to the physiological system- changes in the gastrointestinal tract, energy intake imbalance, altered metabolism and satiety impairment, effects on the musculoskeletal and immune system and neurobehavioral health. For potential measures we review the supplementation of pre- and probiotics, since space travelers are usually healthy individuals and other strategies such as fecal microbiota transfer or application of bacterial phages, although both with great future potential in clinical practice and beyond, seem to be out of scope for the present review.



GUT MICROBIOME CHANGES IN SPACEFLIGHT AND ANALOG STUDIES

Space travels are typically associated with several stressors, including microgravity, fluid shifts, galactic cosmic radiation (beyond the Earth’s Van Allen Belt), sleep deprivation with alteration of circadian rhythms, sleep quality and performance proficiency and, in general, stressful conditions due to prolonged isolation and confinement, collectively referred to as “the space exposome” (Crucian et al., 2018). Specifically, for a space traveler, the exposome is recognized to include endogenous processes (i.e., neurohumoral regulation, aging processes and changes in metabolism and immune responses), external exposures related to spaceflight (i.e., radiation, microgravity, pathogens, dietary constraints, overloads during launch and landing, constant noise, hypodynamia and hypomagnetic fields), and the extensive and inevitable social and psychological issues. Since the early 1960s, some of these stressors have been shown in both animal and human studies, to promote gut microbiota dysbiosis, which may drive gastrointestinal disease and metabolic imbalances, as well as changes in bacterial physiology in the spaceflight environment and ground-based analog studies (Nickerson et al., 2004; Wilson et al., 2007, 2008; Barrila et al., 2010; Bailey et al., 2011; Castro et al., 2011; Crabbe et al., 2011).

Among the medical events that occurred from 1981 to 1998 on space shuttle flights, gastrointestinal problems accounted for 8% and rank third after space adaptation syndrome (42%) and neurosensory alterations (17%) (Hamm et al., 2000). The incidence of the types of illness seen during spaceflights is comparable to that observed during extended submarine missions with high rates of occurrence of gastrointestinal diseases and infections. Literature reporting effects of long-duration spaceflight on the gastrointestinal system is still limited, although space motion sickness is associated with transient decrease in normal gastric myoelectrical activity and delayed gastric emptying (Muth, 2006). Diarrhea related to overmedication for constipation has also been reported and treated according to current practices on Earth (Hamm et al., 2000). However, problems to which the gastrointestinal tract is particularly prone are infection and inflammation (Brown, 2015). In this context, the gut microbiome may play a critical role being able to exert a barrier effect against potential enteropathogens, promote the integrity of the epithelial barrier and influence immune function. Also in light of its additional extra-intestinal effects, such as those involved in metabolic and neurological homeostasis (through the gut-brain axis), the numerous disturbances in spaceflight have a strong potential to impair not only gastrointestinal homeostasis but all related symptoms (illness, immune decline, organ malfunction, muscular dystrophy, response to medications and stress).

The gut microbiome is permanently under the influence of endogenous and exogenous variables. Specific spaceflight cues such as exposure to radiation, changes in circadian rhythms and light–dark cycles, drug intake, confinement, intense exercise and microgravity, might impact the composition and functions of the microbiome as a result of continual exposure, as suggested by ground-based literature in both animals and humans (Green et al., 2008; Clark and Mach, 2017; Kaczmarek et al., 2017; Doestzada et al., 2018; Gerassy-Vainberg et al., 2018; Rothschild et al., 2018; Dong et al., 2019). Preserving eubiosis requires a definition of a healthy microbiome, which is the topic of intense research (Backhed et al., 2012; Lloyd-Price et al., 2016; He et al., 2018). High microbiome richness and diversity are generally considered as a recurrent pattern of a healthy gut ecosystem, and, consequently, a marker of stability and resilience to perturbation (Backhed et al., 2012) but there is still no consensus on the actual health-related values (Proctor, 2019) (richness is defined as the total number of bacterial species in a gut microbiome; diversity refers to the number of different species and how evenly they are distributed in a given microbiome). In many cases, decreased microbial richness will be accompanied by metabolic shifts that might be a more suitable read-out of impaired homeostasis (or intervention success) than richness or diversity. Indeed, neither microbial taxonomy (as obtained by 16S rRNA gene-based sequencing) nor the repertoire of microbial genes (as profiled by shotgun metagenomics) actually provide direct insight into active microbial functions, which will impact on the host physiology (Dorrestein et al., 2014). The identification of a core set of microbiome-produced or derived metabolites universally present in healthy individuals who lack overt disease phenotypes, under the hypothesis that alterations in their levels would indicate dysbiosis, would help rationalize preventive/therapeutic personalized countermeasures to strengthen/restore microbiome resilience to deep space exploration.

The gut microbiome of space travelers has been monitored since the early 1970s, although with different techniques over the years, mostly culture-dependent at the beginning while based on advanced omics technologies in recent years. Even the perspectives have changed over time, from the monitoring of microbial health hazards to the detection of microbiota dysbiosis and early testing of manipulation strategies toward a health-promoting layout. The progressive development of sequencing technologies has allowed researchers, since the 2000s, to explore in depth the compositional and functional structure of the gut microbiome, the possible exchange of microbiota within the crew or with the environments and its dynamics during space missions. However, it should be emphasized that to date only a few studies on the gut microbiome from spaceflight have been published so caution must be taken when interpreting the findings discussed below. Data on real missions are available from experiments in mice flown for 37 days on the ISS (Jiang et al., 2019) as well as 13 days aboard Space Shuttle Atlantis STS-135, and confirmed a higher abundance of Clostridiales and fewer Lactobacillales, in line with previous findings from Lencner et al. (1984). Mice flown for 37 days onboard ISS also demonstrated “unchanged richness of microbial community, an altered community structure and an elevated Firmicutes-to-Bacteroidetes ratio” (Jiang et al., 2019). These observations in mice are comparable with the data from a recent study carried out in twin astronauts (Garrett-Bakelman et al., 2019).

More recently, the Astronauts’ Microbiome project has been specifically designed to study the impact of long-term space travel with all its relevant aspects (in terms of microgravity, g-forces, radiation and anxiety) on the microbiome of crew members and surrounding ISS environment, and the consequences on human health. Skin, saliva, nostril and fecal samples were collected from 9 astronauts prior to launch, during and after 6-month and 1-year missions, along with ISS surface swabs taken from module locations used every day, such as sleeping quarters, exercise equipment and handled microphone. In parallel, innate and adaptive immune responses were evaluated by sampling saliva and blood, and astronauts were asked to fill in an Environmental Health and Hygiene survey to recover metadata on subject health and hygiene as well as environmental factors, such as temperature and humidity. The data demonstrates that the microbiome composition of the gastrointestinal tract, skin, nose and tongue changed in microgravity and became more similar between astronauts (Voorhies et al., 2019). However, as the authors state, it is not clear whether these microbiota alterations represent a risk to the health of astronauts. With specific regard to the gut microbiota, they report space-associated increases in the relative abundance of the beneficial butyrate producer Faecalibacterium, but also of Parasutterella, which has previously been associated with chronic intestinal inflammation. Furthermore, they found reduced proportions of genera with anti-inflammatory properties, such as Akkermansia, possibly contributing to the moderate increase in the inflammatory immune response observed in the crew during spaceflight. The authors therefore suggest the implementation in space of prebiotics or next-generation probiotics, such as Akkermansia, to reduce the risk of diseases associated with chronic inflammatory responses.

By sampling twin astronauts, one of whom stayed on the ISS for 1 year while the other on Earth, the Twins Study provided a unique opportunity to understand the health impact of long-duration spaceflight while controlling for genetics (Garrett-Bakelman et al., 2019). Through multidimensional, longitudinal assays, changes in physiological, telomeric, transcriptomic, epigenetic, proteomic, metabolomic, immune, microbiomic, cardiovascular, vision-related and cognitive parameters were assessed. Most of the biological and human health variables returned to baseline after mission but some changes persisted, including gene expression levels, increased DNA damage and number of short telomeres, and attenuated cognitive function. With specific regard to the gut microbiome, notwithstanding individual features and personalized temporal variations, more changes in microbial community composition and function were found during the flight period, with a spaceflight-specific increase in the Firmicutes-to-Bacteroidetes ratio, not persisting upon return to Earth. While in space, changes in small-molecule markers of microbial metabolism were also observed, with particularly low levels of metabolites with anti-inflammatory activity (such as 3-indole propionic acid). On the other hand, as anticipated above, the microbiome diversity remained substantially unchanged. A marked impact on the composition and functionality of the gut microbiome, without compromising individual specificity, has also recently been observed in the short term (15 and 35 days) in two spaceflight missions successfully completed from China (Liu Z. et al., 2020). In particular, according to the authors, Bacteroides abundance increased, consistent with simulated space environment tests, while that of the probiotic taxa Lactobacillus and Bifidobacterium decreased, possibly affecting host immune function. Furthermore, there were fluctuations in antibiotic resistance genes, mobile genetic elements, virulence genes and genes related to biofilm formation worthy of further attention, as they seem to suggest increased virulence potential and possibility of infection by opportunistic pathogens or pathobionts of the gut microbiota in space missions. Such mechanisms may parallel viral activation and infection by opportunistic pathogens as shown through the shedding of viral DNA in the body fluids of astronauts associated to the duration of spaceflight (Rooney et al., 2019).

In recent years, a number of papers have been published on space simulations, involving both animal models and human subjects (Casero et al., 2017; Turroni et al., 2017; Hao et al., 2018; Dong et al., 2019; Jiang et al., 2019). For instance, by using a mouse model for exposure to high linear energy transfer ionizing radiation (16O), Casero et al. (2017) reported a pro-inflammatory dysbiotic profile (including decreased proportions of Bifidobacterium, Lactobacillus and Clostridiaceae members) with increased levels of metabolites mechanistically linked to gut epithelial loss (e.g., N-acetyl-L-citrulline) that persisted at least 30 days after a single exposure to radiation. However, it should be pointed out that 16O exposures were performed at high dose rates, not actually reflecting the continuous low dose rate exposure occurring in space.

In the framework of ground-based analog studies, such as MARS500, a 520-day simulation study conducted at the Institute of Biomedical Problems of the Russian Academy of Sciences in Moscow (Russia), Turroni et al. (2017) explored the temporal dynamics of the gut microbiota of six crew members across the entire duration of the mission, including the period before entering isolation modules and after the return to regular life, up to 6 months later. Probably the most interesting fact is that some microbiota components followed similar trajectories (i.e., increased relative abundance of Bacteroides spp. in the very first stage of the mission and decreased proportions of some short-chain fatty acid (SCFA) producers, especially Faecalibacterium prausnitzii, around about 1 year of confinement), regardless of the baseline profile, that paralleled major alterations at psychological (dominance of negative feelings and increased salivary cortisol), intestinal health (positivity to the calprotectin test), and immune function level (higher lymphocyte numbers and immune responses), thus potentially serving as red flags for the space traveler’s health, to identify early warning periods and promptly adopt the necessary countermeasures. A parallel experiment, MICHA (MIcrobial ecology of Confined Habitats and humAn health), has instead drawn attention to the microbiology of the environments where space travelers dwell, identifying areas with human activity as hotspots for dispersal and accumulation of crew’s microorganisms, especially of potential pathogenic, stress-tolerant or mobile element-bearing microbes (Schwendner et al., 2017).

More recently, ground-based space simulations have provided intriguing (although not entirely unequivocal) insights into the possibility of maintaining a eubiotic gut microbiome layout (poor in potential pathobionts while rich in health-promoting SCFA producers) through a bioregenerative life-support system (BLSS), i.e., a confined, self-sustained artificial ecosystem to biologically regenerate O2, food, water and other basic living necessities (Hao et al., 2018; Chen et al., 2020). In short, the crewmembers followed a fixed schedule that included contact with plants for several hours a day and a high-plant high-fiber diet. Although with a certain individuality and some conflicting data, probably related to the different duration of cohabitation (60 vs. 105 days), both studies have highlighted an impact on the gut microbiome, which varies from an increase in richness and diversity, to an increased relative abundance of some SCFA producers and reduced proportions of potential pathogens. Despite the difficulties in translating this approach into real space missions, these studies are worthwhile as they stress the importance of dietary guidance, with high fiber intake, as a potential means of balancing the gut microbiome and maintaining the space traveler’s health in the long term.



