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Abstract

:

Gut microbiota, a major contributor to human health, is influenced by physical activity and diet, and displays a functional cross-talk with skeletal muscle. Conversely, few data are available on the impact of hypoactivity, although sedentary lifestyles are widespread and associated with negative health and socio-economic impacts. The study aim was to determine the effect of Dry Immersion (DI), a severe hypoactivity model, on the human gut microbiota composition. Stool samples were collected from 14 healthy men before and after 5 days of DI to determine the gut microbiota taxonomic profiles by 16S metagenomic sequencing in strictly controlled dietary conditions. The α and β diversities indices were unchanged. However, the operational taxonomic units associated with the Clostridiales order and the Lachnospiraceae family, belonging to the Firmicutes phylum, were significantly increased after DI. Propionate, a short-chain fatty acid metabolized by skeletal muscle, was significantly reduced in post-DI stool samples. The finding that intestine bacteria are sensitive to hypoactivity raises questions about their impact and role in chronic sedentary lifestyles.
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1. Introduction


The human intestine houses 100 trillion bacteria, referred to as gut microbiota. These rich and diverse bacterial communities live in symbiosis with the host and play a key role in human health [1]. The gut microbiota composition is influenced by various factors, such as birth mode, living environment, diet, and antibiotic intake. Several studies have described links also with physical activity and energy expenditure, and recent reviews have highlighted the reciprocal interactions between physical activity and gut microbiota [1,2,3,4,5]. For instance, athletes display a specific gut microbiota composition. However, besides the intense physical activity, the dietary intake patterns of athletes are different from those of sedentary subjects [6] and this also might influence their gut microbiota composition [7,8]. Nevertheless, intervention studies with different training modalities in healthy sedentary or diseased populations (age-related pathologies, gastrointestinal diseases, metabolic or inflammatory diseases as obesity or osteoarthritis…) support the beneficial impact of exercise and physical activity on the gut microbiota [3,9,10].



The gut microbiota, as a modulator of the immune system, contributes to the intestinal homeostasis and gut integrity (permeability and inflammation) and also exerts a nutritional role through the production of vitamins and short chain fatty acids (SCFAs, used as fuel for epithelial cells and to regulate gene expression) and the regulation of lipid metabolism and low-grade inflammation [11,12]. In addition, our laboratory revealed a functional cross-talk between gut microbiota and skeletal muscle, a tissue with essential roles in energy balance regulation, body weight composition and physical performance. Specifically, we demonstrated in mice that gut microbiota depletion (by antibiotic treatment) affects the intrinsic contractile muscle endurance capacity and glucose homeostasis. These deleterious effects were normalized by reseeding with natural bacteria [13]. Studies using germ-free animal models or probiotics as a potential ergogenic aid to enhance physical performance [3,14] further support the hypothesis that targeted gut microbiota modulation is essential for muscle function and physical performance. All these findings pave the way for the development of therapeutic tools to manipulate the gut microbiota with the aim of optimizing (in athletes) or restoring muscle function (in patients with diseases that impair skeletal muscle, such as myopathies, cachexia, sarcopenia, or with “deconditioned” muscles due to hypoactivity).



On the other hand, the effects of hypoactivity on the human gut microbiota remain largely understudied. Limited data, derived from space medicine, suggest that gut bacteria are sensitive to microgravity because spaceflight affects the microbial composition of the astronauts’ gastrointestinal tract [15,16,17]. Currently, hypoactivity and sedentary lifestyles are widespread and have negative health and socio-economic consequences [18]. Epidemiological surveys by the World Health Organization indicate that in the world, 31% of the ≥15-year-old population has sedentary behavior and that sedentary lifestyles represent the fourth strongest risk factor of death in the world (6%). Indeed, lack of physical activity promotes obesity, cardiovascular diseases, type II diabetes, cancer, and skeletal muscle weakness. Therefore, the scientific and medical community should study the potential functional links between hypoactivity and gut microbiota composition, a major determinant of the host’s health.



The aim of this interventional study was to determine the effect of Dry Immersion (DI), an innovative severe hypoactivity model, on the gut microbiota composition of healthy men in strictly controlled dietary conditions. Analysis of the 16S rRNA metagenomic sequencing data allowed for determining the α and β diversity and the abundance of phyla, orders and families in stool samples collected before and after five days of DI. Our findings indicate that a short but severe physical inactivity period was enough to induce muscle atrophy and to cause several changes at the lower taxonomy levels and to the availability of microbe-derived propionate, whereas the gut microbiome global composition was preserved. As skeletal muscle, intestinal bacteria are sensitive to hypoactivity, raising questions on their mutual impacts and roles in chronic sedentary lifestyles.




2. Materials and Methods


2.1. Dry Immersion


To investigate the effects of physical inactivity on the human gut microbiota composition, the DI approach, previously described, was used [19]. Briefly, participants are loosely enveloped in elastic waterproof tarpaulin and then immersed in thermally neutral water. Therefore, they remain dry, hence the term of DI. DI accurately reproduces the effects of inactivity [20] quicker than the head-down bedrest model. Moreover, in this approach, supporting structures for the body are lacking. Recent studies that compared the cardiovascular, postural and neuromuscular changes after 21 days of bedrest and 3 days of DI reported similar effects (in amplitude), suggesting that DI induces much faster physiological changes due to weightlessness [21]. For this study, participants underwent DI for 5 days. In one group of participants, venoconstrictive thigh cuffs also were used, a countermeasure to sequester fluids in the lower limbs.




2.2. Participants


Twenty healthy men were recruited for this study, but two participants were excluded, for reasons unrelated to the protocol, four days before DI initiation (BDC-4). At BDC-2 (2 days before DI initiation), the remaining 18 men were randomly divided into the Control (n = 9) and Cuffs (n = 9) groups. Participants were anonymized and designated in data sets by single letters: B, E, F, I, K, M, O, Q and S were in the Control group, and A, C, D, G, H, J, N, P and R were in the Cuffs group. All participants were informed about the experimental procedures and signed written informed consent. The experimental protocol followed the standards set by the Declaration of Helsinki and was approved by the local Ethics Committee (CPP Est III: October 2, 2018, ID number RCB 2018-A01470-55) and French Health Authorities (ANSM: August 13, 2018; ClinicalTrials.gov Identifier: NCT03915457). Comparison (unpaired t-test) of the baseline characteristics of the two groups (Table 1) did not highlight any significant difference.




2.3. Body Composition and Diet


Fat and lean free mass were measured by dual-energy X-ray absorptiometry (DEXA) (Hologic, QDR 4500 C, Bedford, MA, USA) 4 days before DI (BDC-4), and after 5 days of DI (DI-5). The menu composition was identical for all participants from BDC-4 to day 2 of ambulatory recovery (R0, R + 1). Dietary intake was individually tailored and controlled throughout the study. The intake of carbohydrates (CHO), proteins, fatty acids, total water, fibers, minerals and vitamins was recorded each day from DI-4 to R + 1. The adequate water intake was fixed at 35–60 mL/kg/day; within this range water intake throughout the protocol was ad libitum (measured). The individual energy intake was calculated by multiplying the resting metabolic rate by the physical activity levels before and during DI (1.6 and 1.3, respectively).




2.4. Overall Study Design


The study was carried out at the MEDES space clinic, Toulouse, France from November 19, 2018 to March 23, 2019. Participants arrived at BDC-5 in the evening and left at R + 2 (recovery day 3) in the morning. The experimental protocol included four days of ambulatory baseline measurements before DI (BDC-4 to BDC-1), five days (120 h) of DI (DI-1 to DI-5), and two days of ambulatory recovery (R0, R + 1). In addition, one week before the protocol initiation, participants went to the MEDES clinic for resting metabolic rate measurement. DI was performed according to the methodology detailed in [22]. Participants were paired (n = 1 from the Control group and n = 1 from the Cuffs group). Each pair underwent DI simultaneously in the same room, in two separate baths (except for one Cuffs and one Control participant, C and M, who had no mate). The water temperature was continuously maintained in the thermal neutral zone. The light-off period was set at 23:00–07:00. Daily hygiene, weighing, and some specific measurements required extraction from the bath. During these out-of-bath periods, participants were in the −6° head-down position, a reliable position used in bedrest studies to maintain the physiological effects of microgravity [23]. The total out-of-bath supine time during DI was 9.7 ± 1.3h. From DI-1 to DI-4, the out-of-bath time was 1.1 ± 0.6 h/day. On DI-5, the out-of-bath time was 5.3 ± 1.1 h to carry out Magnetic Resonance Imaging. Otherwise, during DI, subjects remained immersed in a supine position and were continuously monitored by video camera. Body weight, blood pressure, heart rate and tympanic temperature were measured daily. Participants in the Cuffs group wore the thigh cuffs from 10:00 (just before DI initiation) to 18:00 at DI-1 and from 8:00 to 18:00 from DI-2 to DI-5. Thigh cuffs are elastic strips, adapted to each subject to obtain the same effects on lower limb venous distensibility with a counterpressure of about 30 mmHg. For each participant, cuff adjustment was determined by calf plethysmography, performed in the supine position at DI-2.




