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Regular physical activity seems to have a positive effect on the microbiota composition of the elderly, but little is known about the added possible benefits of strenuous endurance training. To gain insight into the physiology of the elderly and to identify biomarkers associated with endurance training, we combined different omics approaches. We aimed to investigate the gut microbiome, plasma composition, body composition, cardiorespiratory fitness, and muscle strength of lifetime elderly endurance athletes (LA) age 63.5 (95% CI 61.4, 65.7), height 177.2 (95% CI 174.4, 180.1) cm, weight 77.8 (95% CI 75.1, 80.5) kg, VO2max 42.4 (95% CI 39.8, 45.0) ml.kg–1.min–1 (n = 13) and healthy controls age 64.9 (95% CI 62.1, 67.7), height 174.9 (95% CI 171.2, 178.6) cm, weight 83.4 (95% CI 77.1, 89.7) kg, VO2max 28.9 (95% CI 23.9, 33.9), ml.kg–1.min–1 (n = 9). Microbiome analysis was performed on collected stool samples further subjected to 16S rRNA gene analysis. NMR-spectroscopic analysis was applied to determine and compare selected blood plasma metabolites mostly linked to energy metabolism. The machine learning (ML) analysis discriminated subjects from the LA and CTRL groups using the joint predictors Bacteroides 1.8E + 00 (95% CI 1.1, 2.5)%, 3.8E + 00 (95% CI 2.7, 4.8)% (p = 0.002); Prevotella 1.3 (95% CI 0.28, 2.4)%, 0.1 (95% CI 0.07, 0.3)% (p = 0.02); Intestinimonas 1.3E-02 (95% CI 9.3E-03, 1.7E-02)%, 5.9E-03 (95% CI 3.9E-03, 7.9E-03)% (p = 0.002), Subdoligranulum 7.9E-02 (95% CI 2.5E-02, 1.3E-02)%, 3.2E-02 (95% CI 1.8E-02, 4.6E-02)% (p = 0.02); and the ratio of Bacteroides to Prevotella 133 (95% CI -86.2, 352), 732 (95% CI 385, 1079.3) (p = 0.03), leading to an ROC curve with AUC of 0.94. Further, random forest ML analysis identified VO2max, BMI, and the Bacteroides to Prevotella ratio as appropriate, joint predictors for discriminating between subjects from the LA and CTRL groups. Although lifelong endurance training does not bring any significant benefit regarding overall gut microbiota diversity, strenuous athletic training is associated with higher cardiorespiratory fitness, lower body fat, and some favorable gut microbiota composition, all factors associated with slowing the rate of biological aging.
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INTRODUCTION

Systematic and regular physical work and exercise are associated with a plethora of health benefits. They help to sustain or even improve physical and mental functions and moods among the elderly. They can also reverse some chronic disease conditions and help the elderly to stay mobile and self-sufficient (McPhee et al., 2016). Despite the frequently communicated benefits of physical activity and healthy aging, the overwhelming majority of older people in western countries do not meet the globally recommended levels of physical activity necessary to maintain a healthy status (Luzak et al., 2017; UK Chief Medical Officers (CMO), 2019). Insufficient physical activity among middle-aged adults indicates a further need for physical activity promotion in order to gain health benefits. The health-related issues associated with aging involve slow deterioration of the immune system (Sellami et al., 2018), endocrine alterations such as those associated with menopause in women and andropause in men (Janssen, 2016), loss of bone mass or density (osteoporosis) (Hoffman et al., 2019), muscle mass and muscle strength decline (Saini et al., 2009), progressive cognitive decline (Damoiseaux, 2017), and overall deterioration of physical fitness (Shephard, 2009). The most recent findings suggest a link between changes in the composition of gut microbiota and the aging process itself. Thus, the therapeutic potential of microbiome-targeted interventions represents a major focus for research in the field of geriatric and regenerative medicine (Rondanelli et al., 2015; Vaiserman et al., 2017).

Compared to the younger adult population, the elderly show reduced microbiota diversity, characterized by significant interindividual variability, with lower numbers of Firmicutes, Bifidobacteria, Clostridium cluster XIV, Faecalibacterium prausnitzii, Blautia coccoides, and Eubacterium rectale and an increased presence of Enterobacteriaceae and Bacteroidetes (Rondanelli et al., 2015). In addition to the many publications regarding the benefits of regular physical activity, newly published data show that physical exercise performed at least at the level recommended by the World Health Organization (WHO) can modify the composition of gut microbiota (Bressa et al., 2017). Furthermore, short-chain fatty acids (SCFAs) are the main fermentation products of the gut microbiota and provide the link between the gut microbiota and an individual’s physiology (Nishitsuji et al., 2017). However, there is paucity of information on whether the gut microbiota of elderly athletes engaged in life-long high-endurance exercise training differ from that of seniors whose physical activity meets the minimal requirements recommended by the WHO.

