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Introduction: Exercise, health, and the gut microbiota (GM) are strongly
correlated. Research indicates that professional athletes, especially ultra-
marathon runners, have unique GM characteristics. However, more research
has focused on elite athletes, with little attention given to amateur sports
enthusiasts, especially those in the middle-aged population. Therefore, this
study focuses on the impact of long-term running on the composition and
potential functions of the GM in middle-aged individuals.

Methods: We compared the GM of 25 middle-aged serious runnerswith
22 sedentary healthy controls who had minimal exercise habitsusing 16S rRNA
gene sequencing. Additionally, we assessed dietary habits using a food frequency
questionnaire.

Results and Discussion: Statistical analysis indicates that there is no significant
difference in dietary patterns between the control group and serious runners.
Diversity analysis results indicate that there is no significant difference in a
diversity between the two groups of GM, but there is a significant difference
in B diversity. Analysis of the composition of GM reveals that Ruminococcus and
Coprococcus are significantly enriched in serious runners, whereas Bacteroides,
Lachnoclostridium, and Lachnospira are enriched in the control
group. Differential analysis of functional pathway prediction results reveals
significant differences in the functional metabolism levels of GM between
serious runners and the control group. Further correlation analysis results
indicate that this difference may be closely related to variations in GM. In
conclusion, our results suggest that long-term exercise can lead to changes
in the composition of the GM. These changes have the potential to impact the
overall health of the individual by influencing metabolic regulation.
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1 Introduction

The human gut harbors over 100 trillion microorganisms, and
the characteristics of the GM vary among individuals (Thursby and
Juge, 2017). Over the past decade, GM has been extensively studied,
encompassing nearly all areas of the life sciences (Khatoon et al.,
2023; Su et al.,, 2023; Wang et al,, 2023). Human GM is a unique
ecosystem that is acquired at birth through maternal inheritance and
is influenced by factors such as diet and the environment. As
individuals age, the composition and function of the GM
gradually change (Brooks et al, 2023; Santaella-Pascual et al,
2023; Thriene and Michels, 2023). GM includes bacteria, fungi,
viruses, and protozoa, which collectively perform a series of
processes including digestion, absorption, metabolism, and other
related functions to maintain the health of the host (Sokol, 2019;
Fujisaka et al., 2023). Research has shown that there is an imbalance
in the GM of patients with various metabolic disorders, immune
system disorders, and cardiovascular and cerebrovascular diseases
(Milano et al., 2022; Chu et al,, 2023; Lupu et al.,, 2023; Upadhyay
Banskota et al., 2023). Interventions based on the GM, such as
antibiotics, fecal microbiota transplantation (FMT), and probiotic
supplementation, have also shown significant benefits in the
treatment of various diseases, particularly those affecting the
digestive system, such as gastrointestinal disorders (Bajaj et al.,
2021; Xu et al,, 2021; Zhong et al,, 2021; Kumari et al., 2022). In
addition, can modify the
composition of the GM, thereby contributing to overall physical

scientific exercise interventions
and mental wellbeing.

As is well known, physical exercise can help maintain good
health by promoting metabolism, and sports enthusiasts often have a
stronger immune system (Caspersen et al., 1985; Ortega et al., 2008;
Karhu et al,, 2017). Recent studies suggest that moderate physical
exercise may benefit the diversity of the GM and increase the
presence of beneficial microorganisms. In addition, exercise can
enhance the synthesis of short-chain fatty acids and improve
carbohydrate metabolism (Rankin et al., 2017; Zhao et al., 2018;
Dziewiecka et al., 2022; Kulecka et al., 2023). A recent study found
that young people who lack exercise have higher levels of pro-
inflammatory gut bacteria and lower immune resistance than elite
athletes and physically active individuals (Xu et al, 2022).
Additionally, many nutritionists are paying attention to the
impact of diet on the GM of athletes. High-protein diet may
have a detrimental effect on the GM, reducing the population of
beneficial bacteria responsible for producing short-chain fatty acids
(Jang et al., 2019; Lee et al., 2019; Huang et al., 2020; Lin et al., 2020).
However, probiotic supplementation can improve muscle strength
and enhance exercise endurance. Although an increasing number of
studies are beginning to focus on the potential link between exercise,
GM, and health, most of the research seems to be centered on a small
subset of specific populations, such as elite athletes and ultra-
endurance marathon runners (Zhao et al., 2018; Grosicki et al.,
2019; Xu et al., 2022). There is little mention of nonprofessional
sports enthusiasts, especially among middle-aged and elderly
populations. Further research in this area is required.