2.5. Stool Collection and Metagenomic Analysis


Stool samples were collected from all participants without any constraint before DI initiation (DI-0) and at DI-5. However, gut microbiota composition changes before and after DI were assessed in 14 participants because participants E, M, H, and R did not provide stool samples at DI-0 and DI-5. Stool samples were stored at −80 °C until analysis.



2.5.1. DNA Extraction from Feces


Total DNA was extracted from 0.1 g of fecal material using the G’NOME® kit (BIO 10, MPBio, La Jolla, CA, USA) with modifications [24]. Fecal samples were homogenized in the supplied cell suspension solution. Cell lysis/denaturing solution was then added and samples were incubated at 55 °C for 2 h. To improve cell lysis, 0.1 mm-diameter silica beads (750 μL) were added, and samples were mixed at maximum speed in a Fast-Prep (MPBio, La Jolla, CA, USA) for 4 min. Polyvinylpolypyrrolidone (PVPP, 15 mg) was added to ensure removal of polyphenol that could inhibit the quantitative PCR (qPCR) assays. Samples were vortexed and centrifuged at 20,000× g for 3 min, and supernatants were recovered. Pellets were washed with 400 μL of TENP (50 mM Tris (pH 8), 20 mM EDTA (pH 8), 100 mM NaCl, 1% PVPP) and centrifuged at 20,000× g for 3 min. After another washing step, supernatants were pooled. DNA was precipitated by addition of one volume of isopropanol, incubated at −20 °C for 20 min, and centrifugated at 20,000× g for 10 min. Pellets were resuspended in 400 μL of distilled water with 100 μL of salt-out mixture, and incubated at 4 °C for 10 min. After spinning at maximum speed for 10 min, DNA-containing supernatants were transferred to clean 1.5-mL microcentrifuge tubes. DNA was precipitated with two volumes of 100% ethanol at room temperature for 5 min followed by centrifugation at 16,000× g for 5 min. DNA was resuspended in 150 μL of TE buffer and stored at −20°C.




2.5.2. Evaluation of Total Bacteria by Real-Time qPCR Analysis of Bacterial 16 s rRNA Genes


The total bacteria present in the fecal samples of each participant was quantified by real-time qPCR using the universal primers F-bact1369 CGGTGAATACGTTCCCGG and R-prok1492 TACGGCTACCTTGTTACGACTT to target 16 S rRNA genes (“all bacteria” analysis) [24] and the StepOnePlus Real-Time PCR System (Applied Biosystems, Courtaboeuf, France). Each mixture contained 10 μL of Mastermix (PowerUpSybrGreen Master Mix, ThermoFisher Scientific, Courtaboeuf, France), 500 nM of forward and reverse primers, 5 μL of diluted cDNA template, and water to a final volume of 15 μL. All qPCR assays were performed in duplicate with the following cycling conditions: 50 °C for 2 min, then 95 °C for 2 min followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s, with a final melting step to improve the amplification specificity. For quantification, the Escherichia coli DNA standard curve was generated by plotting the threshold cycles (Ct) vs. bacterial quantity. The lower limit of detection for bacterial enumeration with good precision is 106 bacteria per gram of stool.




2.5.3. Phylum Abundance Quantification by Real-Time qPCR


Specific phyla were quantified using probes specific of the three main microbiota phyla, FirmicutesP (934F-Firm-5′-GGAGYATGTGGTTTAATTCGAAGCA-3′ and 1060-FirmR-5′-AGCTGACGACAACCATGCAC-3′), BacteroidetesP (MIBF-5′-GGCGACCGGCGCACGGG-3′ and MIBR-5′-GRCCTTCCTCTCAGAACCC-3′), ProteobacteriaP (ProteoF-5′-GCTCGTGTTGTGAAATGTTGG-3′ and ProteoR-5′-CGTAAGGGCCATGATGACTTG-3′), with the “all bacteria” protocol. The total number of bacteria was inferred from averaged standard curves as previously described [25,26]. For the quantification of FirmicutesP; BacteroidetesP, and ProteobacteriaP, standard curves were generated from serial dilutions of a known concentration of genomic DNA from Lactobacillus acidophilus, Bacteroides fragilis and E. coli, respectively.




2.5.4. Microbiota Composition Analysis by Sequencing


The V3-V4 region of the bacterial 16S rRNA genes was amplified using the bacterial primers 343F (5′-CTT TCC CTA CAC GAC GCT CTT CCG ATC TAC GGR AGG CAG CAG-3′) and 784R (5′-GGA GTT CAG ACG TGT GCT CTT CCG ATC TTA CCA GGG TAT CTA ATC CT-3′), modified to add adaptors during the PCR amplification, the MolTaq 16S DNA polymerase and the corresponding master mix (Molzym GmbH and Co.KG, Bremen, Germany). The PCR mix contained 10 ng of DNA, 1 µL of dNTPs (10 mM), 1.25 µL each of forward and reverse primer (20 µM), and 0.5 µL of Taq polymerase in a total volume of 50 µL. The cycling program was: 94 °C for 3 min, followed by 40 cycles at 94 °C for 15 s, 60 °C for 30 s, 72 °C for 60 s, and a final extension at 72 °C or 5 min. Sequencing was performed with the MiSeq technology (Illumina) at the Genopole Toulouse Midi-Pyrenees (GeT) genomics facility (http://get.genotoul.fr/; accessed on 25 October 2021).




2.5.5. Metagenomic Analysis


Sequencing data were demultiplexed at the GeT platform. The Galaxy-supported pipeline FROGS (Find, Rapidly, Otus with Galaxy Solution) was used to analyze the obtained sequences and produce abundance tables of Operational Taxonomic Units (OTUs) and their taxonomic affiliation [27]. The most abundant sequences of each OTU were then affiliated with blastn against the Silva v128 database [28]. Abundance tables and taxonomy files were manually imported into RStudio (v1.2.1335). Analyses were performed with the Phyloseq 1.28.0 [29] and ggplot2 [30] packages and custom scripts. Samples were rarefied to even sampling depths before computing the α diversity (Observed richness, Chao1, Shannon and InvSimpson) and β diversity (Jaccard, Bray-Curtis, UniFrac) indices. Principal Coordinate Analysis (PCoA) was also performed on dissimilarity matrices to obtain a two-dimensional representation of the samples. Alpha diversity data were compared using the paired t-test when the assumptions of normality and/or equal variance were met, or the Wilcoxon rank sum test. Beta diversity data were compared with permutational multivariate ANOVA (PERMANOVA) tests using 9999 random permutations and a significance level of 0.01. The relative abundances of phyla were compared using the paired t-test. Default parameters were used for picrust2 (except for the NSTI cut-off> set to 1) and we examined the MetaCyc ontology predictions [31].





2.6. Short-Chain Fatty Acid Analysis


SCFA analysis was carried out as described previously [32] using stool samples stored at −80 °C. Thawed samples were water-extracted and proteins were precipitated with phosphotungstic acid. SCFA analysis was performed using 0.1 μL of supernatant fraction and a gas-liquid chromatograph (CP7580; Agilent, Les Ulis, France) equipped with a split/splitless injector, a flame-ionization detector, and a capillary column (15 m × 0.53 mm, 0.5 μm) impregnated with SP 1000 (FSCAP Nukol; Supelco, Saint-Quentin-Fallavier, France). The carrier gas (H2) flow rate was 10 mL/min, and the inlet, column and detector temperatures were 200 °C, 100 °C and 240 °C, respectively. 2-Ethylbutyrate was used as internal standard. Samples were analyzed in duplicate. Data were collected and peaks integrated using the Turbochrom v 6 software (Perkin Elmer, Courtaboeuf, France).