Therefore, the objective of the present study was (a) to perform an observational study comparing the composition of the gut microbiota, selected plasma metabolites, physical fitness, and body characteristics of lifetime high-endurance athletes (LA) lifetime elderly endurance athletes and subjects who meet the minimum recommended physical activity levels (CTRL) (Chodzko-Zajko et al., 2009), and (b) to investigate the association between gut microbiota community structures and body composition, cardiorespiratory fitness, muscle strength, and metabolic characteristics. We hypothesized that the gut microbiota composition of lifetime elderly endurance athletes (LA) and healthy controls (CTRL) would differ. We expected a higher alpha diversity of microbiota in LA defined by the Shannon and Simpson index. We also expected to find specific microbes at different taxonomic levels and metabolites showing associations with metabolic health markers.



MATERIALS AND METHODS


Recruitment and Group Characteristics


Cohort Recruitment

The cohort of healthy elderly men was recruited by the staff at the Hamar Institute for Human Performance at the Faculty of Physical Education and Sports of Comenius University in Bratislava, Slovakia during a 2-year period. All of them were Caucasian and inhabitants of Slovakia. In total, 34 subjects were examined, but only 22 met the strict inclusion and exclusion criteria. They were divided into two subgroups: LA (N = 13) and CTRL (N = 9). All of the participants provided their written informed consent. The study was conducted according to the Helsinki Declaration and approved by the Ethics Committee of the Faculty of Physical Education and Sport Comenius University (FTVS UK-6/19). The inclusion criteria were as follows: (a) all athletes were between 60 and 70 years of age, (b) the LA reported active sport history and structured, lifelong endurance exercise training at least four times per week, and (c) the CTRL reported no active sport history but met the recommendations on physical activity for older adults (Chodzko-Zajko et al., 2009).

The exclusion criteria included previous history of major gastrointestinal surgery, active gastrointestinal bleeding or inflammation; inflammatory bowel disease (IBD); cancer; diabetes mellitus; and without special eating history (e.g., vegan) and poor dietary habits. Subjects were excluded if they had taken antibiotics, antifungal drugs, or probiotics less than 2 months prior to the start of the study; had constipation or diarrhea or some digestive problems less than 3 weeks prior to the start of the study; and healthy elderly subjects who had no active chronic diseases such as hypertension and coronary artery disease, liver disease, infectious diseases, or chronic inflammatory or autoimmune disorders (all diagnosed prior to or less than the 2 months prior to the trial). Smoking, alcohol abuse, or drug abuse were included in the exclusion criteria. Candidates with an inadequate caloric intake and negative energy balance were also excluded.



Nutritional Data

Nutritional data were collected by means of a 24-h dietary recording over five consecutive days to assess the participants’ habitual diet. All participants were instructed to measure and monitor complete daily food intake and to make notes after each meal. The recorded information was assessed by a research nutritionist utilizing Planeat software (Planeat s.r.o, Bratislava, Slovakia). As a result, information regarding ingested carbohydrates, proteins, fats, fiber, and energy content was gathered. The food items not listed in the software were manually added as required.



Cardiorespiratory and Physical Fitness (VO2max)

To test cardiorespiratory fitness (VO2max), the subjects underwent a maximum incremental test on a bicycle ergometer (COSMED Metabolic Company, Rome, Italy). Environmental conditions were standardized, the temperature was maintained at 20°C, and relative humidity ranged between 50 and 60%. After an initial familiarization, the warm-up was comprised of 5 min of cycling at a power output of 0.5 w.kg–1, and the load was increased by 0.25 w.kg–1 every min until volitional exhaustion. To record the maximum workload, the last step should have been held for an entire minute. We intended to meet the criteria to achieve maximum effort within 8 to 12 min (American College of Sports Medicine (ACSM), 2013). Confirmation of maximum exhaustion was met if at least one of the two following objective criteria or two of the three following criteria for maximum exhaustion were met: maximum heart rate >200 minus age, RER peak >1.10, and assessment of perceived exertion >18 (Borg Scale 6–20) (Howley et al., 1995; Midgley et al., 2007). Two exercise physiologists supervised the procedures during the testing. VO2 data collected during the last 10 s of each workload were averaged.

Knee extension isometric strength was performed in a seated position on a backward-inclined (15°) chair by a dynamometer (S2.0 Science to Practice, Ljubljana, Slovenia). The hips and shoulders were stabilized and secured with safety belts. The rotational axis of the dynamometer was aligned with the transverse knee-joint axis and connected to the distal end of the tibia using a length-adjustable rigid lever arm. The subjects performed a maximum voluntary isometric contraction of the knee extensors twice. The knee-joint angle was 130°. The isometric contractions lasted for 3 s and were separated by a 2-min rest interval. The highest torque (Nm) was recorded as isometric strength performance.

Maximum isometric handgrip force was recorded over 10 s using a handheld hand-grip ergometer (EH101—electronic hand dynamometer, Camry, Hong Kong, China).



Body Composition

Anthropometric parameters including weight and height were measured twice and averaged. Body mass index (BMI) was calculated by body weight (in kilograms) divided by height squared (in meters) expressed in units of kg/m2. The InBody 720 multifrequency impedance analyzer (Biospace Co., Ltd., Seoul, Korea) was used to measure body fat. InBody testing was performed by using an eight-point tactile electrode method, with the subject standing in an upright position with hands holding the electrodes and feet positioned on the electrodes.