In the 21st century, with an increasingly aging population,
health issues of middle-aged and elderly people cannot be
ignored. Among them, a group of people choose to focus on
running as a cost-effective form of exercise during their free
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time. They are either drawn to this activity or motivated by the
desire for improved health and happiness. They invest a significant
amount of time in regular training, but they do not adhere to the
strict training schedules and dietary patterns of professional athletes.
Pedersen et al. refer to individuals who run at least 40 km per week
and maintain or improve their performance as “serious runners”
(Pedersen et al., 2018). Nevertheless, compared with elite athletes,
they still fall into the category of amateur sports enthusiasts. In short,
this group fell between elite athletes and casual sports enthusiasts.
Compared to the high standards required to become an elite athlete,
joining and becoming a “serious runner” is relatively easy for most
ordinary people. Therefore, it is important to explore the
characteristics of the GM in this “reachable” behavioral group.

To compare the GM composition of middle-aged serious
runners with that of sedentary middle-aged individuals, a group
of healthy middle-aged volunteers was selected from the Jingmen
Long Distance Running Association. We compared their fecal 16S
rRNA sequencing results with those of a healthy control group, and
further analyzed potential functional differences. The findings of
this study have significant implications for exercise and health in
middle-aged and elderly populations.

2 Materials and methods
2.1 Participants

Running volunteers for this study were recruited from the
Jingmen Long-Distance Running Association. Basic information,
including age, gender, height, weight, resting heart rate, average
weekly running distance (Km/week, recorded by KEEP APP), other
lifestyle habits, and medical history, was collected through
questionnaires. A survey on daily dietary habits was conducted,
taking into account a previous study by Liang et al. (2019). The
inclusion criteria were as follows:

(1) Age range: 40-60 years old.

(2) The average weekly running distance exceeded 40 km, and the
duration of adherence was more than 1 year.

(3) There was no hospitalization or need for parenteral nutrition
or antibiotic treatment in the last 6 months.

(4) Have not consumed excessive alcohol (<15 g/per day) or
psychoactive substances in the last 6 months.

(5) Have not participated in a clinical trial in the last 6 months.

(6) There were no cardiovascular, immune, gastrointestinal, or
metabolic diseases.

(7) Without specific dietary preferences.

A total of 25 serious runners who met rigorous criteria were
recruited. 22 healthy individuals with little or no exercise habits were
selected from the medical examination department as the control
group. They did not have a history of suspected gastrointestinal
cardiovascular disease, immune

symptoms, system disease,

gastrointestinal ~disease, metabolic system disease, or any
medication use in the last 6 months. They provided the exercise
data for the most recent month by recall.

All subjects volunteered to participate in the study and provided

written informed consent. The study complied with the principles of
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the Declaration of Helsinki and was approved by the Ethics
Committee of Jingmen Central Hospital.

2.2 Sample collection

All participants collected fecal samples at home using sterile
fecal collection tubes, which consisted of a polystyrene plastic tube
and a lid with a sampling spoon. The samples were then transported
to the laboratory using dry ice storage. Each sample was divided into
two 1.5mL Eppendorf tubes and stored at —-80°C until DNA
extraction. It is important to note that in order to avoid potential
fluctuations in the microbial composition of fecal samples before
and after running, we requested all participants to collect their
morning fecal samples. This is because running typically occurs in
the afternoon or evening. Interestingly, the majority of them
maintained a habit of defecating in the morning, while a very
small number of individual participants did not show a regular
pattern in their defecation habits.