2.7. Participant Flow and Statistics


Figure 1 shows the participants’ flow. All data are presented as the mean ± SEM. The normality of each distribution and homogeneity of variance were assessed with the Kolmogorov–Smirnov and Fischer’s exact test, respectively. This clinical trial was originally designed to assess the effects of thigh cuffs on the hematological, cardiovascular and musculoskeletal system responses induced by 5 days of DI. Statistical significance was checked using a two-way ANOVA for repeated measures. As cuffs did not have any significant effects on the gut microbiota composition (Supplementary Figures S1 and S2), the Results and Discussion sections only focus on DI effects on gut microbiota. The paired t-test was used to compare directly DI-0 and DI-5. The Wilcoxon rank sum test was chosen when the normality and/or equal variance tests failed. For all statistical analyses, the significance level was set at 0.05. Data were analyzed using the statistical package GraphPad Prism version 6.02 for Windows (GraphPad Software, La Jolla, CA, USA).





3. Results


3.1. Dry Immersion-Induced Muscle Atrophy Despite a Controlled and Preserved Nutrient Intake


The DEXA analysis (Table 2) showed that the whole body and leg lean masses significantly decreased between BDC-4 and DI-5 (−2.5%, p < 0.001; and −2.9%, p < 0.001, respectively), confirming the induction of muscle atrophy by 5 days of DI. The fat mass percentage was unchanged in all participants (24.0 ± 2.9% at BDC-4 and 23.9 ± 3.0% at DI-5). The daily nutrient intake (carbohydrates, proteins, total fat and fatty acids, water, fibers, main minerals, and vitamins) of each participant was recorded (Table 3 and Table 4). The daily caloric intake was ~2625 kcal before DI and 2160 kcal during the DI period (not significantly different). No time-effect of DI was observed on the nutrient intake.




3.2. The Abundance of the Main Microbiota Phyla Is Not Affected by Dry Immersion


To confirm the similar quantity and quality of DNA extraction between groups, an “all bacteria” qPCR analysis was performed (Figure 2a). As expected, overall, “all bacteria” quantity was comparable among subjects at DI-0 (12.71 ± 0.26 log of bacterial cells/g feces) and DI-5 (12.69 ± 0.22 log of bacterial cells/g feces), thus confirming the robustness of the extraction method. Moreover, the qPCR analysis suggested that the abundance of the three main phyla was not changed between DI-0 and DI-5: BacteroidetesP (11.66 ± 0.10 log10 vs. 11.62 ± 0.08 log10), FirmicutesP (11.72 ± 0.10 log10 vs. 11.68 ± 0.09 log10) and ProteobacteriaP (9.62 ± 0.18 log10 vs. 9.67 ± 0.14 log10) (Figure 2b). Due to its robustness, the “all bacteria” quantification was then used as a baseline control for phylum quantification by qPCR (“housekeeping” all-bacteria). Statistical analysis of each phylum abundance relative to the “all bacteria” abundance, expressed as 2−ΔΔCt, showed no difference before (DI-0) and DI-5 (Figure 2c). This was confirmed by the metagenomic analysis that did not show any variation in the abundance of these three main phyla and of Actinobacteria (see below).




3.3. Dry Immersion Does Not Significantly Affect α and β Diversity


To measure the overall microbiota changes after DI, the α and β diversity of the taxonomic profiles, obtained by 16S rRNA metagenomic sequencing of stool samples (n = 14 men), were compared before (DI-0) and after DI (DI-5). This analysis showed that α diversity (Observed, Chao1, Shannon and InvSimpson indices) was not modified by DI (Figure 3a). Moreover, the individual plots showed similar changes for all α diversity indices in all participants (Figure 3b), without significant differences between DI-0 and DI-5 (Observed: p = 0.166; Chao1: p = 0.984; Shannon: p = 0.121; InvSimpson: p = 0.348). These findings indicated the absence of DI effects on gut microbiota richness and evenness. Similarly, the PCoA plots (Figure 3c) established from dissimilarity matrices to explain the β diversity using the Jaccard (p = 0.998), Bray–Curtis (p = 0.997) and UniFrac (p = 0.999) indices did not detect any difference between DI-0 and DI-5. These results revealed the absence of DI effects on OTU diversity.




3.4. DI Affects OTUs Associated with the Clostridiales Order and the Lachnospiraceae Family with Impacts on Bacterial Functional Profiles Linked to Anaerobic Glycolysis


The metagenomic analysis gave similar results to the qPCR analysis for the individual and global phylum abundances (Figure 4a,b). The abundance of the four main phyla was not modified by 5 days of DI (Figure 4b). The total abundances of OTUs associated with orders belonging to the four main phyla for each participant are in Figure S3. The metagenomic analysis of the 32 families and 44 associated genera showed that 5 days of DI increased OTUs related to the Clostridiales order (Firmicutes family) from 65.5% up to 69.3% (p = 0.015; Figure 4c). Moreover, the Lachnospiraceae family (Firmicutes phylum) relative abundance was increased by DI (0.202 ± 0.01 at DI-0 vs. 0.241 ± 0.01 at DI-5; p < 0.01 (Figure 4d). The functional metagenomic contents inferred using PICRUSt2 analysis were examined to better understand how the bacterial functional profiles differed between DI-0 and DI-5. The MetaCyc ontology predictions showed that three pathways were significantly different using the Student t test: the homolactic fermentation (ANAEROFRUCAT-PWY; n = 14; DI-0 = 6350.5 ± 262.8 vs. DI-5 = 5289.1 ± 377.1; p-value = 0.035) and the glycolysis (GLYCOLYSIS; n = 14; DI-0 = 7399.8 ± 254.5 vs. DI-5 = 6300.0 ± 373.5; p-value = 0.027) in both pathways decreased in DI-5 vs. DI-0. Concerning the thiazole component of thiamine diphosphate biosynthesis I pathway (PWY-6892; n = 14; DI-0 = 5435.8 ± 160.8 vs. DI-5 = 6343.8 ± 272.6; p-value = 0.010), we highlighted an increase in DI-5 vs. DI-0.




3.5. Propionate Production Is Decreased by 5 Days of Dry Immersion


SCFAs quantification in stool samples highlighted a significant decrease of propionate concentration at DI-5 compared with DI-0 (17.8 ± 1.2 μmol/g feces at DI-0 vs. 16.0 ± 0.8 μmol/g feces at DI-5, p < 0.05) (Figure 5). DI did not have any effect on butyrate and acetate.





4. Discussion


Our results showed that a short period of severe hypoactivity, which is enough to induce skeletal muscle atrophy in healthy humans, increased the OTUs associated with the Clostridiales order and the Lachnospiraceae family, which belong to the Firmicutes phylum, without any effect on α- and β-diversity indices. Moreover, propionate, a SCFA metabolized by skeletal muscle, was significantly reduced in the stool samples collected after the hypoactivity period.



Head-down bedrest and more recently DI have been validated as reliable ground-based models to study the physiological effects of hypoactivity in humans and have been successfully used to describe and evaluate the muscle changes associated with reduced activity [19,23,33,34,35,36]. However, DI reproduces the effects of hypoactivity on the musculoskeletal system more rapidly than the head-down bedrest approach [19,35,36]. The negative impact of hypoactivity on the skeletal muscle mass is well-documented in healthy subjects during immobilization or with a sedentary lifestyle, during aging, in chronic diseases and also in microgravity. It is explained mainly by the loss of muscle mass and myofiber atrophy, induced by the deregulation of signaling pathways that regulate the protein balance in muscles (i.e., proteolysis, apoptosis) [34,37]. Studies in animal models and humans have shown that the decrease in muscle mass is exponential and involves major changes in the first days [38,39,40]. In the present study, DEXA analysis showed that 5 days of DI had a significant effect on leg lean mass (−2.5%), confirming the induction of skeletal muscle atrophy by DI. This result is in accordance with the significant reduction of myofiber cross-sectional area observed after 3 days of DI [19]. As the participants’ nutrient/calorie intake was strictly monitored and did not change significantly during the intervention, our study highlights a direct effect of hypoactivity on skeletal muscle atrophy, independent of the energy intake.