Stool and Blood Sample Analysis

Participants were properly instructed on how to avoid contamination during sample collection. They were provided with a DNA/RNA Shield Fecal Collection Tube designed for the collection and preservation of nucleic acids from stool specimens (Zymo Research, Irvine, CA, United States) and a stool collection tube. Samples were stored in DNA/RNA Shield Fecal collection tubes at ambient temperature until delivered to the laboratory. The sample stability at ambient temperature (2 years) guaranteed by the manufacturer was sufficient to ensure sample quality until being processed in the laboratory. Stool collection samples without any preservation buffer were immediately stored at −70°C.

Blood was drawn from all of the study subjects into polyethylene tubes with EDTA as an anticoagulant and immediately processed. After centrifugation at 4°C, all plasma aliquots were stored at −20°C until assayed. Blood and fecal samples were jointly collected from study participants after an overnight fast. Participants were advised to maintain their habitual diet and activity patterns.



DNA Extraction, High-Throughput Sequencing, and Bioinformatics

The total DNA from fecal samples was extracted with ZymoBIOMICS DNA/RNA kit (Zymo Research, Irvine CA, United States) according to the manufacturer’s protocol. PCR amplification of 16S rRNA using the 27f-1492r primer set (Lane et al., 1985) was carried out in a reaction mixture containing 1 ng of DNA, 5 × FIREPol Master Mix (Solis BioDyne, Estonia), and 0.2 μM of each primer. The thermal cycling program comprised (1) an initial denaturation step (15 min at 95°C) and (2) 27 cycles of (a) denaturation (20 s at 95°C), (b) annealing (30 s at 60°C), and (c) extension (2 min at 72°C).

After PCR product assessment with agarose electrophoresis, 1 ng of column-purified DNA (DNA Clean and Concentrator-5, Zymo Research) was processed by random fragmentation chemistry Nextera XT DNA library kit (Illumina Inc., San Diego, CA, United States). Low-cycle PCR was used for the indexing of individual samples for further multiplexing. PCR products were purified with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, United States). Finalized libraries were quantified fluorometrically using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, United States). DNA profiles of sequencing libraries were verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States) and a High Sensitivity DNA Kit (Agilent Technologies). DNA libraries were analyzed using the Illumina MiSeq platform (Illumina Inc., San Diego, CA, United States) via 300-bp paired-end reads.



Blood Plasma Metabolites; NMR Data Acquisition

Plasma fraction was deproteinated by adding 600 μl of methanol to 300 μl of plasma. The mixture was vortexed for a few seconds and stored at −20°C for 20 min. Subsequently, the mixture was centrifuged for 30 min at 14,000 rpm. Finally, 700 μl of supernatant was dried out and mixed with 100 μl of stock solution (150 mM phosphate buffer and 0.3 mM TSP-d4 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt as a chemical shift reference in deuterated water) and 500 μl of deuterated water. The final mixture (550 μl) was transferred into a 5-mm NMR tube.

A 600-MHz NMR spectrometer Avance III equipped with cryoprobe (Bruker, Ettlingen, Germany) was used to obtain NMR data. Initial settings were done on an independent sample and adopted for measurements. Before measurement, the samples were stored in Sample Jet at 6°C for not longer than 3 h and randomly ordered for acquisition. Measurements were carried out at 310 K. An exponential noise filter was used to introduce 0.3-Hz line broadening before the Fourier transform. We used standard Bruker profiling protocols with the following modifications: profiling 1D NOESY with presaturation (noesygppr1d): FID size: 64 k, dummy scans: 4, number of scans: 128, spectral width: 20.4750 ppm; COSY with presaturation (cosygpprqf): FID size: 4 k, dummy scans: 8, number of scans: 1, spectral width: 16.0125 ppm; homonuclear J-resolved (jresgpprqf): FID size: 8 k, dummy scans: 16, number of scans: 4; profiling CPMG with presaturation (cpmgpr1d, L4 = 126, d20 = 3 ms): FID size: 64 k, dummy scans: 4, number of scans: 128, spectral width: 20.0156 ppm. All experiments were conducted with a relaxation delay of 4 s; all data were zero filled once.



Illumina Data Processing

Adapters and low-quality read ends were removed using Trimmomatic (Bolger et al., 2014), based on quality control statistics generated by FastQC (Andrews, 2018). Sufficiently large fragments (>35 bp) from both reads were assembled into contigs with Emirge (Miller et al., 2011). Assembly was guided by known reference sequences from the Silva SSU and LSU database (version 128). Chimeric contigs were further filtered with UCHIME (Quast et al., 2013) to exclude potentially misassembled products. The remaining contigs were annotated with taxonomic labels based on their closest homolog in the Silva database (database sequences were retrieved from EMBL-EBI/ENA and cross-checked with RDP). The observed taxonomy abundances were arranged into hierarchical charts using Krona (Edgar et al., 2011).