2.3 Amplification and high-throughput
sequencing of 16S rRNA gene

After collecting all the samples, DNA extraction was performed
using the HiPure Stool DNA Mini Kit (Magen, Guangzhou, China),
PCR
amplification targeting the V3-V4 hypervariable region of the 16S

following the manufacturer’s instructions. Subsequently,
rRNA gene was carried out using universal primers (341F: 5'-
CCTACGGGNGGCWGCAG-3' and 805R: 5'-
GACTACHVGGGTATCTAATCC-3"). The PCR reaction was
conducted in a 30 pL reaction system, which included 15 pL of 2x
KAPA HiFi Mix (KAPA Biosystems, Wilmington, MA, United States),
1 L each of the forward and reverse primers, and 12.5 ng of template
DNA. The PCR conditions were as follows: 95°C for 3 min, followed by
25 cycles of 95°C for 30's, 55°C for 30's, and 72°C for 15 s, with a final
extension at 72°C for 5 min, and storage at 4°C. The concentration of the
PCR products, purified with AMPure XT magnetic beads (Beckman
Coulter Genomics, Danvers, MA, USA), was measured using the
Invitrogen Qubit 4 System (Thermo Fisher Scientific Inc,
Wilmington, NC, USA). The final products were then checked using
1.5% agarose gel electrophoresis. The mixed PCR products were then
used for library construction, with sequencing adapters added and
library index information recorded. Reaction conditions: Pre-
denaturation at 98°C for 45s; Denaturation at 98°C for 15s;
Annealing at 60°C for 30 s; Extension at 72°C for 30, repeated for
eight cycles; Final extension at 72°C for 10 min, followed by storage at
4°C. After PCR amplification, primer dimers and other small fragments
were removed using AMPure XT magnetic beads. Prior to sequencing,
the library’s concentration was quantified and calculated using Qubit.
The validated library was sequenced on the Illumina MiSeq platform
(Nlumina, San Diego, CA, USA), generating 2 x 250 bp paired-end reads.

2.4 Statistical analysis and bioinformatics

The raw sequence primers were trimmed using QIIME2 and
then quality filtered using DADA2 (version 1.29.0) with the
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default parameters. The output file was the amplicon sequence
variant (ASV). The ASVs were then mapped to the Silva reference
database (version 138) for taxonomic annotation. Alpha diversity
indices, including community richness, community diversity,
and community evenness, were assessed using QIIME2. Beta
diversity, which demonstrates differences in the compositional
structure of microbial communities between subgroups, was
assessed using Principal Coordinate Analysis (PCoA) with the
Bray-Curtis, Jaccard, Unweighted-Unifrac, and Weighted-
Unifrac algorithms. The PICRUSt2 software, using default
parameters, generated predicted genomes based on ASV files
and compared them to the KEGG database to identify potential
gene functions in the GM. The comparison of potential gene
functions in each group was analyzed using the Kruskal-Wallis
test. Linear discriminant analysis effect sizes (LEfSe) were used to
identify unique bacterial taxa (log LDA score >2 and p < 0.05) for
comparison. R language (version 4.2.1) and ggplot2 were used to
visualize the analysis. In addition, the construction of the
Interactive Venn diagram was done using the method of Chen
et al. (2021). Data analysis was performed using SPSS Statistics
(version 23.0), and all values are expressed as mean + standard
deviation (SD). A p-value of less than 0.05 was considered to
indicate a significant difference.

3 Results
3.1 Demographic data

A total of 25 serious runners and 22 healthy individuals
participated in this study, with demographic data shown in
Table 1. The t-test results indicated no significant differences in
age and BMI between the RG and CG groups, but there was a
significant difference in heart rate and weekly exercise volume (p <
0.0001). Furthermore, the likelihood ratio chi-square test based on
dietary composition data showed no significant differences in
dietary patterns between the two groups.

3.2 Gut microbiota (GM) diversity

We obtained 7,920,375 reads of the 16S rRNA gene from a total
of 47 fecal samples. After quality filtering, 4,282,406 high-quality
reads were obtained. Each sample’s average read count was 91,115. A
total of 4,994 ASVs were obtained for analysis, with each sample
observing 173-520 ASVs (Supplementary Table S1). The Venn
diagram of ASV differences showed that RG and CG shared
885 ASVs. RG had more unique ASVs than CG, but this
difference was not statistically significant (Figures 1A, B). The
boxplot based on the Chaol index showed no significant
difference in a diversity between CG and RG (Figure 1C). PCoA
clustering analysis and ANOSIM based on unweighted UniFrac
distance were used to characterize the differences in microbial
PCoA
clustering results showed that RG and CG clustered separately
(Figure 1D). The ANOSIM results (R = 0.13, p = 0.002)
indicated that the inter-group differences were significant and

community spatial structure between groups. The

greater than the intra-group differences (Figure 1E).