The current literature supports the notion that the gut microbiota composition is modulated by physical exercise and diet, with a functional “gut–skeletal muscle axis” [41] in healthy, athletes and in older adults. Conversely, the impact of hypoactivity on intestine bacteria remains largely unknown, and the available data come mainly from microgravity studies. The present work in healthy men, using DI, provides some original insights into this issue.



First, DI did not induce any significant global composition change at the phylum level, as already reported in human and murine spaceflight studies [16,32] despite the significant effect on muscle atrophy. Similarly, α and β diversities were not changed by 5 days of DI, partially in agreement with data from microgravity studies. Indeed, Voorhies and colleagues did not find any change in α diversity in humans after a spaceflight mission of 6 months to 1 year [16]. Conversely, β diversity was transiently modified during the spaceflight mission, but without any significant difference between the pre- and post-mission values. Similarly, Ritchie and colleagues did not observe any change in α diversity after 13 days of spaceflight in a murine model, but reported a different clustering by PCoA (β diversity) between the ground (control) and flight groups [42]. The absence of β diversity changes after DI in our study could confirm the stability of the human gut microflora [43].



On the other hand, at the lower taxonomy levels, DI induced significant alterations in OTUs assigned to the Clostridiales order and the Lachnospiraceae family. DI induced an increase in OTUs from the Clostridiales order, which represents ~70% of the Firmicutes phylum. Similarly, OTUs associated with the Clostridiales order were increased (+60%) in rats after 13 days of spaceflight [32]. The LachnospiraceaeF family is a phylogenetically and morphologically heterogeneous taxon belonging to the Clostridium cluster XIVa of the Firmicutes phylum [44]. In their hosts, this family of anaerobic bacteria produces SCFAs, converts primary to secondary bile acids, and promotes resistance against colonization by intestinal pathogens. In our study, the significant higher abundance of Lachnospiraceae-associated OTUs could be interpreted as a positive adaptation to hypoactivity because its reduction has been previously associated with negative health implications [44]. Moreover, the introduction of this family as probiotics increases the immune resistance against pathogenic bacteria, such as Clostridium difficile [45]. Nevertheless, Sorbara et al. highlighted the inter- and intra-species diversity of commensal bacterial species belonging to the Lachnospiraceae family, an important finding because a family member (Ruminococcus gnavus) has been implicated in Crohn’s disease pathogenesis [46]. These results suggest the potential impact of hypoactivity-related microbiota changes on systemic inflammation and immune components [17]. Interestingly, an increase of Lachnospiraceae OTUs was observed also in the hindlimb unloading mouse model of hypoactivity [47]. Similarly, various genera and species belonging to the Lachnospiraceae family were increased in mice after 37 days in the International Space Station [29]. These data suggest that the Lachnospiraceae family is particularly sensitive to hypoactivity and might play a key role in the hypoactivity–gut microbiota axis. Moreover, the functional metagenomic contents inferred by using PICRUSt2 analysis suggested bacterial anaerobic glycolysis pathway impairment. However, this interesting prediction would need further investigations in the future to delineate possible consequences on the host’s metabolism.



Finally, we found that the SCFA propionate was decreased in feces after 5 days of DI, suggesting that the hypoactivity period hampered its production in the intestine. Our results on the positive effect of DI positive Clostridiales and Lachnospiraceae abundance suggest a limited role of these bacteria in its production compared with other SCFA producers, such as Faecalibacterium, Succinivibrio, and Butyricimonas. Interestingly, SCFAs are the most studied putative mediators of the gut microbiota effect on skeletal muscle metabolism and function [41,48,49]. Thus, the propionate decrease after DI raises questions about its impact on muscle function because propionate metabolization is important for ATP production, and rectal inoculation of this SCFA increases treadmill running time in mice [14]. As DI was only for 5 days, we cannot exclude more important effects of a longer hypoactivity period on the gut microbiota composition, particularly on SCFA producers, and consequently on skeletal muscle metabolism and function [49]. Thus, the negative impact of hypoactivity on skeletal muscle could be partly explained by gut microbiota alterations and the associated SCFA-mediated metabolic effects. In this context, the head-down bedrest approach used to explore the effects of weightlessness and hypoactivity in humans for longer periods (up to several months) is a complementary and interesting strategy to further study the hypoactivity–gut microbiota–skeletal muscle axis.



Collectively, our findings suggest that the human gut microbiota, a major determinant of the host’s health, is sensitive to hypoactivity and justifies more research on this topic because sedentary lifestyles are widespread and have many negative health and socio-economic consequences. Future studies should investigate the mechanisms underlining the gut microbiota role in hypoactivity and disuse and the impact of hypoactivity on the “gut–skeletal muscle axis”. The integration of all these data might lead to the identification of key microbial taxa and microbial markers of hypoactivity that could be used to propose nutritional recommendations for targeted microbiota-based therapeutic approaches with the aim of limiting the negative impact of hypoactivity on the host’s health.
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The following are available online at https://www.mdpi.com/article/10.3390/nu13113865/s1, Figure S1: Absence of thigh-cuffs effect on α-diversity gut microbiota before (DI-0) and after (DI-5) 5-days Dry 2 Immersion in healthy men, Figure S2: Absence of thigh-cuffs effect on β-diversity gut microbiota before (DI-0) and after (DI-5) 5-days of Dry 4 Immersion in healthy men, Figure S3: Graphical representations of OTUs affiliated to families belonging to ActinobacteriaP, BacteroidetesP, 6 FirmicutesP and ProteobacteriaP before (DI-0) and after (DI-5) 5-days of Dry Immersion in healthy men.





Author Contributions


Conceptualization, M.J., B.G., A.C., K.N., F.D. and C.K.-R.; methodology, B.G., B.V., K.N., M.-P.B., A.B. (Arnaud Beck) and C.K.-R.; software, M.J., B.G., A.C., M.M., O.R. and C.K.-R.; validation, B.G., M.M., O.R., A.B. (Anne Bonnieu), F.D. and C.K.-R. ; formal analysis, M.J., B.G., K.N., A.C., B.V., M.-P.B., A.B. (Arnaud Beck) and C.K.-R.; investigation, B.G.; F.D., A.C., A.B. (Anne Bonnieu) and C.K.-R.; resources, B.G.; V.O., A.B. (Anne Bonnieu) and C.K.-R.; data curation, M.J., B.G., V.O. and C.K.-R.; writing—original draft preparation, M.J. and C.K.-R.; writing—review and editing, M.J., V.O. and C.K.-R.; visualization M.J., B.G., V.O., A.B. (Anne Bonnieu) and C.K.-R.; supervision, B.G. and C.K.-R.; project administration, A.C., A.B. (Anne Bonnieu), B.G. and C.K.-R.; funding acquisition, A.C. and C.K.-R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the French Centre National d’Etudes Spatiales (CNES), 4800000997 and 4800001079 grants. The work was also supported by INRAE and Brittany Council for materials and student fellowships.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of CPP Est III: October 2, 2018, no. ID RCB 2018-A01470-55) and French Health Authorities (ANSM: August 13, 2018, ClinicalTrials.gov Identifier: NCT03915457). The trial is registered in the ClinicalTrialsGov (NCT03915457).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patient(s) to publish this paper.




Data Availability Statement


Publicly available datasets were analyzed in this study. This data can be found here: https://data.inrae.fr/dataset.xhtml?persistentId=doi:10.15454/CGG7HW, accessed on 24 October 2021.