Statistical and Omics Data Analyses

Statistical analyses were carried out using the SPSS 21.0 program for Windows (SPSS, Inc., Chicago, IL, United States). Data normality was checked through the Shapiro–Wilk test. An independent t-test was conducted to compare parametric data (gut microbiome, body composition, and metabolism). Pearson’s correlation coefficient was used to examine the association between variables (gut microbiome, body composition, and energy metabolism). The significance level of p < 0.05 was applied.

The data were also explored and analyzed in R ver. 4.0.3, Ondov et al. (2011) using libraries beeswarm, randomForestSRC, ggRandomForests, and glmnet [Ehrlinger, 2016; Eklund, 2021; Friedman et al., 2010; R Core Team (RCT), 2020]. Exploratory data analysis involved visualizing the data by swarmplots overlaid with boxplots and summarizing the data by the median and lower and upper quartiles. Data were subjected to two Wilcoxon–Mann–Whitney sample tests and presented as a mean and 95% confidence interval. The elastic network (enet) machine learning (ML) algorithm was used for the identification of potential biomarkers among the metabolomic data. The metabolites identified by enet were then uploaded into the random forest (RF) ML algorithm to obtain the out-of-bag ROC curve and thus an estimate of the discriminative ability of selected metabolites. A preselected subset of the relative abundance of four bacterial genera (Bacteroides, Prevotella, Intestinimonas, and Subdoligranulum), the Bacteroides/Prevotella ratio, and three fitness parameters (BMI, visceral tissue, and VO2max) were uploaded into an RF ML algorithm in order to assess their predictive performance by the out-of-bag ROC curve and rank them by importance and graph depth. Due to the imbalanced data (13 sportsmen vs 9 controls), an imbalanced version of RF was used.



RESULTS


Participants’ Characteristics and Body Composition Analysis

The basic physical characteristics of the 22 subjects in the LA and CTRL groups are summarized in Table 1. Significant (p < 0.05) differences were observed in body weight, fat content, and BMI. From the reports, we found the training volume of elderly athletes during an active sports career at younger age 795.4 min/wk (683.2–907.6) and 392.3 min/wk (321.1–463.5) at present.


TABLE 1. Physical characteristics of the cohort of analyzed individuals—lifelong endurance athletes (LA, n = 13) and control group (CTRL, n = 9).
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Dietary Habits

The diets of both groups conformed to the parameters of a balanced diet with an appropriate percentage of macronutrients: 10-15% proteins, 50-60% carbohydrates, and 30-35% lipids. No significantly different macronutrient consumption or total energy intake was detected between the groups.



Cardiorespiratory Fitness, Isometric Strength, and Handgrip Force

The significant differences in maximum oxygen consumption and mechanical power between the LA and CTRL groups were detected. However, no significant differences in knee extensor strength were detected between the groups; both, left and right handgrip force, were higher in the LA group (Table 2).


TABLE 2. Cardiorespiratory fitness, isometric strength, and handgrip force of lifelong endurance athletes (LA, n = 13) and control group (CTRLs, n = 9).

[image: Table 2]A RF and ML analysis with VO2max, fat content, and BMI as joint predictors resulted in an ROC (receiver operating characteristic) curve with an AUC (area under the ROC curve) of 1.00 (Figure 1). Thus, combined, these predictors were a near-perfect discriminator between the CTRL and LA groups.
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FIGURE 1. ROC (receiver operating characteristic) curves with an area under the ROC curve (AUC) for the RFM-L algorithm with VO2max, fat content, and BMI as joint predictors/discriminators between LA and CTRL groups. FPR, false-positive rate; LA, lifetime elderly endurance athletes; CTRL, controls; RFM-L, random forest machine-learning; TPR, true positive rate.




Microbiome Composition of Stool Samples

In total, 14 bacterial phyla were detected in the CTRL and LA groups. The dominating phylum [presented as a mean (mean CTRL/mean LA)] in both groups was Firmicutes 75% (73.9%/75.6%) followed by Bacteroidetes 16.5% (18.6%/14.4%) and Proteobacteria 1.0% (0.5%/1.5%). Six phyla including Actinobacteria 0.5% (both groups), Verrucomicrobia 0.14% (0.06%/0.21%), Lentisphaerae 0.008% (0.005%/0.01%), Synergistetes 0.008% (0.006%/0.01%), Cyanobacteria 0.002% (both groups), and Tenericutes 0.0005% (0.0006%/0.0003%) were present at a level of less than 1% abundance. Acidobacteria was detected in 3 of 9 CTRL samples (0.0003%) and in 8 of 13 LA samples (0.0003%). Additionally, Spirochates were detected in three samples (1 CTRL/2 LA), Candidatus Saccharibacteria in one sample (LA), Fusobacteria in one sample (LA), and Planctomycetes in one sample (CTRL).

The Firmicutes:Bacteroidetes ratio was not altered significantly (p = 0.28), since the ratios for the CTRL and LA groups were very similar 4.9 (3.6–6.3) and 7.0 (3.2–10.8) [mean (95% CI)] (Supplementary Figure 1).