GUT MICROBIOME AND METABOLIC HEALTH

Low-caloric intake with inadequate intake of micronutrients is generally associated with increased inflammation and oxidative stress, and could have possible repercussions on the functioning of the immune system (Bergouignan et al., 2016; Crucian et al., 2018). Although the space travelers’ diet cannot yet be defined as optimized, considerable progress has been made since then, with the average caloric intake having been significantly increasing in recent years. However, it remains a fact that during spaceflights astronauts and cosmonauts eat less than on Earth, probably for several reasons, including but not limited to cultural habits (but the international coordination imposed by ISS is changing this aspect), the palatability of foods (still not comparable to what is available on Earth), space motion sickness, changes in light-dark cycle and appetite-regulating hormones, and, in general, stress (Laurens et al., 2019). Though the reasons are not entirely clear, impaired glucose and lipid metabolism, with insulin resistance and glucose intolerance, are also frequently observed in both spaceflights and ground-based microgravity analogs, representing a serious concern for the general health of space travelers (Tobin et al., 2002; Hughson et al., 2016; Wang Y. et al., 2019).

As a countermeasure, providing the crewmembers with balanced diets, optimized to reduce nutrient deficiency, along with functional foods/bioactive compounds might help improve energy supply and prevent nutritional imbalances, counteracting the potential downstream dysregulation of the immune system. Such diets should be rich in fibers, possibly delivered through Biological Life Support Systems (BLSSs), as non-digestible carbohydrates are well known to exert multiple benefits on human health, mediated by the gut microbiome fermentation in SCFAs (Kolodziejczyk et al., 2019). Acting as signaling molecules (e.g., through G protein-coupled receptor binding or inhibition of histone deacetylase), these microbial byproducts are recognized to be variously involved in energy extraction and storage or, more generally, in maintaining metabolic homeostasis, with some of them, especially butyrate, being potent immune modulators (Koh et al., 2016; Makki et al., 2018). For example, they have been shown to improve glucose and lipid metabolism, by inducing intestinal gluconeogenesis and production of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), and regulating lipolysis/lipid incorporation (Cani et al., 2009). Specifically, butyrate and propionate have been reported, in rats, to trigger intestinal gluconeogenesis gene expression through complementary mechanisms, i.e., by increasing the cAMP concentration in colonocytes for butyrate, and through a gut-brain neural circuit involving the GPR41 receptor for propionate, which can itself be converted into glucose. Propionate along with acetate is also a potent activator of GPR43, resulting in the secretion of GLP-1 and PYY. Acetate has been found to be responsible for the anti-lipolytic properties of SCFAs. Acting as a preferred energy source for colonocytes, butyrate is fundamental to preserve the integrity of the epithelium and maintain anaerobiosis in the gut lumen, thus limiting aerobic expansion of opportunistic pathogens. Similarly to acetate and propionate, it retains the potential to control distant organs by activating hormonal and nervous systems, and probably represents the SCFA to which most of the beneficial effects are attributed (please see also the following sections). SCFAs have also been shown to control the production of the anorexigenic hormone leptin in adipocytes, which is well known to play a central role in human basal metabolism, regulating glucose homeostasis, insulin and GLP-1 secretion, and appetite (see for a review Turroni et al., 2018). With specific regard to appetite control, a microbiome–host integrative homeostatic model has recently been proposed, according to which gut microbes may regulate intestinal release of satiety hormones and directly activate central appetite pathways mainly through molecular mimicry of microbial antigens (e.g., caseinolytic peptidase B from Escherichia coli) that cross-react with hunger and satiety hormones (Fetissov, 2017). Other plausible biological mechanisms involved in microbiome control of eating behavior include manipulation of reward pathways, production of mood-altering toxins, changes to taste receptors and hijacking of neurotransmission via the vagus nerve (see for a review Alcock et al., 2014).

A healthy-like gut microbiome profile, capable of producing SCFAs, especially butyrate, while low in pathobionts, could therefore be decisive in ensuring a fine regulation of host energy metabolism, by maintaining a balance between orexigenic and anorexigenic signals, especially in long-term missions, when energy deficits are no longer tolerable. It should also be remembered that microbial metabolism of fiber has additional, SCFA-independent beneficial effects, ranging from increased availability of ferulic acid and macro/micronutrients released when fibers are metabolized, to the regulation of bile acids levels (Makki et al., 2018). Of note, the use of fibers for preventive, therapeutic application has shown variable results in human intervention studies (Martinez et al., 2010; Davis et al., 2011). Such conflicting phenotypes may result from both the nature of the fibers as well as the individual basal composition in microbial enzymes supporting fibers digestion (Kovatcheva-Datchary et al., 2015; Chen T. et al., 2017). Thus, personalized nutritional approaches that evaluate space travelers’ responses will have to be anticipated on the ground, based on enterotype/metabolotype identifications. In a blinded randomized controlled dietary intervention study, such an approach successfully identified microbiome-based features underlying glycemic responses (Zeevi et al., 2015).

In addition to the design of balanced diets enriched in prebiotics, probiotics-based countermeasures could also be taken into consideration. For example, in a recent spaceflight analog study based on HU mouse model, Wang Y. et al. (2019) have shown that the supplementation of Bifidobacterium spp. suppressed endotoxemia and liver inflammation, and improved glucose tolerance. It is also worth noting that the relative abundance of Akkermansia muciniphila [found on Earth to be associated with improved metabolic health (Everard et al., 2013) and whose supplementation was recently demonstrated to improve several metabolic parameters in the first human proof-of-concept exploratory study (Depommier et al., 2019)] was significantly reduced in HU mice over time, thus paving the way for its possible use in space missions as well. As for appetite, most of the literature is consistent in reporting positive associations between probiotics (mainly lactobacilli and bifidobacteria) and increased satiety (Falcinelli et al., 2018), while one of the main goals is to have space travelers eating more with adequate macro- and micronutrient supply. Beside that, many reports, based on both analog and spaceflight studies, suggest reduced levels of SCFAs (Turroni et al., 2017; Voorhies et al., 2019). Without prejudice to the usefulness of traditional probiotics in improving several aspects of host physiology (as discussed in other sections of the present review), the available data also support the possible administration to space travelers of SCFA-producing next-generation probiotics (also called live biotherapeutics – O’Toole et al., 2017), such as Faecalibacterium, Roseburia, etc. However, it should be stressed that many of these novel probiotic candidates are still in the very early stages of the mechanistic investigation and are currently not available on the market.

Several space missions have evidenced relationships between sleep quality, circadian rhythm stability, and performance proficiency in both ground-based simulations and space mission studies. Transcriptomic profiling studies have shown that about 10 percent of our genes are under circadian control (Ueda et al., 2004). With specific regard to issues related to alterations of circadian rhythms in space travelers, the gut microbiome has recently been proposed as an endogenous circadian organizer, capable of influencing epigenetic, transcriptional and metabolic programming in the whole body, thereby impacting diurnal fluctuations of host physiology and disease susceptibility (Thaiss et al., 2016). While well-scheduled sleep, wake rhythms and meal times can serve as synchronizers (Yamamoto et al., 2015), probiotics or other microbiome-modulating approaches might help mitigate the cumulative effects of sleep and circadian disruption and enhance operational performance. For example, heat-killed Lactobacillus brevis SBC8803 has been shown to modulate circadian locomotion and sleep rhythms in rodents, through enhanced intestinal release of serotonin (5-HT) and efferent vagal nerve activity mediated by 5-HT3 receptors, which also resulted in increased appetite (Miyazaki et al., 2014). The research in this field is still in its beginning, largely based on animal models and therefore of limited transferability to the human system, and there is a need to better appreciate the molecular mechanisms of probiotics action if they are to be integrated into spaceflight clinical practice. Of course, one of the main challenges would be the standardization of probiotics used in a universally accepted measurement-based approach that considers personal sensibility (Suez et al., 2019).



GUT MICROBIOME AND THE MUSCULOSKELETAL SYSTEM

The most important changes caused by microgravity after long-term stay in space are bone loss and muscle atrophy that occur mostly in weight-bearing bones and their associated skeletal muscles. Regarding bones, the main deleterious mechanism appeared to be an increased bone resorption activity during spaceflight (Smith et al., 2012; Bloomfield et al., 2016). Recent evidence suggested that the gut microbiome might be a novel actor to consider in the regulation of bone physiology in health and disease. The consequences of gut dysbiosis on bone tissue involve complex mechanisms including alteration in minerals and vitamin intestinal absorption and, importantly, modulation of immunity and inflammation. It has recently been demonstrated that activation of inflammation and innate immunity by gut microbiota components increases the production of TNFα and the osteoclastogenic factor RANKL (receptor activator of nuclear factor kappa-B ligand) in bone, and as a consequence, promotes bone loss that can be estimated by a reduction in cortical bone thickness (Ohlsson et al., 2017; Ibanez et al., 2019). This effect of the microbiome on bone is supposed to be dependent on bacterial peptidoglycan sensing by the NOD receptors NOD1 and NOD2 (Ohlsson et al., 2017). Some other potential mechanisms linking the gut microbiome and bone physiology have recently emerged from studies using germ-free mice supplemented with specific bacterial strains. While not representing a model of bone loss, germ-free mice are characterized by reduced body and bone growth when compared to conventional counterparts. Fascinatingly, gut colonization of germ-free infant mice with a specific strain of Lactobacillus plantarum (L. plantarum WJL) was able to recapitulate juvenile growth, including radial and longitudinal bone growth (Schwarzer et al., 2016). The proposed mechanism for this effect is a strain-dependent stimulation of the somatotrophic axis and the production of IGF-1. The authors also discussed that optimization of enterocyte nutrient uptake and SCFA production may explain the modulation of serum IGF-1 levels (Poinsot et al., 2018). The potential effects of these bacterial strains on osteoporosis or protection against bone loss have not been reported so far.

Considering these relationships between the gut microbiome and bone homeostasis, probiotics are now suggested as an attractive strategy to protect against bone loss (Pacifici, 2018). Supplementing probiotics has been tested as a potential measure to improve the musculoskeletal system. Probiotics, for instance, can modulate the synthesis of vitamins and co-enzymes that are required for matrix formation and bone growth including vitamin D, K, C and folate. Furthermore, by producing SCFAs, they reduce intestinal tract pH and consequently increase mineral absorption (Collins et al., 2017). Accordingly, an increased production of SCFAs in the gut has been correlated with increased calcium absorption and increased bone density and strength in animal models (Chen Y. C. et al., 2017). Finally, the effects of probiotics in enhancing the epithelial barrier function, associated with the regulation of the immune response, have also been suggested as possible contributors to their beneficial effects on bone health (Pacifici, 2018).

Studies in healthy mice and those with mild inflammation suggest that the oral administration of Lactobacillus reuteri ATCC PTA 6475 may, in a gender-dependent manner and with different time response, lead to significant increases in femoral and vertebral trabecular bone density, trabecular number, trabecular thickness, mineral apposition rate, bone mineral content and bone mineral density (BMD) (McCabe et al., 2013; Collins et al., 2017). Similar results have been shown in ovariectomized mice, i.e., the classical model of bone loss and osteoporosis due to estrogen deficiency (Zhao, 2013). Hence, supplementation with either L. reuteri ATCC PTA 6475 or the commercially available VSL#3 preparation (including Bifidobacterium, Lactobacillus and Streptococcus strains) decreased osteoclastogenesis and bone resorption (Britton et al., 2014; Li et al., 2016). Considering that the response to probiotic supplementation might involve a possible inhibition of inflammation, the findings indicate that in a pro-inflammatory state, probiotics reduce bone resorption and potentiate bone formation, two processes that are classically affected by inflammation (Pacifici, 2018).

Very few clinical studies on the effects of probiotic supplementation focusing on bone loss prevention in humans have been published to date. Nilsson et al. (2018) performed a double-blind, placebo-controlled study involving 70 women (75–80 years old) with low BMD supplementing L. reuteri or placebo. After 12 months, women in the L. reuteri group showed a lower loss of volumetric BMD (vBMD) compared to placebo. However, none of the secondary bone variable outcomes (BMD measured at the hip and spine; trabecular bone volume fraction; cortical vBMD and cortical thickness) was significantly affected although there was a trend for a beneficial effect for each of them. Biomarkers of bone turnover or inflammation status were unchanged (Nilsson et al., 2018).

Muscles and bones together the “forces” and “rods” of the articulation levers, are the mechanical pillars of mobility. Their development and homeostasis are intimately coordinated by the so-called mechanostat, which couples muscle activity to bone (re)modeling (Frost, 1998). Fascinatingly, it has been demonstrated in the past 10 years that skeletal muscles and bones communicate with each other through the release of hormones called myokines and osteokines, respectively (Brotto and Bonewald, 2015). In many pathophysiological situations, such as aging, immobilization, estrogen deficiency and also microgravity, there is a parallel loss of bones and muscles, suggesting common deleterious mechanisms. While this is clearly demonstrated for inflammation, even subclinical, with TNFα and several pro-inflammatory cytokines (such as IL-17) able to induce both bone loss and skeletal muscle atrophy, additional mechanisms are more specifically involved in the reduction of skeletal muscle mass and strength, such as reduced contraction activity, insulin resistance and low availability of energy fuel substrate or low level of FGF-1 (fibroblast growth factor-1) (Haran et al., 2012; Deutz et al., 2014). As summarized above for bones, there is a growing number of publications pointing to a relationship between gut microbiome and skeletal muscle physiology.