Acknowledgments


The authors thank the volunteers and the staff of MEDES for their participation in this protocol at the MEDES space clinic in 2018 and in 2019. Special thanks are due to Corinne Lombard, coordinator in charge of sampling and Pascale Vasseur in charge of the nutrition follow-up and to Guillemette Gauquelin-Koch in charge of the scientific coordination. We are grateful to the INRAE MIGALE bioinformatics facility (MIGALE, INRAE, 2020. Migale bioinformatics Facility, doi:10.15454/1.5572390655343293E12) for providing and storage resources. The authors wish to thank Veronique Douard for her gift of phyla primers. We would like to thank P. Gerard and C. Philippe for the SCFA analysis, and Vincent Darbot (INRAE-GenPhySE) to his helpful PICRUSt2 analysis for prediction of metagenome functions. The authors thank Elisabetta Andermarcher for expert manuscript editing.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Clemente, J.C.; Ursell, L.K.; Parfrey, L.W.; Knight, R. The impact of the gut microbiota on human health: An integrative view. Cell 2012, 148, 1258–1270. [Google Scholar] [CrossRef] [PubMed]

	



Mohr, A.E.; Jager, R.; Carpenter, K.C.; Kerksick, C.M.; Purpura, M.; Townsend, J.R.; West, N.P.; Black, K.; Gleeson, M.; Pyne, D.B.; et al. The athletic gut microbiota. J. Int. Soc. Sports Nutr. 2020, 17, 24. [Google Scholar] [CrossRef]

	



Marttinen, M.; Ala-Jaakkola, R.; Laitila, A.; Lehtinen, M.J. Gut Microbiota, Probiotics and Physical Performance in Athletes and Physically Active Individuals. Nutrients 2020, 12, 2936. [Google Scholar] [CrossRef]

	



Juarez-Fernandez, M.; Roman-Saguillo, S.; Porras, D.; Garcia-Mediavilla, M.V.; Linares, P.; Ballesteros-Pomar, M.D.; Urioste-Fondo, A.; Alvarez-Cuenllas, B.; Gonzalez-Gallego, J.; Sanchez-Campos, S.; et al. Long-Term Effects of Bariatric Surgery on Gut Microbiota Composition and Faecal Metabolome Related to Obesity Remission. Nutrients 2021, 13, 2519. [Google Scholar] [CrossRef] [PubMed]

	



Makin, S. Do microbes affect athletic performance? Nature 2021, 592, S17–S19. [Google Scholar] [CrossRef] [PubMed]

	



Charreire, H.; Kesse-Guyot, E.; Bertrais, S.; Simon, C.; Chaix, B.; Weber, C.; Touvier, M.; Galan, P.; Hercberg, S.; Oppert, J.M. Associations between dietary patterns, physical activity (leisure-time and occupational) and television viewing in middle-aged French adults. Br. J. Nutr. 2011, 105, 902–910. [Google Scholar] [CrossRef] [PubMed]

	



Son, J.; Jang, L.G.; Kim, B.Y.; Lee, S.; Park, H. The Effect of Athletes’ Probiotic Intake May Depend on Protein and Dietary Fiber Intake. Nutrients 2020, 12, 2947. [Google Scholar] [CrossRef]

	



Sheflin, A.M.; Melby, C.L.; Carbonero, F.; Weir, T.L. Linking dietary patterns with gut microbial composition and function. Gut Microbes 2017, 8, 113–129. [Google Scholar] [CrossRef]

	



Monda, V.; Villano, I.; Messina, A.; Valenzano, A.; Esposito, T.; Moscatelli, F.; Viggiano, A.; Cibelli, G.; Chieffi, S.; Monda, M.; et al. Exercise Modifies the Gut Microbiota with Positive Health Effects. Oxid. Med. Cell. Longev. 2017, 2017, 3831972. [Google Scholar] [CrossRef]

	



De Sire, A.; de Sire, R.; Petito, V.; Masi, L.; Cisari, C.; Gasbarrini, A.; Scaldaferri, F.; Invernizzi, M. Gut-Joint Axis: The Role of Physical Exercise on Gut Microbiota Modulation in Older People with Osteoarthritis. Nutrients 2020, 12, 574. [Google Scholar] [CrossRef]

	



Harmsen, H.J.; de Goffau, M.C. The Human Gut Microbiota. Adv. Exp. Med. Biol. 2016, 902, 95–108. [Google Scholar] [CrossRef]

	



Hooper, L.V.; Macpherson, A.J. Immune adaptations that maintain homeostasis with the intestinal microbiota. Nat. Rev. Immunol. 2010, 10, 159–169. [Google Scholar] [CrossRef] [PubMed]

	



Nay, K.; Jollet, M.; Goustard, B.; Baati, N.; Vernus, B.; Pontones, M.; Lefeuvre-Orfila, L.; Bendavid, C.; Rue, O.; Mariadassou, M.; et al. Gut bacteria are critical for optimal muscle function: A potential link with glucose homeostasis. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E158–E171. [Google Scholar] [CrossRef]

	



Scheiman, J.; Luber, J.M.; Chavkin, T.A.; MacDonald, T.; Tung, A.; Pham, L.D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.; Tierney, B.T.; et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate metabolism. Nat. Med. 2019, 25, 1104–1109. [Google Scholar] [CrossRef] [PubMed]

	



Garrett-Bakelman, F.E.; Darshi, M.; Green, S.J.; Gur, R.C.; Lin, L.; Macias, B.R.; McKenna, M.J.; Meydan, C.; Mishra, T.; Nasrini, J.; et al. The NASA Twins Study: A multidimensional analysis of a year-long human spaceflight. Science 2019, 364. [Google Scholar] [CrossRef]

	



Voorhies, A.A.; Mark Ott, C.; Mehta, S.; Pierson, D.L.; Crucian, B.E.; Feiveson, A.; Oubre, C.M.; Torralba, M.; Moncera, K.; Zhang, Y.; et al. Study of the impact of long-duration space missions at the International Space Station on the astronaut microbiome. Sci. Rep. 2019, 9, 9911. [Google Scholar] [CrossRef] [PubMed]

	



Crucian, B.E.; Chouker, A.; Simpson, R.J.; Mehta, S.; Marshall, G.; Smith, S.M.; Zwart, S.R.; Heer, M.; Ponomarev, S.; Whitmire, A.; et al. Immune System Dysregulation During Spaceflight: Potential Countermeasures for Deep Space Exploration Missions. Front. Immunol. 2018, 9, 1437. [Google Scholar] [CrossRef]

	



Guthold, R.; Stevens, G.A.; Riley, L.M.; Bull, F.C. Worldwide trends in insufficient physical activity from 2001 to 2016: A pooled analysis of 358 population-based surveys with 1.9 million participants. Lancet Glob. Health 2018, 6, e1077–e1086. [Google Scholar] [CrossRef]

	



Demangel, R.; Treffel, L.; Py, G.; Brioche, T.; Pagano, A.F.; Bareille, M.P.; Beck, A.; Pessemesse, L.; Candau, R.; Gharib, C.; et al. Early structural and functional signature of 3-day human skeletal muscle disuse using the dry immersion model. J. Physiol. 2017, 595, 4301–4315. [Google Scholar] [CrossRef]

	



Tomilovskaya, E.; Shigueva, T.; Sayenko, D.; Rukavishnikov, I.; Kozlovskaya, I. Dry Immersion as a Ground-Based Model of Microgravity Physiological Effects. Front. Physiol. 2019, 10, 284. [Google Scholar] [CrossRef]

	



Navasiolava, N.; Yuan, M.; Murphy, R.; Robin, A.; Coupe, M.; Wang, L.; Alameddine, A.; Gauquelin-Koch, G.; Gharib, C.; Li, Y.; et al. Vascular and Microvascular Dysfunction Induced by Microgravity and Its Analogs in Humans: Mechanisms and Countermeasures. Front. Physiol. 2020, 11, 952. [Google Scholar] [CrossRef]

	



De Abreu, S.; Amirova, L.; Murphy, R.; Wallace, R.; Twomey, L.; Gauquelin-Koch, G.; Raverot, V.; Larcher, F.; Custaud, M.A.; Navasiolava, N. Multi-System Deconditioning in 3-Day Dry Immersion without Daily Raise. Front. Physiol. 2017, 8, 799. [Google Scholar] [CrossRef]

	



Pavy-Le Traon, A.; Heer, M.; Narici, M.V.; Rittweger, J.; Vernikos, J. From space to Earth: Advances in human physiology from 20 years of bed rest studies (1986–2006). Eur. J. Appl. Physiol. 2007, 101, 143–194. [Google Scholar] [CrossRef]

	



Mariat, D.; Firmesse, O.; Levenez, F.; Guimaraes, V.; Sokol, H.; Dore, J.; Corthier, G.; Furet, J.P. The Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC Microbiol. 2009, 9, 123. [Google Scholar] [CrossRef]

	



Nakanishi, Y.; Murashima, K.; Ohara, H.; Suzuki, T.; Hayashi, H.; Sakamoto, M.; Fukasawa, T.; Kubota, H.; Hosono, A.; Kono, T.; et al. Increase in terminal restriction fragments of Bacteroidetes-derived 16S rRNA genes after administration of short-chain fructooligosaccharides. Appl. Environ. Microbiol. 2006, 72, 6271–6276. [Google Scholar] [CrossRef]

	