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1343219

Duan et al. 10.3389/fphys.2024.1343219

TABLE 1 Participant characteristics.

RG (N = 25) CG (N = 22)
Gender (Male/Female) 13/12 8/14
Age 49 + 3.75 49.23 +3.13 0.824
BMI 22.14 + 1.98 22.66 = 1.89 0.371
Heart rate (beats/min) 57.4 + 4.65 73 + 441 <0.0001
Km/week 46.45 = 3.24 3.7 £235 <0.0001
Dietary Habits (n) P°
Dairy products (Fr/S/O/N) 716/8/4 5/8/5/4 0.770
Fried and fatty food (Fr/S/O/N) 2/3/7/13 2/3/8/9 0.895
Refined carbohydrates (Fr/S/O/N) 3/2/17/3 1/3/16/2 0.732
High protein foods (Fr/S/O/N) 24/1/0/0 17/3/2/0 0.089
Fruits and vegetables (Fr/S/O/N) 22/3/0/0 18/3/1/0 0.450
Protein supplementation (Fr/S/O/N) 1/5/7/12 0/5/6/11 0.726
“t-test.

"likelihood ratio chi-square test.
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FIGURE 1
Diversity characteristics of the intestinal microbiota of serious runners group (RG) (n = 25) and healthy control group (CG) (n = 22). (A,B) represent

the Venn diagram and box scatter plot based on the number of ASVs respectively; (C) Chao one index. (D) PCoa results based on the unweighted UniFrac
distance algorithm. The horizontal and vertical coordinates respectively represent the two dimensions explaining the maximum proportion of variance in
the community. (E) Between- and within-group differences in CG and RG based on one-way ANOSIM assessment. The boxplots from left to right
represent the unweighted UniFrac distance between RG and CG samples, RG samples, and CG samples respectively. R values and p values show
community changes between compared groups.
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top 20 genera in terms of relative abundance between the RG and CG groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3.3 Differences in the composition of gut
microbiota

Through the SILVA database, a total of 12 phyla, 17 classes,
44  orders, 76 families,
(Figures 2A-C). At the phylum level, the top three phyla in relative
abundance in RG and CG were Firmicutes, Bacteroidota, and
Proteobacteria (Figure 2D). Firmicutes were relatively enriched in

and 233 genera were obtained

RG while Bacteroidota were relatively decreased, resulting in a
significant difference in the Firmicutes/Bacteroidota ratio between
CG and RG (Figure 2G). At the family level, Lachnospiraceae,
Ruminococcaceae, Prevotellaceae, Bacteroidaceae, and
Enterobacteriaceae were significantly enriched in both groups.
Compared to CG, the changes in RG were primarily characterized
by a notable decrease in Bacteroidaceae and an increase in the
abundance of Lachnospiraceae, Ruminococcaceae, and Prevotellaceae
(Figure 2E). At the genus level, the primary advantages of the two
groups are Prevotella, Faecalibacterium, Bacteroides, and Blautia
(Figure 2F). Among the top 20 genera in terms of average relative
abundance, Ruminococcus and Coprococcus are significantly enriched in
RG, while Bacteroides, Lachnoclostridium, and Lachnospira are
significantly enriched in CG (Figure 2H).

The analysis results of LEfSe further identified specific differential
bacterial biomarkers in the GM of CG and RG (Figure 3;
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Supplementary Table S2). Linear discriminant analysis (LDA) results
revealed 25 bacteria with differential relative abundance between the
two groups, with 12 enriched in RG, mainly included Firmicutes,
Eubacterium_coprostanoligenes_group, Coprococcus, and
Ruminococcus. Additionally, the 13 differentially enriched bacteria in
CG mainly

Bacteroidaceae, and Bacteroides.