The first evidence arose from observations of changes in the microbiome composition with physical activity, both in animal models and in humans. Several studies in rodents have shown that exercise is associated with higher microbiome diversity and regulation of intestinal integrity and inflammation (Campbell et al., 2016). Some reports also showed exercise-induced changes in the gut microbiome in humans (Pedersini et al., 2020). Bressa et al. (2017) found that several health-promoting bacterial taxa (such as the SCFA producers Faecalibacterium and Roseburia and the mucin degrader Akkermansia) were significantly over-represented in fecal samples of women with an active lifestyle when compared to sedentary age-matched women. Until now, there are very little studies reporting the association between the gut microbiome composition and muscle in situation of muscle atrophy or sarcopenia, while it is well described that the classical consequences of gut microbiome dysbiosis, such as increased circulating levels of lipopolysaccharides, TNFα or other pro-inflammatory cytokines, are able to affect muscle protein synthesis, mitochondrial function in myotubes and skeletal muscle metabolism (Ticinesi et al., 2017; Grosicki et al., 2018).

Interestingly, several compounds and metabolites produced or modified by intestinal bacteria can enter the systemic circulation and affect skeletal muscle biology and function, such as vitamin B12, folate or amino acids (like tryptophan), representing critical factors or substrates for muscle protein anabolism (LeBlanc et al., 2013). Other important gut microbiome-derived compounds able to affect skeletal muscles are SCFAs. It has been demonstrated that SCFAs can directly act on skeletal muscle cells, modulating glucose uptake and metabolism, promoting insulin sensitivity (Kimura et al., 2014) and potentially affecting mitochondrial biogenesis through activation of the NAD-dependent deacetylase sirtuin-1 (SIRT1) pathway (Ticinesi et al., 2017). Among SCFAs, butyrate was shown to increase ATP production and improve the metabolic efficiency of myofibers (Leonel and Alvarez-Leite, 2012). In aged mice, the administration of butyrate prevents muscle mass loss (Walsh et al., 2015).

Few studies have evaluated the effects of probiotics and the modulation of the gut microbiome on muscle mass and function. One of the first studies in rodents was in a leukemic mouse model in which Bindels et al. (2012) found a marked gut dysbiosis characterized by selective reduction of Lactobacillus spp. associated with muscle cachexia. To restore Lactobacillus levels, the authors treated the mice with a probiotic combination of L. reuteri 100-23 and Lactobacillus gasseri 311476, added to the drinking water for 2 weeks. This treatment was associated with increased tibialis anterior muscle mass and decreased expression of atrogenes in the muscle (MuRF1 and Atrogin-1), as well as decreased serum levels of inflammatory markers (Bindels et al., 2012). More recently, it has also been found in different mouse models of cancer that the administration of L. reuteri ATCC PTA 6475 in drinking water can prevent the development of cachexia (Varian et al., 2016). Interestingly, in this study, the authors demonstrated that probiotic supplementation can also protect wild-type mice from age-associated sarcopenia, through a mechanism dependent on the transcription factor Forkhead Box N1 (Varian et al., 2016). Another strain of Lactobacillus, L. plantarum TWK10, has recently been demonstrated to increase lean mass and improve muscle function (grip strength and swim time tests) in healthy young mice, after oral administration for 6 weeks (Chen et al., 2016). Taken together, these different studies, although in murine model, suggest a possible link between Lactobacillus species and skeletal muscle mass and strength that would support further investigation in humans.

To our knowledge, there is no published clinical trial to date testing directly the effects of probiotics supplementation on muscle parameters in humans with muscle atrophy or cachexia. A recent interesting intervention study with older patients involved the administration for 13 weeks of a prebiotic formulation containing fructooligosaccharides and inulin in a randomized controlled trial with 60 volunteers (Buigues et al., 2016). In the treatment group, the subjects experienced a significant improvement in muscle function as estimated by exhaustion and handgrip strength tests (Buigues et al., 2016), supporting the concept that the modulation of the gut microbiome could affect muscle function, muscle strength and possibly muscle mass.



GUT MICROBIOME AND NEUROBEHAVIORAL DISORDERS: POTENTIAL USE OF PRO/PSYCHOBIOTICS

Another well-known threat to the success of space missions is the degradation of psychomotor functions and neurocognitive performance, occurring as a result of a multitude of mission-related environmental and psychosocial stressors (De la Torre et al., 2012; De la Torre, 2014). In light of the well-established bidirectional interactions between the gut microbiome and the brain (i.e., the gut-brain axis) (Palma et al., 2020), strategies aimed at maintaining a healthy microbiome might also be helpful in mitigating unwanted neurobehavioral effects. The gut microbiome has indeed been reported to influence, among others, stress physiology and psychology, mood, cognition, and behavior. The bidirectional gut/brain communication occurs directly and indirectly via the central and enteric nervous systems, the vagus nerve, the endocrine and immunoinflammatory systems, and through the modulation of neurotransmitters (Mazzoli and Pessione, 2016; Mittal et al., 2017; Baj et al., 2019). Moreover, gut microbes can themselves produce neuroactive compounds, such as SCFAs and tryptophan metabolites, neurotransmitters (e.g., gamma-aminobutyric acid – GABA, and nitric oxide), hormones or neurotoxic metabolites (i.e., D-lactic acid and ammonia) (Galland, 2014).

Although most of the research concerning intestinal microbiome and mental health is based on rodent studies, human studies have provided preliminary evidence that orally administered probiotics may support mental health (reviewed in Romijn and Rucklidge, 2015; Reis et al., 2018). However, since not all probiotics may be beneficial in all conditions and for all individuals (Romijn and Rucklidge, 2015; Reis et al., 2018; Suez et al., 2018; Zmora et al., 2018), selection of appropriate strains based on the baseline microbiome features and the desired clinical outcome is essential. Specifically, it has been demonstrated that probiotics can modulate the production and release of neuroactive substances. For instance, Lactobacillus and Bifidobacterium species secrete GABA, Bifidobacterium infantis may increase levels of tryptophan (a 5-HT precursor), and Lactobacillus acidophilus may modulate the expression of cannabinoid receptors (Romijn and Rucklidge, 2015; Suez et al., 2018; Zmora et al., 2018). In randomized, double-blind, placebo-controlled studies, it has also been shown that: (i) Bifidobacterium spp. modulate resting neural activity that correlates with enhanced vitality and reduced mental fatigue in healthy volunteers during social stress (Wang H. et al., 2019); (ii) L. plantarum decreases kynurenine concentration and improves cognitive functions in patients with major depression (Rudzki et al., 2019); and (iii) L. plantarum alleviates stress and anxiety in stressed adults through enhancement of the 5-HT pathway, as established by lower expression of plasma dopamine β-hydroxylase, tyrosine hydroxylase, indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase associated with increased expression of tryptophan hydroxylase-2 and 5-HT6 receptor (Chong et al., 2019). Interestingly, by a large-scale metagenomic study of independent microbiome population cohorts (Flemish Gut Flora Project, n = 1,054 and Dutch LifeLines DEEP cohort, n = 1,070), Valles-Colomer et al. (2019) assembled the first catalog of the neuroactive potential of the gut microbiome and evaluated its role in quality of life and depression. According to their findings, the butyrate producers Faecalibacterium and Coprococcus are consistently associated with higher quality of life indicators probably through the production of butyrate as well as of the dopamine metabolite 3,4-dihydroxyphenylacetic acid. Coprococcus and Dialister spp. were also found to be depleted in depression, even after correcting for the confounding effects of antidepressants. The authors also indicated a potential role of microbial GABA production in depression. The glutamate degradation pathway I (to crotonyl-coenzyme A and acetate) and the GABA synthesis pathway III (GABA shunt pathway), tended to be respectively depleted and increased in participants with depression, thus representing future population-based knowledge and rationally based objective for probiotic choice in clinical studies (Valles-Colomer et al., 2019). SCFAs (acetate, propionate, and butyrate) might also influence psychological functioning via interactions with G protein-coupled receptors or inhibition of histone deacetylases, and exert their effects on the brain via direct humoral effects, indirect hormonal and immune pathways and neural routes (Dalile et al., 2019). For instance, SCFAs maintain intestinal barrier integrity and protect from intestinal inflammation (Lewis et al., 2010). Butyrate, in particular, can enhance intestinal barrier function by regulating the expression of tight junction proteins, mediated by the activation of AMP-activated protein kinase (Peng et al., 2009) and downregulation of claudin 2 expression (Daly and Shirazi-Beechey, 2006). In a rodent model, Bifidobacterium alleviates symptom of depression and related microbiota dysbiosis, with improvement of serotonin levels and brain-derived neurotrophic factor (BDNF) concentration in brain (BDNF is essential for neuronal development and survival, synaptic plasticity, and cognitive function), and reduced serum corticosterone level and increased cecal butyrate level, which were significantly and positively correlated with depression-related indexes (Tian et al., 2019). The health effects that bifidobacteria exert can be the result of interactions with the resident gut microbiota (Cani and Van Hul, 2015), as a result of cross-feeding interactions between bifidobacteria and butyrate-producing colon bacteria, such as F. prausnitzii (clostridial cluster IV), and Roseburia species (clostridial cluster XIVa) (Rivière et al., 2016). Hence, all these taxa (i.e., Dialister, Coprococcus, Bifidobacterium, Faecalibacterium, and Roseburia) could represent potential leads for psychobiotics, i.e., probiotics capable of conferring mental health benefits (Dinan et al., 2013), and whose utility in space missions deserves dedicated research.