Furet, J.P.; Firmesse, O.; Gourmelon, M.; Bridonneau, C.; Tap, J.; Mondot, S.; Dore, J.; Corthier, G. Comparative assessment of human and farm animal faecal microbiota using real-time quantitative PCR. FEMS Microbiol. Ecol. 2009, 68, 351–362. [Google Scholar] [CrossRef]

	



Escudie, F.; Auer, L.; Bernard, M.; Mariadassou, M.; Cauquil, L.; Vidal, K.; Maman, S.; Hernandez-Raquet, G.; Combes, S.; Pascal, G. FROGS: Find, Rapidly, OTUs with Galaxy Solution. Bioinformatics 2018, 34, 1287–1294. [Google Scholar] [CrossRef]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Wickham, H. ggplot2: Elegants Graphics for Data Analysis; Springer: New York, NY, USA, 2009. [Google Scholar] [CrossRef]

	



Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [Google Scholar] [CrossRef]

	



Lan, A.; Bruneau, A.; Philippe, C.; Rochet, V.; Rouault, A.; Herve, C.; Roland, N.; Rabot, S.; Jan, G. Survival and metabolic activity of selected strains of Propionibacterium freudenreichii in the gastrointestinal tract of human microbiota-associated rats. Br. J. Nutr. 2007, 97, 714–724. [Google Scholar] [CrossRef]

	



Adams, G.R.; Caiozzo, V.J.; Baldwin, K.M. Skeletal muscle unweighting: Spaceflight and ground-based models. J. Appl. Physiol. 2003, 95, 2185–2201. [Google Scholar] [CrossRef]

	



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

	



Navasiolava, N.M.; Custaud, M.A.; Tomilovskaya, E.S.; Larina, I.M.; Mano, T.; Gauquelin-Koch, G.; Gharib, C.; Kozlovskaya, I.B. Long-term dry immersion: Review and prospects. Eur. J. Appl. Physiol. 2011, 111, 1235–1260. [Google Scholar] [CrossRef]

	



Treffel, L.; Mkhitaryan, K.; Gellee, S.; Gauquelin-Koch, G.; Gharib, C.; Blanc, S.; Millet, C. Intervertebral Disc Swelling Demonstrated by 3D and Water Content Magnetic Resonance Analyses after a 3-Day Dry Immersion Simulating Microgravity. Front. Physiol. 2016, 7, 605. [Google Scholar] [CrossRef]

	



Baldwin, K.M.; Haddad, F.; Pandorf, C.E.; Roy, R.R.; Edgerton, V.R. Alterations in muscle mass and contractile phenotype in response to unloading models: Role of transcriptional/pretranslational mechanisms. Front. Physiol. 2013, 4, 284. [Google Scholar] [CrossRef]

	



Cros, N.; Muller, J.; Bouju, S.; Pietu, G.; Jacquet, C.; Leger, J.J.; Marini, J.F.; Dechesne, C.A. Upregulation of M-creatine kinase and glyceraldehyde3-phosphate dehydrogenase: Two markers of muscle disuse. Am. J. Physiol. 1999, 276, R308–R316. [Google Scholar] [CrossRef]

	



Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F.J.; Na, E.; Dharmarajan, K.; et al. Identification of ubiquitin ligases required for skeletal muscle atrophy. Science 2001, 294, 1704–1708. [Google Scholar] [CrossRef]

	



Kawashima, S.; Akima, H.; Kuno, S.Y.; Gunji, A.; Fukunaga, T. Human adductor muscles atrophy after short duration of unweighting. Eur. J. Appl. Physiol. 2004, 92, 602–605. [Google Scholar] [CrossRef]

	



Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut Microbiota at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017, 9, 1303. [Google Scholar] [CrossRef]

	



Ritchie, L.E.; Taddeo, S.S.; Weeks, B.R.; Lima, F.; Bloomfield, S.A.; Azcarate-Peril, M.A.; Zwart, S.R.; Smith, S.M.; Turner, N.D. Space Environmental Factor Impacts upon Murine Colon Microbiota and Mucosal Homeostasis. PLoS ONE 2015, 10, e0125792. [Google Scholar] [CrossRef]

	



Leeming, E.R.; Johnson, A.J.; Spector, T.D.; Le Roy, C.I. Effect of Diet on the Gut Microbiota: Rethinking Intervention Duration. Nutrients 2019, 11, 2862. [Google Scholar] [CrossRef]

	



Vacca, M.; Celano, G.; Calabrese, F.M.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The Controversial Role of Human Gut Lachnospiraceae. Microorganisms 2020, 8, 573. [Google Scholar] [CrossRef]

	



Rainey, F.A. The Firmicutes. In Bergey’s Manual of Systematic Bacteriology; De Vos, P., Garrity, G.M., Jones, D., Krieg, N.R., Ludwig, W., Rainey, F.A., Schleifer, K.H., Whitman, W.B., Eds.; Springer: Dordrecht, The Netherlands; Heidelberg, Germany; London, UK; New York, NY, USA, 2009; Volume 3, p. 921. [Google Scholar]

	



Buffie, C.G.; Bucci, V.; Stein, R.R.; McKenney, P.T.; Ling, L.; Gobourne, A.; No, D.; Liu, H.; Kinnebrew, M.; Viale, A.; et al. Precision microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile. Nature 2015, 517, 205–208. [Google Scholar] [CrossRef]

	



Shi, J.; Wang, Y.; He, J.; Li, P.; Jin, R.; Wang, K.; Xu, X.; Hao, J.; Zhang, Y.; Liu, H.; et al. Intestinal microbiota contributes to colonic epithelial changes in simulated microgravity mouse model. FASEB J. 2017, 31, 3695–3709. [Google Scholar] [CrossRef]

	



Clark, A.; Mach, N. The Crosstalk between the Gut Microbiota and Mitochondria during Exercise. Front. Physiol. 2017, 8, 319. [Google Scholar] [CrossRef]

	



Frampton, J.; Murphy, K.G.; Frost, G.; Chambers, E.S. Short-chain fatty acids as potential regulators of skeletal muscle metabolism and function. Nat. Metab. 2020, 2, 840–848. [Google Scholar] [CrossRef]








[image: Nutrients 13 03865 g001 550] 





Figure 1. Participants’ flow chart. Twenty men were recruited to undergo dry immersion for 5 days. Before randomization, two participants were excluded. The remaining 18 men were divided in two groups: Control group (n = 9) and Cuffs group (with thigh cuffs; n = 9). Stool samples were collected at DI-0 and DI-5 for gut microbiota analysis. DI-0 = before Dry Immersion initiation; DI-5 = day 5 of Dry Immersion. 
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Figure 2. Gut microbiota composition analysis by qPCR. (a) “All bacteria” abundance evaluated by qPCR before (DI-0) and after 5 days of dry immersion (DI-5) in healthy men (n = 14). (b) Mean abundance of the three main gut microbiota phyla quantified by qPCR at DI-0 and DI-5 in healthy men (n = 14). (c) Mean abundance of each phylum by qPCR normalized to the “all bacteria” abundance at DI-0 and DI-5 in healthy men (n = 14). No significant difference between DI-0 and DI-5 for all panels (paired t-test); p = Phylum. Data are mean ± SEM. 
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Figure 3. α and β diversity indices before (DI-0) and after 5 days of Dry Immersion (DI-5) in healthy men (n = 14). (a) α-diversity evaluated with the Observed, Chao1, Shannon and InvSimpson indices. The paired t-test did not find any significant difference between time points. (b) Individual α-diversity evaluated with the Observed, Chao1, Shannon and InvSimpson indices. (c) β-diversity analysis using the Jaccard (p = 0.998), Bray–Curtis (p = 0.997) and UniFrac (p = 0.999) indices indicated no difference between DI-0 and DI-5 in microbial OTU absence/presence, abundance, or phylogeny (PERMANOVA analysis). Data are mean ± SEM. 
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Figure 4. Abundance of phyla by 16S rRNA sequencing. (a) Individual abundance of the four main gut microbiota phyla in humans before (DI-0) and after 5 days of dry immersion (DI-5) in healthy men (n = 14). (b) Comparison (t-test) of the abundance of these four phyla at DI-0 and DI5 in healthy men (n = 14). (c) Clostridiales order abundance is significantly increased by DI. (d) Lachnospiraceae family abundance is increased by 5 days of dry immersion. p = Phylum; O = Order; F = Family; * p < 0.05; ** p < 0.01 (paired t-test). Data are mean ± SEM. 
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Figure 5. SCFA quantification in stool samples (n = 14) collected before (DI-0) and after 5 days of dry immersion (DI-5). * p < 0.05 (paired Student-t test). Data are mean ± SEM. 
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Table 1. Baseline characteristics at day 2 before DI initiation (BDC-2).
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	CTL (n = 9)
	CUFFS (n = 9)
	ALL (n = 18)