Furthermore, detailed analysis at the family level revealed a significantly different abundance of Bacteroidaceae in the CTRL group [3.8% (2.7–4.8)] compared to the LA group [1.8% (1.1–2.5), p = 0.002] and Clostridiales Incertae Sedis XI [CTRL 1.5%E-03 (0.6E-03–2.4E-03), LA 3.6E-03% (2.3E-03–4.7E-03), p = 0.01]. An increased amount of Cytophagia (p = 0.03) in the CTRL group [1.8E-03% (0.2E-04–3.4E-03)] was proved at the class taxonomical level compared to that of the LA group 3.5E-04% (2.5E-05–6.8E-04) Table 3. A trend toward significance was observed also within the Ruminococcaceae family (p = 0.2) CTRL 6.9% (5.5–8.3), LA 8.0% (6.7–9.4).


TABLE 3. Set of microbial taxa (class, order, and family) differentially present in lifelong athletes (LA) and the sedentary elderly (CTRL).

[image: Table 3]A total of 296 bacterial genera were detected in the analyzed samples: 221 for the CTRL group [111.1 (100.5–121.7)] and 267 for the LA group [on average 121.4 (113.9–128.9)] without significance (p = 0.4). The microbial community was dominated by 30 top-most abundant bacteria detected within each sample represented by Blautia, Faecalibacterium, Bacteroides, Roseburia, Fusicatenibacter, Anaerostipes, Coprococcus, Alistipes, Butyricicoccus, Lachnospiracea incertae sedis, Ruminococcus2, Prevotella, Ruminococcus, Oscillibacter, Clostridium sensu stricto, Clostridium XlVa, Parabacteroides, Clostridium IV, Romboutsia, Gemmiger, Streptococcus, Dorea, and Subdoligranulum that were present in all of the samples of both groups (Figure 2). Except for Barnesiella which was not detected in one LA sample, Dialister, Phascolarctobacterium, Mitsuokella, Collinsella, Escherichia/Shigella, and Akkermansia were present within the entire dataset (4 – 18). Significant differences were observed in the relative abundance of genus Bacteroides (p = 0.002) between the CTRL group [3.8% (2.7–4.8)] and the LA group [1.8% (1.1–2.5), Phascolarctobacterium (CTRL 3.2E-02% (1.8E-02–4.6E-02) and (LA 1.6E-01% (0.8E-01–2.4E-01), p = 0.1], and Subdoligranulum [CTRL 0.03% (0.01–0.04), LA 7.9E-02% (2.5E-02–1.3E-01), p = 0.02] Table 4.


TABLE 4. Set of microbial taxa (genus) differentially present in lifelong athletes (LA), and the sedentary elderly (CTRL).
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FIGURE 2. The set of 30 bacterial genera identified as one of the 10 most abundant bacterial genera within at least one sample within both groups of samples. Core microbiome is typical for seniors. The minimum abundance must reach at least 1% of all bacteria and in at least one sample of both groups.


Blautia [CTRL 1.6% (1.1–1.9), LA 1.5% (1.1–1.9)], Faecalibacterium [CTRL 2.6% (2.2–3.0), LA 2.3% (1.9–2.6)], Bacteroides, and Roseburia [CTRL 5.2% (3.7–6.6), LA 2.5% (1.7%–3.3%)] formed a significantly different part of all bacteria (p = 0.001) 9.3% (7.9–10.8) in the CTRL group compared to 6.2% (5.4–7.2) in the LA group.

The microbiota alpha diversity of elderly athletes defined by the Shannon and Simpson index and the Chao1 index did not differ from that of the controls. Remarkably, a significant (p = 0.006) two-fold difference was recorded in the number of singletons in the LA group at the family and order levels, but not at the genus level. Furthermore, deep microbiome investigation revealed several significantly altered bacteria among the control and athlete groups. For the CTRL group, except for Bacteroides (mentioned above in the text), also higher abundance (p = 0.02) of Pseudobutyrivibrio (Lachnospiraceae) [CTRL 1.3E-03% (4.7E-04–2.1E-03), LA 3.9E-04% (8.7E-05–7.0E-04)] was detected. Anaerosporobacter was found exclusively in the CTRL group [1.2E-04% (2.0E-07–2.7E-04%)]. Four of nine samples were found positive to either Moryella (Lachnospiraceae) (1/7) or Anaerosporobacter (Lachnospiraceae) (2/7) or Mucinivorans (Rikenellaceae) (1/7). Also, the co-occurrence of Moryella/Mucinivorans (2/7) and Anaerosporobacter/Mucinivorans (1/7) was observed.