GUT MICROBIOME AND IMMUNE SYSTEM DECLINE

The effects of spaceflight on the immune system have been reported for several decades (Cogoli, 1993; Konstantinova et al., 1995; Sonnenfeld, 1998; Stowe et al., 1999; Sonnenfeld et al., 2003). Overall, all immune populations are affected in number, proportion, generation, and/or function. In general, a decrease in immunity is observed during spaceflight. This results, in particular, in the reactivation of latent herpesviruses such as Varicella-zoster virus (VZV), Epstein-Barr Virus (EBV), and cytomegalovirus (CMV) (Mehta et al., 2013, 2017; Rooney et al., 2019). The causes of these immune changes can be directly related to spaceflight (microgravity, radiation, etc.) or indirectly (microbiome, bone metabolism, nutrition, anxiety, depression, infections, etc.), and can hardly be dissociated in the studies carried out. Most common alterations, such as an increase in white blood cells, granulocytes, and a decrease in NK cells, are generally found in both humans (Stowe et al., 1999; Crucian et al., 2000, 2015) and mouse models (Crucian et al., 2008; Gridley et al., 2009), regardless of flight time. The phagocytic function of these cells is also reduced (Konstantinova et al., 1995; Simpson et al., 2016). The effects of spaceflight on lymphocytes are less clear. The humoral response mediated by B lymphocytes is not well studied. These cells appear to be minimally involved during spaceflight, since their frequency does not change during flight but seems to be reduced on return to Earth (Tascher et al., 2019). No changes in the immunoglobulin repertoire were observed in mice (Ward et al., 2018) and space travelers studies (Stowe et al., 1999; Rykova et al., 2008). The variations observed in T lymphocytes are more complex. Although there is a decrease in their generation (Benjamin et al., 2016), their numbers remain stable (Crucian et al., 2013, 2015). However, several alterations on these cells have been observed: a decrease in intracellular trafficking (Hashemi et al., 1999; Hatton et al., 2002; Tauber et al., 2015), proliferation (Cogoli et al., 1984; Pippia et al., 1996) and function (Hashemi et al., 1999; Crucian et al., 2008; Bradley et al., 2017). Although EBV-specific T lymphocytes increased, their function is reduced (Mehta et al., 2014, 2017; Crucian et al., 2015). In addition, CD8 T lymphocytes have a more mature phenotype (Crucian et al., 2015). This suggests an unsuccessful attempt by the immune system to eliminate the reactivation of latent viruses. Immune cells secrete cytokines to regulate the immune response by activating, inhibiting and recruiting immune sub-populations. The study of cytokines varies considerably depending on the duration of the flight, cell culture systems used and mitogens added to stimulate cytokine secretion. Indeed, the different mitogens used (Concanavalin A, LPS, PMA-ionomycin, anti-CD3) differentially stimulate cytokines in peripheral blood mononuclear cells (PBMCs) (Crucian et al., 2013). In general, the pro-inflammatory cytokine IFNγ, secreted by CD4 and CD8 T lymphocytes, is decreased during and after flight (Crucian et al., 2000, 2008, 2015). Although the level of the anti-inflammatory cytokine IL-10 varies between studies, the IFNγ/IL-10 ratio remains decreased (Crucian et al., 2008), suggesting a shift in favor of the Th1/Th2 response (Mehta et al., 2013). However, the observations made following the stimulation of PBMCs are opposite to the cytokine assays directly on astronauts’ plasma (Crucian et al., 2013; Mehta et al., 2013; Garrett-Bakelman et al., 2019). Interestingly, the production of IL-17, secreted by Th17 cells associated with the gut microbiota, is also altered (Crucian et al., 2013, 2015; Garrett-Bakelman et al., 2019). It is, therefore, necessary to differentiate between the secretory capacity of cytokines by immune cells and the presence of cytokines in plasma. The immune system and the intestinal microbiome are strongly linked and have been widely studied both as a consequence and as a cause of several immunosuppressed human pathologies such as cancer. Indeed, the modulation of the intestinal microbiome enhances immune response of immunotherapies in the anti-cancer response (Vetizou et al., 2015; Routy et al., 2018; Schramm, 2018). During space travel, the intestinal microbiome is also altered, and it is, therefore, difficult to assess whether it is the cause or the consequence of the observed immune changes. These close links must also receive special attention when using pre- and probiotics. Space travel alters the intestinal microbiota and thus the associated metabolic and immune functions. For example, astronauts’ fiber intake is low, which may lead to a decrease in metabolites associated with the intestinal microbiota such as SCFAs. SCFAs play multiple roles in the immune system, acting directly on their target cells, which mainly carry their receptors FFAR2 (GPR43), FFAR3 (GPR41) and GPR109a, and also having histone deacetylase inhibitor (HDACi) activity. Indeed, butyrate, which can also act as a HDACi, has been shown to inhibit pro-inflammatory cytokine expression in both monocytes and macrophages while simultaneously inducing the expression of IL-10. This has been suggested via a mechanism involving the inhibition of NFκB activation (Kim, 2018). SCFAs are also able to control T cells, especially butyrate. For example, butyrate promotes the generation of regulatory T lymphocytes (Tregs) via the FFAR2 receptor (Smith et al., 2013) and HDACi activity (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013), thus shifting the immune system to a more tolerogenic phenotype. More recently, several studies support the pro-inflammatory effect of SCFAs. Indeed, acetate, propionate, and especially butyrate increase the IFNγ and Granzyme B secretory activity of CD8 T lymphocytes (Balmer et al., 2016; Luu et al., 2018) and reduce IL-17 secretion by Th17 (Luu et al., 2018) via FFAR2&3 and HDACi activity. Butyrate also allows the differentiation of activated CD8 T lymphocytes toward a memory phenotype (Bachem et al., 2019).

It is accepted that intake of fruit and vegetables-derived dietary fiber in astronauts is rather low (Crucian et al., 2018; Makki et al., 2018). Their low consumption on the ISS would result in low SCFA production. Butyrate supplementation increases the secretion of IFNγ by CD8 T lymphocytes (Luu et al., 2018). In humans, it is commonly accepted that a healthy and balanced diet, with a regular intake of dietary fiber through fruits and vegetables, allows the prevention of several diseases with immune deficiencies such as cancer (Wang et al., 2012; Aune et al., 2016), and a better immune response against pathogens (Desai et al., 2016). In view of the effects on immunity, the use of prebiotics and probiotics to stimulate the production of SCFAs would thus increase nutrient and metabolic resources and the eliminatory capacity of lymphocytes, which may limit the re-emission of latent viruses. The twin study revealed modulations of other microbial metabolites belonging to the indole family, aromatic amino acids and secondary bile acids (Garrett-Bakelman et al., 2019), which are also associated with modulation of the immune system. Indoles are synthesized by commensal bacteria from tryptophan, an essential amino acid. Indoles are non-exclusive ligands of AhR receptors expressed by immune cells, and regulate inflammation genes such as FoxP3, IL-10, IL-6, etc., allowing the preservation of intestinal homeostasis (Gao et al., 2018; Kim, 2018). Tryptophan can be metabolized by the microbiota-dependent indole pathway, the partially microbiota-dependent kynurenin pathway and the microbiota-independent serotonin pathway. The metabolism of tryptophan into these three pathways is balanced. A disruption of this balance in one of the pathways is frequently observed in several diseases (Agus et al., 2018). Synthesized by the gut microbiota from primary bile acids, secondary bile acids bind to their receptors TGR5, FXR and PXR and are implicated in several diseases (Schaap et al., 2014; Zhang et al., 2019). Secondary bile acids also play a role on immune cells by interacting with macrophages, CD4 T lymphocytes, T helper (Th1 and Th17) and Tregs, neutrophils, and NK cells, and control the production of pro-inflammatory cytokines, IFNγ, TNFα, IL-17, IL-6 (Cao et al., 2017; Van den Bossche et al., 2017; Fiorucci et al., 2018; Hang et al., 2019; Song et al., 2020). With the exception of tryptophan, the role of aromatic amino acid metabolites is less known on the immune system but they are found to be deregulated in several immune and other diseases (Liu Y. et al., 2020). All these microbial metabolites offer wide approaches in the modulation of the immune system and must be taken into account in the design of future pre- and probiotics. For example, dietary enrichment with fiber/SCFAs, tryptophan or other microbial metabolites has been shown to improve clinical outcomes in several mouse models of diseases (Matt et al., 2018) such as colitis (Islam et al., 2017; Wang et al., 2020). Interestingly, in one of the rare randomized controlled trials (RCTs) that evaluated the effect of 6-week treatment with a prebiotic/probiotic/synbiotic on immune markers in 45 healthy young individuals, the authors reported a reduction in C-reactive protein, IL-6, IL-1β, and TNFα with a more pronounced reduction in the synbiotic group (Rajkumar et al., 2015). Another RCT that evaluated prebiotic/probiotic/synbiotic effects on vaccine responses to influenza vaccination did report enhanced antibodies titers, albeit with substantial heterogeneity (Yeh et al., 2018) thus holding promise for targeting immune response through such strategies.



LIMITATIONS AND NEXT STEPS

As discussed in the sections above, there are many current shortcomings on the usability of probiotics in space. Despite encouraging data on their survival and stability in microgravity environments, the studies available on Earth do not actually allow to draw definitive conclusions on their effects on health/reconstitution of microbiomes. The sample size is sometimes inadequate, only a few strains belonging to a few genera are usually used, different methodologies are employed for sequencing and analysis of microbiome data, mechanistic information is often missing and conflicting data are sometimes reported. Furthermore, host and microbiome baseline information is very often not taken into consideration in strain selection but a one-size-fits-all approach is generally pursued (Suez et al., 2019). While the knowledge of the human gut microbiome, accelerated by next-generation sequencing, has extended the range of microorganisms with suggested health benefits (i.e., next-generation probiotics or live biotherapeutics), many of these are still at the very early stage of mechanistic investigation and only proof-of-concept exploratory studies are currently available. Future directions should therefore include changes at different levels, such as conception, research methodology and approach, which should be a precision mechanism-based one, taking into account host and microbiome features (to identify permissive vs. resistant phenotypes toward probiotics colonization, be it transient or persistent) (Suez et al., 2019), including diet.

Similarly, despite the well-recognized benefits of prebiotics on Earth, particularly those resulting from the promotion of SCFA producers (as “ecosystem service providers”), there are still several issues to deal with, such as the complexity of the mutualistic and competitive interactions that are established in the intestine, the microbiome resilience and individuality in the response to the diet, and from a practical point of view, the definition of the exact dose of fiber to be administered to obtain a certain effect and its tolerability. In this regard, a very recent study suggests that discrete dietary fiber structures may be used for precise and predictable manipulation of the gut microbiome and its metabolic functions relevant to health, by specifically directing changes in the SCFA outputs (Deehan et al., 2020). Rational, machine learning or artificial intelligence approaches are strongly advocated by the literature, to predict the effect of a specific dietary component on physiology, by addressing complex datasets of microbiome and host features (Kolodziejczyk et al., 2019).

Based on the recognized benefits of probiotics on gut microbiome and globally on health, their use either added to food or as supplements during spaceflights might be a promising alternative to counteract the dysregulation and health outcomes encountered by space travelers. However, there are still some questions regarding the persistence of the efficacy of pro (or pre-)biotics under microgravity conditions. To test this, Castro-Wallace et al. (2017) have assessed the behavior of the probiotic strain L. acidophilus ATCC 4356 in a microgravity environment. They did not observe differences in growth, survival in simulated gastric or small intestinal juices, or in bacterial gene expression in comparison to control cultures, suggesting that the strain will behave similarly during spaceflight and consequently will maintain its beneficial properties (Castro-Wallace et al., 2017). Recently, Sakai et al. (2018) specifically developed a freeze-dried probiotic product for space experiments using the Lactobacillus casei Shirota probiotic strain, and tested its stability over 1 month of storage on the ISS. For the study, a SpaceX/Dragon spacecraft for the 8th commercial resupply mission (SpX-8) was used for the launch to the ISS and return of probiotic samples. The absorbed dose rate of the flight sample was 0.26 mGy/day and the dose equivalent rate was 0.52 mSv/day. The authors did not observe differences between the probiotic flight samples and ground controls regarding the profiles of randomly amplified polymorphic DNA, the sequence variant frequency, the carbohydrate fermentative patterns, the reactivity to strain-specific antibody, and the cytokine-inducing ability of L. casei Shirota. Evaluation of survival after 6 months showed that the number of viable cells in the probiotic flight samples was around 11 log CFU/g, a value comparable to that of ground controls (Sakai et al., 2018). Although these results are very encouraging, additional mechanistic studies under microgravity and simulated space environment are still needed, especially to directly test the health benefits of probiotics in space. Once the best bacterial strains will be identified and selected, clinical trials or intervention studies in space travelers should be rapidly carried out to validate their potential during long-term stay in space.



CONCLUSION

Studies available to date show that the space exposome can strongly influence the gut microbiota of space travelers, with the potential impairment of the homeostatic relationship with the host. In light of the crucial role of intestinal microbes in maintaining metabolic, immunological and neurological health, as well as of muscles and bones, strategies aimed at recovering and preserving a eubiotic microbiota profile might help mitigate the unwanted effects on the space traveler’s body, thus contributing to the success of long-term missions. This could be achieved by optimizing diets to ensure adequate energy and fiber supply for SCFA production, while avoiding nutritional imbalances, as well as by integrating them with prebiotics, bioactive compounds and probiotics for potentially synergistic effects. Aside from prebiotics and bioactive compounds, probiotics, both traditional and next-generation ones, during spaceflights can be postulated as a non-invasive alternative –given that safety is assured- to protect space travelers against altered metabolism, satiety impairment, immune dysregulation, circadian rhythm changes, bone and muscle loss, as well as neurobehavioral disorders. Additional mechanistic studies under microgravity and simulated space environment, but also intervention studies and clinical trials directly in space travelers are needed to support current evidence on pre-, probiotics or combined strategies on Earth, before these microbiota manipulation tools can be integrated into spaceflight clinical practice. The use of prebiotics for the production of SCFAs is currently being investigated for space travel (Matsuda et al., 2019; Akiyama et al., 2020).



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



ACKNOWLEDGMENTS

The authors of the manuscript were part of the ESA-Topical Team ‘Nutrition,’ subteam ‘Microbiota.’ The authors thank the European Space Agency for providing travel support for the team members. PL and HV research groups are members of the French INSERM National Program on Microbiota.



REFERENCES

Agus, A., Planchais, J., and Sokol, H. (2018). Gut microbiota regulation of tryptophan metabolism in health and disease. Cell Host Microbe 23, 716–724. doi: 10.1016/j.chom.2018.05.003

Akiyama, T., Horie, K., Hinoi, E., Hiraiwa, M., Kato, A., Maekawa, Y., et al. (2020). How does spaceflight affect the acquired immune system? NPJ Microgr. 6:14.