	Age (years)
	33.4 ± 7.1
	33.8 ± 3.7
	33.6 ± 5.5



	Height (cm)
	176 ± 6
	180 ± 4
	178 ± 6



	Weight (kg)
	73.9 ± 7.5
	74.3 ± 8.8
	74.4 ± 8.0



	BMI (kg/m2)
	23.9 ± 1.7
	22.7 ± 1.8
	23.5 ± 1.9



	VO2max (ml/min/kg)
	46.5 ± 8.1
	46.9 ± 5.8
	46.7 ± 6.9



	Morning HR (bpm)
	57 ± 6
	58 ± 8
	58 ± 7



	Morning T (°C)
	36.4 ± 0.3
	36.4 ± 0.5
	36.4 ± 0.4



	Morning SBP (mmHg)
	115 ± 11
	117 ± 10
	116 ± 10



	Morning DBP (mmHg)
	68 ± 5
	68 ± 9
	68 ± 7







Data are the mean ± SD. BDC = Baseline Data Collection. BMI = Body Mass Index; VO2max = Maximal O2 Consumption; HR = Heart rate; T = Temperature; SPB = Systolic Blood Pressure; DPB = Diastolic Blood Pressure; DI = Dry Immersion; CTL = control group (no thigh cuffs); CUFFS = with thigh cuffs; ALL = whole samples. Statistical significance was checked using an unpaired T-test.
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Table 2. Impact of 5 days of dry immersion on whole body and leg (right and left) lean mass.
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CTL (n = 9)

	
CUFFS (n = 9)

	
ALL (n = 18)






	
Whole body lean mass (kg)




	
BDC-4

	
55.5 ± 4.7

	
55.8 ± 6.7

	
55.6 ± 5.6




	
DI-5

	
54.2 ± 4.5 ***

	
54.3 ± 6.5 ***

	
54.2 ± 5.4 ***




	
Leg lean mass (kg)




	
BDC-4

	
18.3 ± 2.5

	
18.4 ± 1.9

	
18.3 ± 2.2




	
DI-5

	
17.6 ± 2.1 ***

	
17.7 ± 1.7 ***

	
17.7 ± 1.9 ***








Data are the mean ± SD. DI = Dry Immersion; BDC = Baseline Data Collection; CTL = control group; CUFFS = group with cuffs; ALL = whole samples. Only the time effect (DI-5 vs. BDC-4) was significant (*** p < 0.001), whereas no group or interaction effects were observed (two-way ANOVA).
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Table 3. Daily Nutrient Intake.
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Time

	
Precribed Energy (Kcal)

	
Energy (kcal)

	
Carbohydrates (g)

	
Proteins (g)

	
Total Fat (g)

	




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	

	






	
BDC-4

	
2624.8

	
241.7

	
2625.1

	
241.3

	
304.0

	
28.4

	
81.5

	
8.0

	
101.2

	
9.3

	

	




	
BDC-3

	
2624.8

	
241.7

	
2624.8

	
241.6

	
322.6

	
30.9

	
85.1

	
8.4

	
103.9

	
9.8

	

	




	
BDC-2

	
2624.8

	
241.7

	
2624.6

	
241.5

	
324.5

	
32.3

	
86.7

	
8.4

	
102.7

	
9.3

	

	




	
BDC-1

	
2624.8

	
241.7

	
2624.6

	
241.2

	
322.8

	
34.4

	
87.4

	
8.9

	
101.3

	
8.8

	

	




	
DI-1

	
2160.1

	
205.7

	
2152.0

	
210.

	
252.8

	
27.6

	
80.6

	
6.3

	
82.3

	
8.7

	

	




	
DI-2

	
2160.1

	
205.7

	
2160.5

	
205.2

	
250.9

	
24.3

	
78.3

	
7.4

	
86.3

	
9.0

	

	




	
DI-3

	
2160.1

	
205.7

	
2160.4

	
205.7

	
255.5

	
23.0

	
85.7

	
9.7

	
83.5

	
8.9

	

	




	
DI-4

	
2160.1

	
205.7

	
2160.2

	
205.5

	
252.7

	
24.6

	
82.4

	
7.8

	
83.6

	
8.1

	

	




	
DI-5

	
2160.1

	
205.7

	
2160.5

	
205.5

	
237.5

	
25.1

	
75.3

	
7.9

	
81.6

	
8.1

	

	




	
R+0

	
2658.8

	
253.1

	
2658.6

	
253.0

	
328.0

	
31.5

	
84.8

	
7.6

	
105.3

	
10.7

	

	




	
R+1

	
2658.8

	
253.1

	
2658.9

	
253.0

	
325.9

	
30.7

	
85.8

	
8.0

	
102.8

	
10.7

	

	




	
Time

	
Saturated fatty acids (g)

	
Monounsaturated fatty acids (g)

	
Polyunsaturated fatty acids (g)

	
Total water (g)

	
Fibers (g)

	




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD




	
BDC-4

	
36.1

	
3.6

	
34.7

	
3.9

	
22.9

	
2.2

	
3422.6

	
530.2

	
39.2

	
3.3




	
BDC-3

	
35.6

	
3.3

	
31.1

	
3.4

	
24.5

	
2.5

	
3462.5

	
485.0

	
35.0

	
2.8




	
BDC-2

	
28.1

	
2.5

	
41.8

	
5.1

	
22.6

	
1.5

	
3585.2

	
450.0

	
35.7

	
3.4




	
BDC-1

	
23.6

	
2.3

	
38.1

	
3.8

	
27.2

	
3.3

	
3490.4

	
532.8

	
40.1

	
2.8




	
DI-1

	
17.8

	
2.1

	
31.1

	
4.5

	
24.8

	
2.6

	
3043.0

	
608.6

	
36.1

	
3.1




	
DI-2

	
25.5

	
3.1

	
33.5

	
3.6

	
17.2

	
2.0

	
3307.3

	
492.8

	
32.1

	
2.2




	
DI-3

	
24.0

	
2.7

	
31.7

	
3.8

	
19.1

	
1.9

	
3199.1

	
504.4

	
28.5

	
2.2




	
DI-4

	
21.9

	
2.2

	
29.4

	
3.7

	
20.3

	
2.1

	
3287.9

	
465.1

	
33.3

	
2.9




	
DI-5

	
30.3

	
2.9

	
27.2

	
3.9

	
18.0

	
1.8

	
3111.8

	
552.1

	
33.1

	
3.1




	
R+0

	
35.0

	
4.0

	
32.0

	
3.6

	
25.5

	
2.9

	
4032.4

	
616.5

	
35.1

	
2.7




	
R+1

	
22.4

	
2.3

	
41.3

	
5.8

	
29.3

	
3.0

	
3793.3

	
548.3

	
46.2

	
3.5




	
Time

	
Sodium

(mg)

	
Chloride

(mg)

	
Potassium

(mg)

	
Calcium

(mg)

	
Magnesium

(mg)

	
Phosphorus

(mg)