On the contrary, the microbiome of lifetime elderly athletes was found to possess a higher amount of Intestinimonas (5.9E-03% (3.9E-03–7.9E-03), LA 1.3E-02% (9.3E-03–1.7E-02), p = 0.002) and Marvinbryantia [CTRL 1.6E-04% (1.1E-05–3.0E-04), LA 5.7E-04% (2.7E-04–8.7E-04), p = 0.02)] and a trend toward significance considering bacterial genus Anaerovorax [2.7E-03% (1.0E-03–4.4E-03), LA 4.9E-03% (2.9E-03–6.9E-03), p = 0.08]. Furthermore, the presence of the microbiome Vallitalea [LA 1.7E-04% (2.5E-05–3.1E-04)] and Porphyromonas [LA 1.4E-04% (2.7E-05–2.5E-04)] was found in the LA group but not in the CTRL group. Selected bacterial genera enabled the discrimination between the CTRL and LA groups (Figures 3, 4).
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FIGURE 3. Microbial composition of significantly (p < 0.05) distinct bacterial genera within the healthy control group (CTRL) and elderly athletes (LA) seniors. Selected rows are centerd; unit variance scaling is applied to rows. Imputation is used for missing value estimation. Both rows and columns are clustered using correlation distance and average linkage. Numbers represent samples visualized by heat map.
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FIGURE 4. Beta diversity of analyzed samples represented by significantly altered (p < 0.05) OTUs in elderly athletes and the control group visualized by PCA. SVD with imputation is used to calculate principal components. X and Y axes show principal component 1 and principal component 2 that explain 26.2 and 14.7% of the total variance, respectively. Prediction ellipses are such that with a probability of 0.95, a new observation from the same group will fall inside the ellipse (N = 22 data points).


Furthermore, a significant difference (p = 0.03) in the Bacteroides to Prevotella ratio was observed. While the median Bacteroides/Prevotella ratio in the CTRL group of 732 (95% CI 385–1079.3) was determined, the same ratio for the LA group was calculated at 133 (95% CI -86.2–352). The ML analysis with Bacteroides, Prevotella, Intestinimonas, Subdoligranulum, and the Bacteroides to Prevotella ratio used as joint predictors led to an ROC curve with an AUC of 0.94, which represents a perfect set of variables to discriminate subjects from the CTRL and LA groups (Figure 5).
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FIGURE 5. ROC (receiver operating characteristic) curves with an area under the ROC curve (AUC) for the RFM-L algorithm with Bacteroides, Prevotella, Intestinimonas, Subdoligranulum, and the Bacteroides to Prevotella ratio as joint predictors/discriminators between the LA and CTRL groups. FPR, false-positive rate; LA, lifetime elderly endurance athletes; CTRL, controls; RFM-L, random forest machine-learning; TPR, true positive rate.


Additionally, we ranked selected physiological and microbiome markers used in RF ML analyses. While VIMP (RF variable importance) identified VO2max and BMI as the most important markers (the Bacteroides to Prevotella ratio is third), the GraphDepth analyzer identified VO2max and the Bacteroides to Prevotella ratio as the most important and BMI as fifth in importance (Figure 6).
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FIGURE 6. The plot depicting the ranking of predictors by graph depth (y-axis) vs. variable importance (VIMP, x-axis). VO2max is the best variable for both criteria. The Bacteroides to Prevotella ratio is the second most important by the VIMP criterion whereas it is the fourth most important by the graph depth. Overall, the two criteria are in good agreement in ranking the predictors.




Metabolites

Out of 20 plasma metabolites with an appropriate NMR signal [lactate, alanine, valine, leucine, isoleucine, glucose, acetate, acetone, pyruvate, citrate, phenylalanine, tyrosine, glutamine, lysine, 3-hydroxybutyrate, tryptophane, ketoleucine, ketoisoleucine, ketovaline, and lipoprotein fraction containing (LDL, VLDL, and HDL)], two (acetate and pyruvate) showed statistically significant (p < 0.05) and one (lactate) showed near significant (p < 0.1) changes between the LA and CTRL groups (all three metabolites were decreased in the LA group in comparison to the CTRL group). The elastic network (ML)-selected metabolites established the LA and CTRL groups with the following importance: acetate (0.65/1) > pyruvate (0.59/1) > alanine (0.5/1) > ketoisoleucine (0.46/1) > lactate (0.32/1) > citrate (0.26/1) > lipoproteins (0.18/1); 1 refers to maximum importance. RF ML analysis performed with the selected metabolites serving as joint predictors revealed low sensitivity, AUC = 0.44; thus, the complex of these metabolites was of no use in predicting whether a senior was from the LA or CTRL group (Supplementary Figure 2).



DISCUSSION

We performed an observational study to determine the effect of lifetime endurance exercise training on microbiota composition and diversity, cardiorespiratory fitness, and metabolic characteristics in elderly men.