Alcock, J., Maley, C. C., and Aktipis, C. A. (2014). Is eating behavior manipulated by the gastrointestinal microbiota? Evolutionary pressures and potential mechanisms. Bioessays 36, 940–949. doi: 10.1002/bies.201400071

Arpaia, N., Campbell, C., Fan, X., Dikiy, S., Van, D., Van deRoos, P., et al. (2013). Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 504, 451–455. doi: 10.1038/nature12726

Aune, D., Keum, N., Giovannucci, E., Fadnes, L. T., Boffetta, P., Greenwood, D. C., et al. (2016). Whole grain consumption and risk of cardiovascular disease, cancer, and all cause and cause specific mortality. systematic review and dose-response meta-analysis of prospective studies. BMJ 353:i2716. doi: 10.1136/bmj.i2716

Bachem, A., Makhlouf, C., Binger, K. J., de Souza, D. P., Tull, D., Hochheiser, K., et al. (2019). Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8(+) T Cells. Immunity 51, 285–297. doi: 10.1016/j.immuni.2019.06.002

Backhed, F., Fraser, C. M., Ringel, Y., Sanders, M. E., Sartor, R. B., Sherman, P. M., et al. (2012). Defining a healthy human gut microbiome. current concepts, future directions, and clinical applications. Cell Host Microbe 12, 611–622. doi: 10.1016/j.chom.2012.10.012

Bailey, M. T., Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen, R. G., and Lyte, M. (2011). Exposure to a social stressor alters the structure of the intestinal microbiota. implications for stressor-induced immunomodulation. Brain Behav. Immun. 25, 397–407. doi: 10.1016/j.bbi.2010.10.023

Baj, A., Moro, E., Bistoletti, M., Orlandi, V., Crema, F., and Giaroni, C. (2019). Glutamatergic signaling along the Microbiota-Gut-Brain Axis. Int. J. Mol. Sci. 20:1482. doi: 10.3390/ijms20061482

Balmer, M. L., Ma, E. H., Bantug, G. R., Grahlert, J., Pfister, S., Glatter, T., et al. (2016). Memory CD8(+) T cells require increased concentrations of acetate induced by stress for optimal function. Immunity 44, 1312–1324. doi: 10.1016/j.immuni.2016.03.016

Barrila, J., Radtke, A. L., Crabbe, A., Sarker, S. F., Herbst-Kralovetz, M. M., Ott, C. M., et al. (2010). Organotypic 3D cell culture models. using the rotating wall vessel to study host-pathogen interactions. Nat. Rev. Microbiol. 8, 791–801. doi: 10.1038/nrmicro2423

Benjamin, C. L., Stowe, R. P., St John, L., Sams, C. F., Mehta, S. K., Crucian, B. E., et al. (2016). Decreases in thymopoiesis of astronauts returning from space flight. JCI Insight 1:e88787.

Bergouignan, A., Stein, T. P., Habold, C., Coxam, V., O’ Gorman, D., and Blanc, S. (2016). Towards human exploration of space. The THESEUS review series on nutrition and metabolism research priorities. NPJ Microgr. 2:16029.

Bindels, L. B., Beck, R., Schakman, O., Martin, J. C., De, B. F., Sohet, F. M., et al. (2012). Restoring specific lactobacilli levels decreases inflammation and muscle atrophy markers in an acute leukemia mouse model. PLoS One 7:e37971. doi: 10.1371/journal.pone.0037971

Biolo, G., Ciocchi, B., Stulle, M., Bosutti, A., Barazzoni, R., Zanetti, M., et al. (2007). Calorie restriction accelerates the catabolism of lean body mass during 2 wk of bed rest. Am. J. Clin. Nutr. 86, 366–372. doi: 10.1093/ajcn/86.2.366

Bloomfield, S. A., Martinez, D. A., Boudreaux, R. D., and Mantri, A. V. (2016). Microgravity stress. bone and connective tissue. Compr. Physiol. 6, 645–686. doi: 10.1002/cphy.c130027

Bradley, J. H., Stein, R., Randolph, B., Molina, E., Arnold, J. P., and Gregg, R. K. (2017). T cell resistance to activation by dendritic cells requires long-term culture in simulated microgravity. Life Sci. Space Res. 15, 55–61. doi: 10.1016/j.lssr.2017.08.002

Bressa, C., Bailen-Andrino, M., Perez-Santiago, J., Gonzalez-Soltero, R., Perez, M., Montalvo-Lominchar, M. G., et al. (2017). Differences in gut microbiota profile between women with active lifestyle and sedentary women. PLoS One 12:e0171352. doi: 10.1371/journal.pone.0171352

Britton, R. A., Irwin, R., Quach, D., Schaefer, L., Zhang, J., Lee, T., et al. (2014). Probiotic L. reuteri treatment prevents bone loss in a menopausal ovariectomized mouse model. J. Cell Physiol. 229, 1822–1830. doi: 10.1002/jcp.24636

Brotto, M., and Bonewald, L. (2015). Bone and muscle. Interactions beyond mechanical. Bone 80, 109–114. doi: 10.1016/j.bone.2015.02.010

Brown, J. H. U. (2015). Physiology of Man in Space. Cambridge: Academic Press.

Buigues, C., Fernandez-Garrido, J., Pruimboom, L., Hoogland, A. J., Navarro-Martinez, R., Martinez-Martinez, M., et al. (2016). Effect of a prebiotic formulation on frailty syndrome. A randomized, double-blind clinical trial. Int. J. Mol. Sci. 17:932. doi: 10.3390/ijms17060932

Campbell, S. C., Wisniewski, P. J., Noji, M., McGuinness, L. R., Haggblom, M. M., Lightfoot, S. A., et al. (2016). The effect of diet and exercise on intestinal integrity and microbial diversity in mice. PLoS One 11:e0150502. doi: 10.1371/journal.pone.0150502

Cani, P. D., Lecourt, E., Dewulf, E. M., Sohet, F. M., Pachikian, B. D., Naslain, D., et al. (2009). Gut microbiota fermentation of prebiotics increases satietogenic and incretin gut peptide production with consequences for appetite sensation and glucose response after a meal. Am. J. Clin. Nutr. 90, 1236–1243. doi: 10.3945/ajcn.2009.28095

Cani, P. D., and Van Hul, H. M. (2015). Novel opportunities for next-generation probiotics targeting metabolic syndrome. Curr. Opin. Biotechnol. 32, 21–27. doi: 10.1016/j.copbio.2014.10.006

Cao, W., Kayama, H., Chen, M. L., Delmas, A., Sun, A., Kim, S. Y., et al. (2017). The xenobiotic transporter Mdr1 Enforces T cell homeostasis in the presence of intestinal bile acids. Immunity 47, 1182–1196. doi: 10.1016/j.immuni.2017.11.012

Casero, D., Gill, K., Sridharan, V., Koturbash, I., Nelson, G., Hauer-Jensen, M., et al. (2017). Space-type radiation induces multimodal responses in the mouse gut microbiome and metabolome. Microbiome 5:105.

Castro, S. L., Nelman-Gonzalez, M., Nickerson, C. A., and Ott, C. M. (2011). Induction of attachment-independent biofilm formation and repression of Hfq expression by low-fluid-shear culture of Staphylococcus aureus. Appl. Environ. Microbiol. 77, 6368–6378. doi: 10.1128/aem.00175-11

Castro-Wallace, S., Stahl, S., Voorhies, A., Lorenzi, H., and Douglas, G. L. (2017). Response of Lactobacillus acidophilus ATCC 4356 to low-shear modeled microgravity. Acta Astronautica 139, 463–468. doi: 10.1016/j.actaastro.2017.07.033

Chen, J., Wang, Q., Hao, Z., Li, Z., Sahu, S. K., Liu, H., et al. (2020). Relationship between the Gut Microbiome and Energy/Nutrient intake in a confined bioregenerative life support system. Appl. Environ. Microbiol. 86:e02465-19.

Chen, T., Long, W., Zhang, C., Liu, S., Zhao, L., and Hamaker, B. R. (2017). Fiber-utilizing capacity varies in Prevotella- versus Bacteroides-dominated gut microbiota. Sci. Rep. 7:2594.

Chen, Y. C., Greenbaum, J., Shen, H., and Deng, H. W. (2017). Association between gut microbiota and bone health. potential mechanisms and prospective. J. Clin. Endocrinol. Metab. 102, 3635–3646. doi: 10.1210/jc.2017-00513

Chen, Y. M., Wei, L., Chiu, Y. S., Hsu, Y. J., Tsai, T. Y., Wang, M. F., et al. (2016). Lactobacillus plantarum TWK10 supplementation improves exercise performance and increases muscle mass in mice. Nutrients 8:205. doi: 10.3390/nu8040205

Chong, H. X., Yusoff, N. A. A., Hor, Y. Y., Lew, L. C., Jaafar, M. H., Choi, S. B., et al. (2019). Lactobacillus plantarum DR7 alleviates stress and anxiety in adults. a randomised, double-blind, placebo-controlled study. Benef. Microbes 10, 355–373. doi: 10.3920/bm2018.0135

Clark, A., and Mach, N. (2017). The crosstalk between the gut microbiota and mitochondria during exercise. Front. Physiol. 8:319. doi: 10.3389/fphys.2017.00319

Cogoli, A. (1993). Space flight and the immune system. Vaccine 11, 496–503. doi: 10.1016/0264-410x(93)90217-l

Cogoli, A., Tschopp, A., and Fuchs-Bislin, P. (1984). Cell sensitivity to gravity. Science 225, 228–230. doi: 10.1126/science.6729481

Collins, F. L., Rios-Arce, N. D., Schepper, J. D., Parameswaran, N., and McCabe, L. R. (2017). The potential of probiotics as a therapy for osteoporosis. Microbiol. Spectr. 5:BAD-0015-2016.

Crabbe, A., Schurr, M. J., Monsieurs, P., Morici, L., Schurr, J., Wilson, J. W., et al. (2011). Transcriptional and proteomic responses of Pseudomonas aeruginosa PAO1 to spaceflight conditions involve Hfq regulation and reveal a role for oxygen. Appl. Environ. Microbiol. 77, 1230–1230.

Crucian, B., Stowe, R., Mehta, S., Uchakin, P., Quiriarte, H., Pierson, D., et al. (2013). Immune system dysregulation occurs during short duration spaceflight on board the space shuttle. J. Clin. Immunol. 33, 456–465. doi: 10.1007/s10875-012-9824-7

Crucian, B., Stowe, R. P., Mehta, S., Quiriarte, H., Pierson, D., and Sams, C. (2015). Alterations in adaptive immunity persist during long-duration spaceflight. NPJ Microgr. 1:15013.

Crucian, B. E., Chouker, A., Simpson, R. J., Mehta, S., Marshall, G., Smith, S. M., et al. (2018). Immune system dysregulation during spaceflight. potential countermeasures for deep space exploration missions. Front. Immunol. 9:1437. doi: 10.3389/fimmu.2018.01437

Crucian, B. E., Cubbage, M. L., and Sams, C. F. (2000). Altered cytokine production by specific human peripheral blood cell subsets immediately following space flight. J. Interferon. Cytokine Res. 20, 547–556. doi: 10.1089/10799900050044741

Crucian, B. E., Stowe, R. P., Pierson, D. L., and Sams, C. F. (2008). Immune system dysregulation following short- vs long-duration spaceflight. Aviat. Space Environ. Med. 79, 835–843. doi: 10.3357/asem.2276.2008

Dalile, B., Van Oudenhove, L., Vervliet, B., and Verbeke, K. (2019). The role of short-chain fatty acids in microbiota-gut-brain communication. Nat. Rev. Gastroenterol. Hepatol. 16, 461–478. doi: 10.1038/s41575-019-0157-3

Daly, K., and Shirazi-Beechey, S. P. (2006). Microarray analysis of butyrate regulated genes in colonic epithelial cells. DNA Cell Biol. 25, 49–62. doi: 10.1089/dna.2006.25.49

Davis, L. M., Martinez, I., Walter, J., Goin, C., and Hutkins, R. W. (2011). Barcoded pyrosequencing reveals that consumption of galactooligosaccharides results in a highly specific bifidogenic response in humans. PLoS One 6:e25200. doi: 10.1371/journal.pone.0025200

De la Torre, G. G. (2014). Cognitive neuroscience in space. Life 4, 281–294. doi: 10.3390/life4030281

De la Torre, G. G., van Baarsen, B., Ferlazzo, F., Kanas, N., Weiss, K., Schneider, S., et al. (2012). Future perspectives on space psychology. Recommendations on psychosocial and neurobehavioural aspects of human spaceflight. Acta Astronautica 81, 587–599. doi: 10.1016/j.actaastro.2012.08.013

Deehan, E. C., Yang, C., Perez-Munoz, M. E., Nguyen, N. K., Cheng, C. C., Triador, L., et al. (2020). Precision microbiome modulation with discrete dietary fiber structures directs short-chain fatty acid production. Cell Host Microbe 27, 389–404. doi: 10.1016/j.chom.2020.01.006

Depommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieira-Silva, S., et al. (2019). Supplementation with Akkermansia muciniphila in overweight and obese human volunteers. a proof-of-concept exploratory study. Nat. Med. 25, 1096–1103. doi: 10.1038/s41591-019-0495-2

Desai, M. S., Seekatz, A. M., Koropatkin, N. M., Kamada, N., Hickey, C. A., Wolter, M., et al. (2016). A dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and enhances pathogen susceptibility. Cell 167, 1339–1353. doi: 10.1016/j.cell.2016.10.043

Deutz, N. E., Bauer, J. M., Barazzoni, R., Biolo, G., Boirie, Y., Bosy-Westphal, A., et al. (2014). Protein intake and exercise for optimal muscle function with aging. recommendations from the ESPEN Expert Group. Clin. Nutr. 33, 929–936. doi: 10.1016/j.clnu.2014.04.007

Dinan, T. G., Stanton, C., and Cryan, J. F. (2013). Psychobiotics. a novel class of psychotropic. Biol. Psychiatry 74, 720–726. doi: 10.1016/j.biopsych.2013.05.001

Doestzada, M., Vila, A. V., Zhernakova, A., Koonen, D. P. Y., Weersma, R. K., Touw, D. J., et al. (2018). Pharmacomicrobiomics. a novel route towards personalized medicine? Protein Cell 9, 432–445. doi: 10.1007/s13238-018-0547-2

Dong, H. S., Chen, P., Yu, Y. B., Zang, P., and Wei, Z. (2019). Simulated manned Mars exploration. effects of dietary and diurnal cycle variations on the gut microbiome of crew members in a controlled ecological life support system. PeerJ 7:e7762. doi: 10.7717/peerj.7762

Dorrestein, P. C., Mazmanian, S. K., and Knight, R. (2014). Finding the missing links among metabolites, microbes, and the host. Immunity 40, 824–832. doi: 10.1016/j.immuni.2014.05.015

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al. (2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066–9071. doi: 10.1073/pnas.1219451110

Falcinelli, S., Rodiles, A., Hatef, A., Picchietti, S., Cossignani, L., Merrifield, D. L., et al. (2018). Influence of probiotics administration on gut microbiota core. a review on the effects of appetite control, glucose, and lipid metabolism. J. Clin. Gastroenterol. 52, (Suppl. 1), S50–S56.

Fetissov, S. O. (2017). Role of the gut microbiota in host appetite control. bacterial growth to animal feeding behaviour. Nat. Rev. Endocrinol. 13, 11–25. doi: 10.1038/nrendo.2016.150

Fiorucci, S., Biagioli, M., Zampella, A., and Distrutti, E. (2018). Bile acids activated receptors regulate innate immunity. Front. Immunol. 9:1853. doi: 10.3389/fimmu.2018.01853

Florian, J. P., Baisch, F. J., Heer, M., and Pawelczyk, J. A. (2015). Caloric restriction decreases orthostatic tolerance independently from 6 degrees head-down bedrest. PLoS One 10:e0118812. doi: 10.1371/journal.pone.0118812

Frost, H. M. (1998). From Wolff’s law to the mechanostat. a new “face” of physiology. J. Orthop. Sci. 3, 282–286. doi: 10.1007/s007760050054

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al. (2013). Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446–450. doi: 10.1038/nature12721

Galland, L. (2014). The gut microbiome and the brain. J. Med. Food 17, 1261–1272.

Gao, J., Xu, K., Liu, H., Liu, G., Bai, M., Peng, C., et al. (2018). Impact of the gut microbiota on intestinal immunity mediated by tryptophan metabolism. Front. Cell Infect. Microbiol. 8:13. doi: 10.3389/fcimb.2018.00013

Garrett-Bakelman, F. E., Darshi, M., Green, S. J., Gur, R. C., Lin, L., Macias, B. R., et al. (2019). The NASA Twins Study. A multidimensional analysis of a year-long human spaceflight. Science 364:aau8650.

Gerassy-Vainberg, S., Blatt, A., Danin-Poleg, Y., Gershovich, K., Sabo, E., Nevelsky, A., et al. (2018). Radiation induces proinflammatory dysbiosis. transmission of inflammatory susceptibility by host cytokine induction. Gut 67, 97–107. doi: 10.1136/gutjnl-2017-313789

Green, C. B., Takahashi, J. S., and Bass, J. (2008). The meter of metabolism. Cell 134, 728–742.

Gridley, D. S., Slater, J. M., Luo-Owen, X., Rizvi, A., Chapes, S. K., Stodieck, L. S., et al. (2009). Spaceflight effects on T lymphocyte distribution, function and gene expression. J. Appl. Physiol. 106, 194–202. doi: 10.1152/japplphysiol.91126.2008

Grimm, D., Grosse, J., Wehland, M., Mann, V., Reseland, J. E., Sundaresan, A., et al. (2016). The impact of microgravity on bone in humans. Bone 87, 44–56. doi: 10.1016/j.bone.2015.12.057

Grosicki, G. J., Fielding, R. A., and Lustgarten, M. S. (2018). Gut microbiota contribute to age-related changes in skeletal muscle size, composition, and function. biological basis for a gut-muscle axis. Calcif. Tissue Int. 102, 433–442. doi: 10.1007/s00223-017-0345-5

Hamm, P. B., Nicogossian, A. E., Pool, S. L., Wear, M. L., and Billica, R. D. (2000). Design and current status of the longitudinal study of astronaut health. Aviat. Space Environ. Med. 71, 564–570.

Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J., Lu, J., et al. (2019). Bile acid metabolites control TH17 and Treg cell differentiation. Nature 576, 143–148. doi: 10.1038/s41586-019-1785-z

Hao, Z., Li, L., Fu, Y., and Liu, H. (2018). The influence of bioregenerative life-support system dietary structure and lifestyle on the gut microbiota. a 105-day ground-based space simulation in Lunar Palace 1. Environ. Microbiol. 20, 3643–3656. doi: 10.1111/1462-2920.14358

Haran, P. H., Rivas, D. A., and Fielding, R. A. (2012). Role and potential mechanisms of anabolic resistance in sarcopenia. J. Cachexia Sarcopenia Muscle 3, 157–162. doi: 10.1007/s13539-012-0068-4

Hashemi, B. B., Penkala, J. E., Vens, C., Huls, H., Cubbage, M., and Sams, C. F. (1999). T cell activation responses are differentially regulated during clinorotation and in spaceflight. FASEB J. 13, 2071–2082. doi: 10.1096/fasebj.13.14.2071

Hatton, J. P., Gaubert, F., Cazenave, J. P., and Schmitt, D. (2002). Microgravity modifies protein kinase C isoform translocation in the human monocytic cell line U937 and human peripheral blood T-cells. J. Cell Biochem. 87, 39–50. doi: 10.1002/jcb.10273

He, Y., Wu, W., Zheng, H. M., Li, P., McDonald, D., Sheng, H. F., et al. (2018). Regional variation limits applications of healthy gut microbiome reference ranges and disease models. Nat. Med 24, 1532–1535. doi: 10.1038/s41591-018-0164-x

Hughson, R. L., Robertson, A. D., Arbeille, P., Shoemaker, J. K., Rush, J. W., Fraser, K. S., et al. (2016). Increased postflight carotid artery stiffness and inflight insulin resistance resulting from 6-mo spaceflight in male and female astronauts. Am. J. Physiol. Heart Circ. Physiol. 310, H628–H638.

Ibanez, L., Rouleau, M., Wakkach, A., and Blin-Wakkach, C. (2019). Gut microbiome and bone. Joint Bone Spine 86, 43–47. doi: 10.1016/j.jbspin.2018.02.008

Ihle, R., and Loucks, A. B. (2004). Dose-response relationships between energy availability and bone turnover in young exercising women. J. Bone Miner. Res. 19, 1231–1240. doi: 10.1359/jbmr.040410

Islam, J., Sato, S., Watanabe, K., Watanabe, T., Ardiansyah, A., Hirahara, K., et al. (2017). Dietary tryptophan alleviates dextran sodium sulfate-induced colitis through aryl hydrocarbon receptor in mice. J. Nutr. Biochem. 42, 43–50. doi: 10.1016/j.jnutbio.2016.12.019

Jiang, P., Green, S. J., Chlipala, G. E., Turek, F. W., and Vitaterna, M. H. (2019). Reproducible changes in the gut microbiome suggest a shift in microbial and host metabolism during spaceflight. Microbiome 7:113.

Kaczmarek, J. L., Thompson, S. V., and Holscher, H. D. (2017). Complex interactions of circadian rhythms, eating behaviors, and the gastrointestinal microbiota and their potential impact on health. Nutr. Rev. 75, 673–682. doi: 10.1093/nutrit/nux036

Kim, C. H. (2018). Immune regulation by microbiome metabolites. Immunology 154, 220–229. doi: 10.1111/imm.12930

Kimura, I., Inoue, D., Hirano, K., and Tsujimoto, G. (2014). The SCFA Receptor GPR43 and energy metabolism. Front. Endocrinol. 5:85. doi: 10.3389/fendo.2014.00085

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., and Backhed, F. (2016). From dietary fiber to host physiology. Short-chain fatty acids as key bacterial metabolites. Cell 165, 1332–1345. doi: 10.1016/j.cell.2016.05.041

Kolodziejczyk, A. A., Zheng, D., and Elinav, E. (2019). Diet-microbiota interactions and personalized nutrition. Nat. Rev. Microbiol. 17, 742–753. doi: 10.1038/s41579-019-0256-8

Konstantinova, I. V., Rykova, M., Meshkov, D., Peres, C., Husson, D., and Schmitt, D. A. (1995). Natural killer cells after ALTAIR mission. Acta Astronaut. 36, 713–718. doi: 10.1016/0094-5765(95)00161-1

Kovatcheva-Datchary, P., Nilsson, A., Akrami, R., Lee, Y. S., De, F., Arora, T., et al. (2015). Dietary fiber-induced improvement in glucose metabolism is associated with increased abundance of prevotella. Cell Metab. 22, 971–982. doi: 10.1016/j.cmet.2015.10.001

Lackner, J. R., and DiZio, P. (2006). Space motion sickness. Exp. Brain Res. 175, 377–399.

Lane, H. W., Gretebeck, R. J., Schoeller, D. A., Davis-Street, J., Socki, R. A., and Gibson, E. K. (1997). Comparison of ground-based and space flight energy expenditure and water turnover in middle-aged healthy male US astronauts. Am. J. Clin. Nutr. 65, 4–12. doi: 10.1093/ajcn/65.1.4

Lane, H. W., LeBlanc, A. D., Putcha, L., and Whitson, P. A. (1993). Nutrition and human physiological adaptations to space flight. Am. J. Clin. Nutr. 58, 583–588. doi: 10.1093/ajcn/58.5.583

Laurens, C., Simon, C., Vernikos, J., Gauquelin-Koch, G., Blanc, S., and Bergouignan, A. (2019). Revisiting the role of exercise countermeasure on the regulation of energy balance during space flight. Front. Physiol. 10:321. doi: 10.3389/fphys.2019.00321

Leach, C. S., and Alexander, W. C. (1975). “Endocrine, electrolyte, and fluid volume changes associated with Apollo missions,” in Biomedical Results of Apollo, eds R. S. Johnston, L. F. Dietlein, and M. D. Berry (Washington D.C: National Aeronautics and Space Administration), 163–184.

Leach, C. S., and Rambaut, P. C. (eds) (1977). “Biochemical responses of the Skylab crewmen: an overview,” in Biomedical Results from Skylab, NASA SP-377, eds R. S. Johnston and L. F. Dietlein (Washington DC: US Government Printing Office), 204–216.

LeBlanc, A. D., Spector, E. R., Evans, H. J., and Sibonga, J. D. (2007). Skeletal responses to space flight and the bed rest analog. a review. J. Musculoskelet. Neuronal. Interact. 7, 33–47.

LeBlanc, J. G., Milani, C., de Giori, G. S., Sesma, F., van Sinderen, D., and Ventura, M. (2013). Bacteria as vitamin suppliers to their host. a gut microbiota perspective. Curr. Opin. Biotechnol. 24, 160–168. doi: 10.1016/j.copbio.2012.08.005

Lencner, A. A., Lencner, C. P., Mikelsaar, M. E., Tjuri, M. E., Toom, M. A., Valjaots, M. E., et al. (1984). [The quantitative composition of the intestinal lactoflora before and after space flights of different lengths]. Nahrung 28, 607–613.