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD




	
BDC-4

	
3632.3

	
373.6

	
6656.0

	
674.7

	
3548.1

	
286.3

	
1360.5

	
112.5

	
353.3

	
33.1

	
1319.2

	
120.7




	
BDC-3

	
3726.3

	
349.3

	
7027.0

	
670.3

	
4974.4

	
427.3

	
1399.9

	
150.6

	
392.5

	
36.0

	
1620.3

	
169.3




	
BDC-2

	
3109.2

	
284.2

	
5308.4

	
460.8

	
3424.1

	
229.2

	
1231.7

	
74.5

	
419.5

	
31.9

	
1134.7

	
89.9




	
BDC-1

	
4006.2

	
424.4

	
7255.6

	
757.7

	
4480.5

	
284.8

	
1327.9

	
103.8

	
479.4

	
29.5

	
1364.8

	
113.2




	
DI-1

	
2392.5

	
208.0

	
4787.9

	
373.0

	
3440.3

	
211.0

	
1118.4

	
102.9

	
398.3

	
26.3

	
1396.3

	
107.7




	
DI-2

	
3034.6

	
308.5

	
5364.8

	
542.1

	
2986.5

	
186.7

	
1025.9

	
101.6

	
322.9

	
23.5

	
1260.0

	
112.6




	
DI-3

	
2837.7

	
266.5

	
4856.9

	
392.7

	
3101.4

	
132.9

	
1133.3

	
106.3

	
375.9

	
26.3

	
1071.1

	
106.0




	
DI-4

	
3620.7

	
331.0

	
6478.1

	
607.5

	
3690.0

	
329.5

	
1233.0

	
95.8

	
406.4

	
32.8

	
1247.1

	
109.9




	
DI-5

	
3036.4

	
280.8

	
5509.5

	
503.0

	
3286.5

	
274.2

	
1254.1

	
122.3

	
310.6

	
24.6

	
1198.9

	
102.4




	
R+0

	
3755.6

	
299.8

	
6953.9

	
578.0

	
4953.1

	
333.9

	
1407.2

	
146.0

	
408.7

	
33.8

	
1614.4

	
148.7




	
R+1

	
2706.0

	
197.8

	
5305.3

	
384.5

	
3934.8

	
283.6

	
1251.3

	
115.6

	
463.9

	
39.0

	
1511.9

	
142.2








Data are the mean ± SD; BDC-4: Baseline Data Collection, four days before DI; BDC-3: Baseline Data Collection, three days before DI; BDC-2 : Baseline Data Collection, two days before DI; BDC-1 : Baseline Data Collection, one day before DI; DI 1: first day of Dry Immersion; DI 2: second day of Dry Immersion; DI 3: third day of Dry Immersion; DI 4: fourth day of Dry Immersion; DI 5: fifth day of Dry Immersion; R + 0: first day of ambulatory recovery; R + 1: second day of ambulatory recovery; no time effect (two-way ANOVA for repeated measures).
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Table 4. Daily Vitamin Intake.






Table 4. Daily Vitamin Intake.





	
Time

	
Vitamin A (µg_RE)

	
Vitamin K (µg)

	
Vitamin C (mg)

	
Niacin (vit PP) (mg)

	
Riboflavin (vit B-2) (mg)




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
BDC-4

	
1736.2

	
162.2

	
301.8

	
29.2

	
406.0

	
45.0

	
30.9

	
3.1

	
2.3

	
0.2




	
BDC-3

	
911.7

	
123.8

	
520.7

	
51.5

	
191.7

	
18.8

	
43.1

	
4.6

	
2.1

	
0.2




	
BDC-2

	
2712.2

	
149.3

	
95.6

	
10.2

	
86.64

	
10.7

	
29.0

	
3.1

	
1.7

	
0.1




	
BDC-1

	
898.4

	
56.6

	
483.6

	
35.7

	
402.3

	
16.9

	
37.0

	
3.6

	
2.1

	
0.2




	
DI-1

	
1924.8

	
123.0

	
496.5

	
37.1

	
179.5

	
14.9

	
46.2

	
3.8

	
1.6

	
0.1




	
DI-2

	
826.1

	
48.4

	
487.5

	
47.6

	
170.2

	
13.0

	
31.4

	
2.8

	
2.0

	
0.1




	
DI-3

	
2397.6

	
169.1

	
74.4

	
5.8

	
71.2

	
6.6

	
28.5

	
3.3

	
1.5

	
0.1




	
DI-4

	
830.8

	
59.1

	
473.5

	
38.7

	
358.0

	
34.0

	
34.9

	
3.2

	
1.9

	
0.2




	
DI-5

	
1489.1

	
111.4

	
277.5

	
27.0

	
372.5

	
43.3

	
28.3

	
2.8

	
2.0

	
0.2




	
R+0

	
878.2

	
131.2

	
503.2

	
41.6

	
194.5

	
23.6

	
43.3

	
3.4

	
2.1

	
0.2




	
R+1

	
2162.4

	
219.0

	
507.9

	
51.2

	
210.8

	
19.1

	
46.9

	
4.6

	
1.9

	
0.2




	
Time

	
Pantothenic Acid

(vit B-5) (mg)

	
Thiamin

(vit B-1) (mg)

	
Vitamin D

(µg)

	
Biotin

(vit H) (µg)

	

	




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	

	




	
BDC-4

	
6.7

	
0.6

	
2.0

	
0.2

	
1.5

	
0.5

	
33.7

	
2.6

	

	




	
BDC-3

	
8.0

	
0.8

	
2.0

	
0.2

	
3.1

	
0.5

	
57.0

	
5.9

	

	




	
BDC-2

	
5.5

	
0.4

	
1.8

	
0.1

	
2.9

	
0.2

	
42.8

	
2.9

	

	




	
BDC-1

	
6.6

	
0.5

	
2.3

	
0.2

	
1.5

	
0.2

	
45.4

	
3.6

	

	




	
DI-1

	
5.8

	
0.4

	
1.8

	
0.1

	
2.9

	
0.3

	
50.2

	
3.9

	

	




	
DI-2

	
5.2

	
0.3

	
1.3

	
0.1

	
1.8

	
0.3

	
42.6

	
2.9

	

	




	
DI-3

	
5.0

	
0.4

	
1.6

	
0.1

	
2.7

	
0.3

	
37.6

	
2.8

	

	




	
DI-4

	
6.0

	
0.5

	
2.1

	
0.2

	
1.4

	
0.1

	
36.1

	
3.3

	

	




	
DI-5

	
6.0

	
0.5

	
1.6

	
0.1

	
1.1

	
0.1

	
28.5

	
3.0

	

	




	
R+0

	
7.9

	
0.7

	
2.0

	
0.2

	
3.2

	
0.4

	
56.7

	
6.1

	

	




	
R+1

	
6.4

	
0.5

	
2.2

	
0.2

	
3.0

	
0.3

	
57.4

	
4.6

	

	




	
Time

	
Vitamin E

(mg)

	
Vitamin B-12

(cobalamin) (µg)

	
Vitamin B-6

(mg)

	
Folate

(vit B9) (µg)

	

	




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	

	




	
BDC-4

	
23.9

	
2.7

	
3.9

	
0.5

	
2.1

	
0.2

	
485.8

	
44.1

	

	




	
BDC-3

	
25.7

	
2.6

	
4.3

	
0.6

	
2.4

	
0.2

	
542.2

	
56.4

	

	




	
BDC-2

	
25.2

	
3.1

	
3.6

	
0.3

	
2.0

	
0.2

	
315.0

	
21.4

	

	




	
BDC-1

	
28.3

	
3.1

	
3.0

	
0.4

	
3.3

	
0.2

	
487.8

	
28.0

	

	




	
DI-1

	
30.9

	
3.3

	
4.1

	
0.4

	
2.5

	
0.2

	
517.3

	
46.5

	

	




	
DI-2

	
16.4

	
1.7

	
3.5

	
0.4

	
2.0

	
0.1

	
383.0

	
21.1

	

	




	
DI-3

	
19.4

	
2.1

	
3.6

	
0.4

	
1.8

	
0.1

	
268.9

	
17.1

	

	




	
DI-4

	
20.3

	
2.1

	
3.1

	
0.3

	
2.8

	
0.3

	
419.0

	
33.3

	

	




	
DI-5

	
19.3

	
2.1

	
4.0

	
0.5

	
1.8

	
0.1

	
442.3

	
44.5

	

	




	
R+0

	
25.7

	
2.6

	
4.3

	
0.5

	
2.4

	
0.2

	
553.5

	
63.8

	

	




	
R+1

	
37.8

	
4.0

	
3.8

	
0.5

	
2.8

	
0.2

	
633.9

	
49.1

	

	








Data are the mean ± SD; BDC-4: Baseline Data Collection, four days before DI; BDC-3: Baseline Data Collection, three days before DI; BDC-2: Baseline Data Collection, two days before DI; BDC-1: Baseline Data Collection, one day before DI; DI 1: first day of Dry Immersion; DI 2: second day of Dry Immersion; DI 3: third day of Dry Immersion; DI 4: fourth day of Dry Immersion; DI 5: fifth day of Dry Immersion; R + 0: first day of ambulatory recovery; R + 1: second day of ambulatory recovery; no time effect (two-way ANOVA for repeated measures).
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