Previous clinical studies reported significant differences in microbial composition associated with aging (Claesson et al., 2011; Xu et al., 2019; Kim and Benayoun, 2020). However, factors other than aging alone might contribute to distinguishing gut microbiota between elderly individuals. Fielding et al. (2019) reported no significant differences of α- and β-diversity when comparing older adults with high and low physical fitness. Similarly, the gut microbiota alpha diversity (defined by the Shannon, Simpson, and Chao1 indexes) of our LA group did not differ from that of the CTRL group. However, changes in the intestinal microbiota of the elderly may not necessarily be affected by aging. They can be consequent to conditions that occur frequently during aging, such as the decline of the general state of health or living conditions, physical activity, and nutrition (Rondanelli et al., 2015). We must underline the fact that the control group in our study was comprised of healthy subjects within the same age range. Furthermore, the CTRL group met the recommended physical activity requirements (Chodzko-Zajko et al., 2009). As expected, we found higher cardiorespiratory fitness (VO2max) in the LA group. However, the cardiorespiratory fitness of the CTRL group was 40% higher than the generally accepted threshold for cardiorespiratory fitness needed to independently perform typical activities of daily living (Arnett et al., 2008). Moreover, we reported no differences in the strength of lower leg extensors between groups. As a result, we concluded that endurance exercise in the elderly performed above global recommendations for physical activity do not bring significant benefits for higher gut microbiota diversity. The microbiome among the elderly displays greater interindividual variation than in younger adults (Claesson et al., 2012). The microbiome composition of older people significantly correlates with measures of frailty, comorbidity, nutritional status, inflammatory markers, and metabolites in fecal water (Claesson et al., 2012). Nevertheless, the impact of changes in microbiota diversity on aging remains poorly understood.

Our deeper microbiome investigation revealed several significantly altered bacteria between the LA and CTRL groups. In accordance with previous studies, we reported a lower relative abundance of genus Bacteroides in the LA group. Petersen et al. (2017) found a low abundance of Bacteroides in the fecal samples of professional and amateur-level competitive cyclists. Similarly, significantly lower overall abundances of Bacteroides were measured in elite rugby players when compared with low BMI controls (Clarke et al., 2014). At first glance, the results of Yang et al. (2017) are contrary to our results, as they found a positive association between Bacteroides and cardiorespiratory fitness in premenopausal women. Moreover, subjects with low aerobic fitness had a lower amount of Bacteroides. Although in our study we reported a negative correlation between Bacteroides and cardiorespiratory fitness, the variables were presented relative to body weight. However, the results of the abovementioned authors seem to be confounded by adiposity, since all of the differences between premenopausal women disappeared after adjusting for percentage of body fat (Yang et al., 2017). The abundance of Bacteroides and their association with physical fitness represents a contradictory issue in literature. Morita et al. (2019) concluded that aerobic exercise training in healthy elderly women may increase intestinal Bacteroides in association with improved cardiorespiratory fitness (Morita et al., 2019). In another study, subjects with normal weight and a 2.5-month-long lifestyle intervention showed a decrease in Bacteroides by 15.2% with respect to the control group. On the contrary, in the same study, subjects with metabolic syndrome who followed the same lifestyle intervention reported an increase in Bacteroides by 1.2%, compared with the control group (Guevara-Cruz et al., 2019). Furthermore, Carbajo-Pescador et al. (2019) emphasized the importance of age in assessing the importance of Bacteroides. Based on different results from the aforementioned studies and the results of our study, the abundance of Bacteroides to cardiorespiratory fitness could be related to sex and cardiorespiratory fitness level. Male, highly trained young and elderly athletes show lower Bacteroides abundance (Clarke et al., 2014; Petersen et al., 2017), but healthy elderly and premenopausal women show higher Bacteroides abundance, as a consequence of physical training intervention (Yang et al., 2017; Morita et al., 2019). A significant increase in the relative abundance of Bacteroides is also associated with higher consumption of fat in the diet (Murtaza et al., 2019). Several studies indicate a higher prevalence of Bacteroides in samples from western countries and industrialized Asian countries, than in samples from less-industrialized and more rural populations (Lin et al., 2013; Nakayama et al., 2015; Obregon-Tito et al., 2015; De Filippis et al., 2016; Shankar et al., 2017). However, in our study we did not report significant differences in the consumed amount of protein and fat between the LA and CTRL groups.

Prevotella was another significantly different taxa between the LA and CTRL groups. Using WGS sequencing data, Petersen et al. (2017) split the gut microbiomes of 33 cyclists into three taxonomic clusters, characterized by either high Prevotella, high Bacteroides, or a mix of many genera including Bacteroides, Prevotella, Eubacterium, Ruminococcus, and Akkermansia. The high abundance of Prevotella was significantly correlated with the amount of time people spent exercising during an average week. A higher abundance of Prevotella was also measured in older adults (aged 70–85) who attained better functioning scores measured by a short physical performance battery (Fielding et al., 2019). In any case, genus-level Prevotella is not associated only with sport training history. Stroke and transient ischemic attack patients had fewer commensal or beneficial genera including Prevotella (Yin et al., 2015), which, along with unclassified Lachnospiraceae and unclassified Ruminococcaceae, were the main genera contributing to gut composition among non-obese elderly individuals (Zhong et al., 2020). Furthermore, an increased abundance of Prevotella was correlated with a number of amino acid and carbohydrate metabolism pathways, including branched-chain amino acid metabolism (Petersen et al., 2017). On the contrary, the abundance of Prevotella in faeces correlates with a severe reduction of Bacteroides spp. and other genera usually described as beneficial (Arumugam et al., 2011) and is connected to a higher risk for the development of rheumatoid arthritis (Scher et al., 2013). In terms of gut microbiome composition, since Prevotella is more dependent on the addition of CO2 or bicarbonate (Franke and Deppenmeier, 2018) for biomass formation, long-term favorable conditions must be provided. On the other hand, in general Prevotella is associated with healthy fibre-rich diets and with improvement in glucose homeostasis (Kovatcheva-Datchary et al., 2015). Prevotella strains are associated with plant-rich diets, but since they are also linked with chronic inflammatory conditions, they are still classified as a potential pathobionts (Kovatcheva-Datchary et al., 2015; Franke and Deppenmeier, 2018).