Leonel, A. J., and Alvarez-Leite, J. I. (2012). Butyrate. implications for intestinal function. Curr. Opin. Clin. Nutr. Metab. Care 15, 474–479. doi: 10.1097/mco.0b013e32835665fa

Lewis, K., Lutgendorff, F., Phan, V., Soderholm, J. D., Sherman, P. M., and McKay, D. M. (2010). Enhanced translocation of bacteria across metabolically stressed epithelia is reduced by butyrate. Inflamm. Bowel. Dis. 16, 1138–1148. doi: 10.1002/ibd.21177

Li, J. Y., Chassaing, B., Tyagi, A. M., Vaccaro, C., Luo, T., Adams, J., et al. (2016). Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J. Clin. Invest. 126, 2049–2063. doi: 10.1172/jci86062

Liu, Y., Hou, Y., Wang, G., Zheng, X., and Hao, H. (2020). Gut microbial metabolites of aromatic amino acids as signals in host-microbe interplay. Trends Endocrinol. Metab. doi: 10.1016/j.tem.2020.02.012 [Epub ahead of print].

Liu, Z., Luo, G., Du, R., Sun, W., Li, J., Lan, H., et al. (2020). Effects of spaceflight on the composition and function of the human gut microbiota. Gut Microbes 11, 807–819. doi: 10.1080/19490976.2019.1710091

Lloyd-Price, J., Abu-Ali, G., and Huttenhower, C. (2016). The healthy human microbiome. Genome Med. 8:51.

Luu, M., Weigand, K., Wedi, F., Breidenbend, C., Leister, H., Pautz, S., et al. (2018). Regulation of the effector function of CD8(+) T cells by gut microbiota-derived metabolite butyrate. Sci. Rep. 8:14430.

Makki, K., Deehan, E. C., Walter, J., and Backhed, F. (2018). The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell Host Microbe 23, 705–715. doi: 10.1016/j.chom.2018.05.012

Martinez, I., Kim, J., Duffy, P. R., Schlegel, L., and Walter, J. (2010). Resistant starches types 2 and 4 have differential effects on the composition of the fecal microbiota in human subjects. PLoS One 5:e15046. doi: 10.1371/journal.pone.0015046

Matsuda, C., Kato, T., Inoue-Suzuki, S., Kikuchi, J., Ohta, T., Kagawa, M., et al. (2019). Dietary intervention of mice using an improved Multiple Artificial-gravity Research System (MARS) under artificial 1 g. NPJ Microgr. 5:16.

Matt, S. M., Allen, J. M., Lawson, M. A., Mailing, L. J., Woods, J. A., and Johnson, R. W. (2018). Butyrate and dietary soluble fiber improve neuroinflammation associated with aging in mice. Front. Immunol. 9:1832. doi: 10.3389/fimmu.2018.01832

Mazzoli, R., and Pessione, E. (2016). The neuro-endocrinological role of microbial glutamate and GABA signaling. Front. Microbiol. 7:1934. doi: 10.3389/fmicb.2016.01934

McCabe, L. R., Irwin, R., Schaefer, L., and Britton, R. A. (2013). Probiotic use decreases intestinal inflammation and increases bone density in healthy male but not female mice. J. Cell Physiol. 228, 1793–1798. doi: 10.1002/jcp.24340

Mehta, S. K., Crucian, B. E., Stowe, R. P., Simpson, R. J., Ott, C. M., Sams, C. F., et al. (2013). Reactivation of latent viruses is associated with increased plasma cytokines in astronauts. Cytokine 61, 205–209. doi: 10.1016/j.cyto.2012.09.019

Mehta, S. K., Laudenslager, M. L., Stowe, R. P., Crucian, B. E., Feiveson, A. H., Sams, C. F., et al. (2017). Latent virus reactivation in astronauts on the international space station. NPJ Microgr. 3:11.

Mehta, S. K., Laudenslager, M. L., Stowe, R. P., Crucian, B. E., Sams, C. F., and Pierson, D. L. (2014). Multiple latent viruses reactivate in astronauts during Space Shuttle missions. Brain Behav. Immun. 41, 210–217. doi: 10.1016/j.bbi.2014.05.014

Mittal, R., Debs, L. H., Patel, A. P., Nguyen, D., Patel, K., O’Connor, G., et al. (2017). Neurotransmitters. The Critical Modulators Regulating Gut-Brain Axis. J. Cell Physiol. 232, 2359–2372. doi: 10.1002/jcp.25518

Miyazaki, K., Itoh, N., Yamamoto, S., Higo-Yamamoto, S., Nakakita, Y., Kaneda, H., et al. (2014). Dietary heat-killed Lactobacillus brevis SBC8803 promotes voluntary wheel-running and affects sleep rhythms in mice. Life Sci. 111, 47–52. doi: 10.1016/j.lfs.2014.07.009

Muth, E. R. (2006). Motion and space sickness. intestinal and autonomic correlates. Auton. Neurosci. 129, 58–66. doi: 10.1016/j.autneu.2006.07.020

Nickerson, C. A., Ott, C. M., Wilson, J. W., Ramamurthy, R., and Pierson, D. L. (2004). Microbial responses to microgravity and other low-shear environments. Microbiol. Mol. Biol. Rev. 68, 345–361. doi: 10.1128/mmbr.68.2.345-361.2004

Nilsson, A. G., Sundh, D., Backhed, F., and Lorentzon, M. (2018). Lactobacillus reuteri reduces bone loss in older women with low bone mineral density. a randomized, placebo-controlled, double-blind, clinical trial. J. Intern. Med. 284, 307–317. doi: 10.1111/joim.12805

Ohlsson, C., Nigro, G., Boneca, I. G., Backhed, F., Sansonetti, P., and Sjogren, K. (2017). Regulation of bone mass by the gut microbiota is dependent on NOD1 and NOD2 signaling. Cell Immunol. 317, 55–58. doi: 10.1016/j.cellimm.2017.05.003

O’Toole, P. W., Marchesi, J. R., and Hill, C. (2017). Next-generation probiotics. the spectrum from probiotics to live biotherapeutics. Nat. Microbiol. 2:17057.

Pacifici, R. (2018). Bone Remodeling and the Microbiome. Cold Spring Harb. Perspect. Med. 8:a031203. doi: 10.1101/cshperspect.a031203

Palma, G. D., Collins, S. M., Bercik, P., and Verdu, F. E. (2020). The microbiota-gut brain axis in gastrointestinal disorders. stredded bugs, stressed brain or both? J. Physiol. 592, 2989–2997. doi: 10.1113/jphysiol.2014.273995

Pedersini, P., Turroni, S., and Villafane, J. H. (2020). Gut microbiota and pahysical activity. is there an evidence-based link? Sci. Total Environ. 727:138648. doi: 10.1016/j.scitotenv.2020.138648

Peng, L., Li, Z. R., Green, R. S., Holzman, I. R., and Lin, J. (2009). Butyrate enhances the intestinal barrier by facilitating tight junction assembly via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr. 139, 1619–1625. doi: 10.3945/jn.109.104638

Phillips, W. J. (1994). Starvation and survival. some military considerations. Mil. Med. 159, 513–516. doi: 10.1093/milmed/159.7.513

Pippia, P., Sciola, L., Cogoli-Greuter, M., Meloni, M. A., Spano, A., and Cogoli, A. (1996). Activation signals of T lymphocytes in microgravity. J. Biotechnol. 47, 215–222. doi: 10.1016/0168-1656(96)01387-9

Poinsot, P., Schwarzer, M., Peretti, N., and Leulier, F. (2018). The emerging connections between IGF1, the intestinal microbiome, Lactobacillus strains and bone growth. J. Mol. Endocrinol. 61, T103–T113.

Proctor, L. (2019). Priorities for the next 10 years of human microbiome research. Nature 569, 623–625. doi: 10.1038/d41586-019-01654-0

Rajkumar, H., Kumar, M., Das, N., Kumar, S. N., Challa, H. R., and Nagpal, R. (2015). Effect of Probiotic Lactobacillus salivarius UBL S22 and Prebiotic Fructo-oligosaccharide on Serum Lipids, Inflammatory Markers, Insulin Sensitivity, and Gut Bacteria in Healthy Young Volunteers. A Randomized Controlled Single-Blind Pilot Study. J. Cardiovasc. Pharmacol. Ther. 20, 289–298. doi: 10.1177/1074248414555004

Reis, D. J., Ilardi, S. S., and Punt, S. E. W. (2018). The anxiolytic effect of probiotics. A systematic review and meta-analysis of the clinical and preclinical literature. PLoS One 13:e0199041. doi: 10.1371/journal.pone.0199041

Reschke, M. F., Bloomberg, J. J., Harm, D. L., Paloski, W. H., Layne, C., and McDonald, V. (1998). Posture, locomotion, spatial orientation, and motion sickness as a function of space flight. Brain Res. Brain Res. Rev. 28, 102–117. doi: 10.1016/s0165-0173(98)00031-9

Rivière, A., Selak, M., Lantin, D., Leroy, F., and De Vuyst, L. (2016). Bifidobacteria and butyrate-producing colon bacteria: importance and strategies for their stimulation in the human gut. Front. Microbiol. 7:979. doi: 10.3389/fmicb.2016.00979

Romijn, A. R., and Rucklidge, J. J. (2015). Systematic review of evidence to support the theory of psychobiotics. Nutr. Rev. 73, 675–693. doi: 10.1093/nutrit/nuv025

Rooney, B. V., Crucian, B. E., Pierson, D. L., Laudenslager, M. L., and Mehta, S. K. (2019). Herpes virus reactivation in astronauts during spaceflight and its application on earth. Front. Microbiol. 10:16. doi: 10.3389/fmicb.2019.00016

Rothschild, D., Weissbrod, O., Barkan, E., Kurilshikov, A., Korem, T., Zeevi, D., et al. (2018). Environment dominates over host genetics in shaping human gut microbiota. Nature 555, 210–215.

Routy, B., Le, C. E., Derosa, L., Duong, C. P. M., Alou, M. T., Daillere, R., et al. (2018). Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science 359, 91–97.

Rudzki, L., Ostrowska, L., Pawlak, D., Malus, A., Pawlak, K., Waszkiewicz, N., et al. (2019). Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and improves cognitive functions in patients with major depression. A double-blind, randomized, placebo controlled stuA. Psychoneuroendocrinology 100, 213–222. doi: 10.1016/j.psyneuen.2018.10.010

Rykova, M. P., Antropova, E. N., Larina, I. M., and Morukov, B. V. (2008). Humoral and cellular immunity in cosmonauts after the ISS missions. Acta Astronaut. 63, 697–705. doi: 10.1016/j.actaastro.2008.03.016

Sakai, T., Moteki, Y., Takahashi, T., Shida, K., Kiwaki, M., Shimakawa, Y., et al. (2018). Probiotics into outer space. feasibility assessments of encapsulated freeze-dried probiotics during 1 month’s storage on the International Space Station. Sci. Rep. 8:10687.

Schaap, F. G., Trauner, M., and Jansen, P. L. (2014). Bile acid receptors as targets for drug development. Nat. Rev. Gastroenterol. Hepatol. 11, 55–67. doi: 10.1038/nrgastro.2013.151

Schramm, C. (2018). Bile Acids, the Microbiome, Immunity, and Liver Tumors. N. Engl. J. Med. 379, 888–890. doi: 10.1056/nejmcibr1807106

Schwarzer, M., Makki, K., Storelli, G., Machuca-Gayet, I., Srutkova, D., Hermanova, P., et al. (2016). Lactobacillus plantarum strain maintains growth of infant mice during chronic undernutrition. Science 351, 854–857. doi: 10.1126/science.aad8588

Schwendner, P., Mahnert, A., Koskinen, K., Moissl-Eichinger, C., Barczyk, S., Wirth, R., et al. (2017). Preparing for the crewed Mars journey. microbiota dynamics in the confined Mars500 habitat during simulated Mars flight and landing. Microbiome0 5:129.

Seddon, M. R., Fettman, M. J., and Phillips, R. W. (1994). Practical and clinical nutritional concerns during spaceflight. Am. J. Clin. Nutr. 60, 825S–830S.

Shi, J., Wang, Y., He, J., Li, P., Jin, R., Wang, K., et al. (2017). Intestinal microbiota contributes to colonic epithelial changes in simulated microgravity mouse model. FASEB J. 31, 3695–3709. doi: 10.1096/fj.201700034r

Simpson, R. J., Bigley, A. B., Spielmann, G., Kunz, H. E., Agha, N., Baker, F., et al. (2016). Long duration spaceflight impairs NK-cell function in astronauts. Med. Sci. Sports Exerc. 48:87. doi: 10.1249/01.mss.0000485269.23662.1f

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly, Y., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.1241165

Smith, S. M., McCoy, T., Gazda, D., Morgan, J. L., Heer, M., and Zwart, S. R. (2012). Space flight calcium. implications for astronaut health, spacecraft operations, and Earth. Nutrients 4, 2047–2068. doi: 10.3390/nu4122047

Smith, S. M., Wastney, M. E., O’Brien, K. O., Morukov, B. V., Larina, I. M., Abrams, S. A., et al. (2005). Bone markers, calcium metabolism, and calcium kinetics during extended-duration space flight on the mir space station. J. Bone Miner. Res. 20, 208–218. doi: 10.1359/jbmr.041105

Smith, S. M., Zwart, S. R., and Heer, M. (2014). Human adaptation to spaceflight. The role of nutrition (NP-2014-10-018-JSC) Houston, National Aeronautics and Space Administration, Lyndon B. Houston, TX: Johnson Space Center.

Smith, S. M., Zwart, S. R., Kloeris, V., and Heer, M. (2009). Nutritional Biochemistry of Space Flight. New York: Nova Science Publishers Inc.

Song, X., Sun, X., Oh, S. F., Wu, M., Zhang, Y., Zheng, W., et al. (2020). Microbial bile acid metabolites modulate gut RORgamma(+) regulatory T cell homeostasis. Nature 577, 410–415. doi: 10.1038/s41586-019-1865-0

Sonnenfeld, G. (1998). Immune responses in space flight. Int. J. Sports Med. 19, (Suppl. 3), S195–S202.

Sonnenfeld, G., Butel, J. S., and Shearer, W. T. (2003). Effects of the space flight environment on the immune system. Rev. Environ. Health 18, 1–17. doi: 10.1515/reveh.2003.18.1.1

Stein, T. P., Leskiw, M. J., Schluter, M. D., Donaldson, M. R., and Larina, I. (1999a). Protein kinetics during and after long-duration spaceflight on MIR. Am. J. Physiol. 276, E1014–E1021.

Stein, T. P., Leskiw, M. J., Schluter, M. D., Hoyt, R. W., Lane, H. W., Gretebeck, R. E., et al. (1999b). Energy expenditure and balance during spaceflight on the space shuttle. Am. J. Physiol. 276, R1739–R1748.

Stein, T. P., Schulter, M. D., and Boden, G. (1994). Development of insulin resistance by astronauts during spaceflight. Aviat. Space Environ. Med. 65, 1091–1096.

Stowe, R. P., Sams, C. F., Mehta, S. K., Kaur, I., Jones, M. L., Feeback, D. L., et al. (1999). Leukocyte subsets and neutrophil function after short-term spaceflight. J. Leukoc. Biol. 65, 179–186. doi: 10.1002/jlb.65.2.179

Suez, J., Zmora, N., Segal, E., and Elinav, E. (2019). The pros, cons, and many unknowns of probiotics. Nat. Med. 25, 716–729. doi: 10.1038/s41591-019-0439-x

Suez, J., Zmora, N., Zilberman-Schapira, G., Mor, U., Dori-Bachash, M., Bashiardes, S., et al. (2018). Post-Antibiotic Gut Mucosal Microbiome Reconstitution Is Impaired by Probiotics and Improved by Autologous FMT. Cell 174, 1406–1423. doi: 10.1016/j.cell.2018.08.047

Tascher, G., Gerbaix, M., Maes, P., Chazarin, B., Ghislin, S., Antropova, E., et al. (2019). Analysis of femurs from mice embarked on board BION-M1 biosatellite reveals a decrease in immune cell development, including B cells, after 1 wk of recovery on Earth. FASEB J. 33, 3772–3783. doi: 10.1096/fj.201801463r

Tauber, S., Hauschild, S., Paulsen, K., Gutewort, A., Raig, C., Hurlimann, E., et al. (2015). Signal transduction in primary human T lymphocytes in altered gravity during parabolic flight and clinostat experiments. Cell Physiol. Biochem. 35, 1034–1051. doi: 10.1159/000373930

Thaiss, C. A., Levy, M., Korem, T., Dohnalova, L., Shapiro, H., Jaitin, D. A., et al. (2016). Microbiota Diurnal Rhythmicity Programs Host Transcriptome Oscillations. Cell 167, 1495–1510. doi: 10.1016/j.cell.2016.11.003

Tian, P., Wang, G., Zhao, J., Zhang, H., and Chen, W. (2019). Bifidobacterium with the role of 5-hydroxytryptophan synthesis regulation alleviates the symptom of depression and related microbiota dysbiosis. J. Nutr. Biochem. 66, 43–51. doi: 10.1016/j.jnutbio.2019.01.007

Ticinesi, A., Lauretani, F., Milani, C., Nouvenne, A., Tana, C., Del Rio, D., et al. (2017). Aging gut microbiota at the cross-road between nutrition, physical frailty, and sarcopenia. is there a gut-muscle axis? Nutrients 9:1303. doi: 10.3390/nu9121303

Tobin, B. W., Uchakin, P. N., and Leeper-Woodford, S. K. (2002). Insulin secretion and sensitivity in space flight. diabetogenic effects. Nutrition 18, 842–848. doi: 10.1016/s0899-9007(02)00940-1

Turroni, S., Brigidi, P., Cavalli, A., and Candela, M. (2018). Microbiota-Host Transgenomic Metabolism, Bioactive Molecules from the Inside. J. Med. Chem. 61, 47–61. doi: 10.1021/acs.jmedchem.7b00244

Turroni, S., Rampelli, S., Biagi, E., Consolandi, C., Severgnini, M., Peano, C., et al. (2017). Temporal dynamics of the gut microbiota in people sharing a confined environment, a 520-day ground-based space simulation. MARS500. Microbiome 5:39.

Ueda, H. R., Chen, W., Minami, Y., Honma, S., Honma, K., Iino, M., et al. (2004). Molecular-timetable methods for detection of body time and rhythm disorders from single-time-point genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A. 101, 11227–11232. doi: 10.1073/pnas.0401882101

Valles-Colomer, M., Falony, G., Darzi, Y., Tigchelaar, E. F., Wang, J., Tito, R. Y., et al. (2019). The neuroactive potential of the human gut microbiota in quality of life and depression. Nat. Microbiol. 4, 623–632. doi: 10.1038/s41564-018-0337-x

Van den Bossche, L., Borsboom, D., Devriese, S., Van Welden, S., Holvoet, T., Devisscher, L., et al. (2017). Tauroursodeoxycholic acid protects bile acid homeostasis under inflammatory conditions and dampens Crohn’s disease-like ileitis. Lab. Invest. 97, 519–529. doi: 10.1038/labinvest.2017.6

Varian, B. J., Gourishetti, S., Poutahidis, T., Lakritz, J. R., Levkovich, T., Kwok, C., et al. (2016). Beneficial bacteria inhibit cachexia. Oncotarget 7, 11803–11816. doi: 10.18632/oncotarget.7730

Vetizou, M., Pitt, J. M., Daillere, R., Lepage, P., Waldschmitt, N., Flament, C., et al. (2015). Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science 350, 1079–1084. doi: 10.1126/science.aad1329

Voorhies, A. A., Mark, O. C., Mehta, S., Pierson, D. L., Crucian, B. E., Feiveson, A., et al. (2019). Study of the impact of long-duration space missions at the International Space Station on the astronaut microbiome. Sci. Rep. 9:9911.

Walsh, M. E., Bhattacharya, A., Sataranatarajan, K., Qaisar, R., Sloane, L., Rahman, M. M., et al. (2015). The histone deacetylase inhibitor butyrate improves metabolism and reduces muscle atrophy during aging. Aging Cell 14, 957–970. doi: 10.1111/acel.12387

Wang, B., Sun, S., Liu, M., Chen, H., Liu, N., Wu, Z., et al. (2020). Dietary L-Tryptophan Regulates Colonic Serotonin Homeostasis in Mice with Dextran Sodium Sulfate-Induced Colitis. J. Nutr. 150, 1966–1976. doi: 10.1093/jn/nxaa129

Wang, H., Braun, C., Murphy, E. F., and Enck, P. (2019). Bifidobacterium longum 1714 Strain Modulates Brain Activity of Healthy Volunteers During Social Stress. Am. J. Gastroenterol. 114, 1152–1162. doi: 10.14309/ajg.0000000000000203

Wang, Y., Zhao, W., Shi, J., Wang, J., Hao, J., Pang, X., et al. (2019). Intestinal microbiota contributes to altered glucose metabolism in simulated microgravity mouse model. FASEB J. 33, 10140–10151. doi: 10.1096/fj.201900238rr

Wang, T., Cai, G., Qiu, Y., Fei, N., Zhang, M., Pang, X., et al. (2012). Structural segregation of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J. 6, 320–329. doi: 10.1038/ismej.2011.109

Ward, C., Rettig, T. A., Hlavacek, S., Bye, B. A., Pecaut, M. J., and Chapes, S. K. (2018). Effects of spaceflight on the immunoglobulin repertoire of unimmunized C57BL/6 mice. Life Sci. Space Res. 16, 63–75. doi: 10.1016/j.lssr.2017.11.003

Wilson, J. W., Ott, C. M., Honerzu, B. K., Ramamurthy, R., Quick, L., Porwollik, S., et al. (2007). Space flight alters bacterial gene expression and virulence and reveals a role for global regulator Hfq. Proc. Natl. Acad. Sci. U.S.A. 104, 16299–16304. doi: 10.1073/pnas.0707155104

Wilson, J. W., Ott, C. M., Quick, L., Davis, R., Honerzu, B. K., Crabbe, A., et al. (2008). Media ion composition controls regulatory and virulence response of Salmonella in spaceflight. PLoS One 3:e3923. doi: 10.1371/journal.pone.0003923

Yamamoto, N., Otsuka, K., Kubo, Y., Hayashi, M., Mizuno, K., Ohshima, H., et al. (2015). Effects of long-term microgravity exposure in space on circadian rhythms of heart rate variability. Chronobiol. Int. 32, 327–340. doi: 10.3109/07420528.2014.979940

Yeh, T.-L., Shih, P.-C., Liu, S.-J., Lin, C. H., Liu, J. M., Lei, W. T., et al. (2018). The Influence of Prebiotic or Probiotic Supplementation on Antibody Titers After Influenza Vaccination. A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Drug Des. Devel. Ther. 25, 217–230. doi: 10.2147/dddt.s155110

Zeevi, D., Korem, T., Zmora, N., Israeli, D., Rothschild, D., Weinberger, A., et al. (2015). Personalized Nutrition by Prediction of Glycemic Responses. Cell 163, 1079–1094.

Zhang, Z., Tang, H., Chen, P., Xie, H., and Tao, Y. (2019). Demystifying the manipulation of host immunity, metabolism, and extraintestinal tumors by the gut microbiome. Signal. Transduct. Target Ther. 4:41.

Zhao, R. (2013). Immune regulation of bone loss by Th17 cells in oestrogen-deficient osteoporosis. Eur. J. Clin. Invest. 43, 1195–1202.

Zmora, N., Suez, J., and Elinav, E. (2019). You are what you eat. diet, health and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 16, 35–56. doi: 10.1038/s41575-018-0061-2

Zmora, N., Zilberman-Schapira, G., Suez, J., Mor, U., Dori-Bachash, M., Bashiardes, S., et al. (2018). Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and Microbiome Features. Cell 174, 1388–1405. doi: 10.1016/j.cell.2018.08.041

Zwart, S. R., Launius, R. D., Coen, G. K., Morgan, J. L., Charles, J. B., and Smith, S. M. (2014). Body mass changes during long-duration spaceflight. Aviat. Space Environ. Med. 85, 897–904. doi: 10.3357/asem.3979.2014


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 © 2020 Turroni, Magnani, KC, Lesnik, Vidal and Heer. 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/cover.jpg
frontiers
in Physiology

Gut Microbiome and Space
Travelers’ Health: State of the
Art and Possible Pro/Prebiotic

Strategies for Long-Term Space
Missions









OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Gut Microbiome and Space Travelers’ Health: State of the Art and Possible Pro/Prebiotic Strategies for Long-Term Space Missions



		INTRODUCTION



		GUT MICROBIOME CHANGES IN SPACEFLIGHT AND ANALOG STUDIES



		GUT MICROBIOME AND METABOLIC HEALTH



		GUT MICROBIOME AND THE MUSCULOSKELETAL SYSTEM



		GUT MICROBIOME AND NEUROBEHAVIORAL DISORDERS: POTENTIAL USE OF PRO/PSYCHOBIOTICS



		GUT MICROBIOME AND IMMUNE SYSTEM DECLINE



		LIMITATIONS AND NEXT STEPS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/logo.jpg
, frontiers
in Physiology