The evaluation of the Bacteroides–Prevotella ratio (B/P) as a marker with a predictive potential of weight and fat loss has been carried out in several studies involving humans as well as animals (Lambert et al., 2015; Hjorth et al., 2020). Lower B/P ratios were identified in both normal and diabetic mice that were exposed to regular exercise activity in comparison to sedentary counterparts (Lambert et al., 2015). This is in accordance with the B/P measurements of our study where we reported a lower B/P ratio in the LA group compared to the CTRL group. In another study, the B/P ratio correlated positively and significantly with plasma glucose concentration in a group of 18 subjects diagnosed with diabetes mellitus type 2 (Larsen et al., 2010). In addition, B/P counts of another study were negatively correlated with fecal total SCFA in an entire cohort of healthy lean, overweight, and obese participants (Fernandes et al., 2014).

Some short-chain fatty acid-producing bacteria appear to be of higher importance, and their presence is associated with health benefits. We found a higher relative abundance of bacteria characterized by an increased capacity to produce butyrate, such as Intestinimonas, in the group of lifetime endurance athletes. Furthermore, in this study Intestinimonas was associated with cardiorespiratory fitness when adjusted for weight and presented as an absolute value. Intestinimonas is a newly described bacterial genus with representative strains that originate in the mouse and human gut. Despite their remarkable metabolic features including the production of butyrate from both sugars and amino acids, there is only a limited amount of data on their diversity, ecology, and physiology (Bui et al., 2016).

The finding that Marvinbryantia was inversely associated with the weight of overweight school-aged children is in accordance with our study where we reported a higher relative abundance of Marvinbryantia in the LA group with a lower BMI than the CTRL group (Mbakwa et al., 2018). Further, we found a negative association between Marvinbryantia and total body fat. There is no literature describing the association between Subdoligranulum and exercise, physical fitness, and body composition. However, a lower score in the total healthy eating index determining diet quality was associated with significantly reduced, relative abundance of Subdoligranulum (Liu et al., 2019). Interestingly, Subdoligranulum showed a negative correlation with tumor marker alpha-fetoprotein (Zhang et al., 2019). Therefore, we would like to point out that the endurance athletes participating in our study had a higher relative abundance of Subdoligranulum, compared to the healthy control group.

The RF and ML analysis identified VO2max, body fat content, BMI, and counts of Bacteroides, Prevotella, Intestinimonas, Subdoligranulum, and B/P ratio as suitable, joint predictors with an excellent ability to discriminate between subjects from the LA and CTRL groups. Furthermore, the VIMP and the GraphDepth analysis ranked VO2max, fat content, and the Bacteroides to Prevotella ratio as the three best-discriminating factors for the subjects from the LA and CTRL groups. As a result, they can be proposed as suitable joint biomarkers discriminating between the physiological status of elderly men for future studies focusing on the physiology and well-being of LA.

We conclude and agree with Barton et al. (2017) that differences in fecal microbiome between elderly athletes and healthy controls show even greater separation at metagenomic levels than at compositional levels and provide additional insight into the diet–exercise–gut microbiota paradigm. Although our findings bring some promising results supporting regular physical activity and sport in elderly subjects, more data is required to better resolve the complex image of microbiome puzzle.

The major limitation of our study is the small number of participants. However, as reported, 34 subjects were examined, but the inclusion and exclusion criteria were very strict. Three men from the control group were diagnosed with prostate cancer, and one from the athlete group was later found on the doping list. In three cases, we were not sure which group to place the individual (e.g., a soldier with a high level of physical fitness who had not played an organized sport). Based on our experience of collecting data over 2 years, it is rare for a subject to be elderly, non-obese, and healthy. Another limitation may be the fact that we did not objectively measure individual domains of sedentary behaviour (sitting at work, watching TV, playing video games, and reading) and other daily physical activities (walking, housework, gardening).



CONCLUSION

Our findings suggest that endurance exercise performed the elderly above global recommendations on physical activity do not bring significant benefits for higher gut microbiota diversity.

However, we further suggest that continual exercise by elderly endurance athletes is associated with higher cardiorespiratory fitness, lower body fat, and favorable gut microbiota composition on the lower taxonomy level. The Bacteroides to Prevotella ratio seems to distinguish the endurance trained elderly from healthy controls. We believe that a stronger, significant difference could be achieved by comparing more heterogeneous groups of elderly subjects.
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