included Bacteroidota, Bacteroidia, Bacteroidales,

3.4 Correlation between gut microbiota and
predicted functional pathways

Functional prediction of GM composition was performed for
different samples using PICRUSt2 software. By comparing with the
KEGG database, we identified a total of 51 secondary pathways. The top
three pathways in terms of average relative abundance were
carbohydrate metabolism (9.83%), energy metabolism (3.92%), and
lipid metabolism (1.84%). Among the 407 tertiary pathways,
47 pathways showed significant differences in relative abundance
between RG and CG (p < 0.05 in LEfSe analysis, LDA score >2,
Figure 4; Supplementary Table S3), including 20 in metabolism, and
others in cellular processes (3), human diseases (2), genetic information
processing (2), and environmental information processing (1). Next, we
conducted Spearman analysis on the five major differentially abundant
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FIGURE 4

(A) Linear discriminant analysis effect size (LEfSe) analysis of KEGG level 3 functional pathway in the gut microbiota of serious runners (RG) and
healthy controls (CG) with different structures. Categorical group shows LDA score >2.0, p < 0.05. (B) Spearman correlation analysis based on five
differential genera and 47 differential KEGG level3 pathways. From left to right, correlation clustering heatmaps, KEGG level3 pathways, KEGG
level2 pathways, and KEGG levell pathways. The heat map color blocks are coded according to the correlation coefficients, from red to blue in
descending order. The KEGG three-level pathways are uniformly colored according to level 1. The feature clustering pattern is presented by a
dendrogram on the left side of the heat map. *, p < 0.05; **, p < 0.01.

Frontiers in Physiology 06 frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1343219

Duan et al.

genera obtained earlier against these 47 differential functional pathways.
The results indicate that the bacteria enriched in RG and CG exhibit
both intra-group similarity and inter-group differences in terms of
functionality. The differentially enriched genera in RG are positively
correlated with differential metabolic pathways related to cellular
processes, environmental information processing, and genetic
information processing, while most differential pathways related to
metabolism and human diseases show a negative correlation. Only a few
metabolism-related pathways (starch and sucrose metabolism,
glycerolipid metabolism, cysteine and methionine metabolism,
pantothenate and CoA biosynthesis, peptidoglycan biosynthesis) are

enriched in RG.

4 Discussion

Exercise can be regarded as an immune system adjuvant, a behavior
that promotes a healthy host and contributes to metabolism while
improving immunity (Huang et al., 2013; Nieman and Wentz, 2019). In
contrast, lack of physical activity increases the risk of developing a
diseases, disorders,

variety of chronic including  metabolic

cardiovascular ~ diseases, neurological ~disorders, and other
inflammatory-related diseases (Gleeson et al,, 2011). In addition, as
life expectancy increases, the body’s immune and metabolic systems
may become dysfunctional, leading to the development of various
diseases. Moderate exercise helps reduce or delay this dysfunction
and achieve a state of immune remodeling (Warburton and Bredin,
2017). The “exercise factor” is currently recognized as a key factor in
exercise-related health, acting mainly through endocrine, paracrine,
and/or autocrine pathways (Gleeson et al., 2011; Nieman, 2012; Chow
etal,, 2022). GM also plays an important role in this process. In addition
to maintaining the gut barrier, some of these microorganisms can
benefit the host by metabolizing beneficial components, such as glycans,
amino acids, vitamins, and short-chain fatty acids (Francino, 2016;
Santacroce et al, 2021). Exercise can modify the composition and
structure of the gut microbes through various mechanisms. These
mechanisms include increasing the body temperature of the host
and upregulating anti-inflammatory cytokines and antioxidant
enzymes (Mailing et al,, 2019). Interestingly, gut microbes can also
influence host motility through the gut-brain axis pathway (Dohnalova
et al, 2022). Such metabolic differences in the exercising population
compared to healthy controls depend on structural and compositional
alterations in the GM.

In our study, although there was no significant difference in the
alpha diversity of GM between the RG and CG groups, the beta diversity
results suggested that the composition of GM in the RG was distinct
from that in the CG. Previous studies have shown that exercise is
beneficial for the diversity of GM, and this effect appears to be more
commonly reported in professional athletes (Clarke et al, 2014;
Petersen et al., 2017; Barton et al., 2018; Keohane et al.,, 2019; Liang
et al, 2019). Research in the elderly population has shown that the
impact of exercise on GM primarily leads to significant differences in
beta diversity rather than alpha diversity (Fart et al., 2020; Soltys et al.,
2021). Therefore, characterizing the impact of exercise on GM diversity
based solely on diversity may be limited and could be influenced by
factors such as sample size. Although there is some controversy over the
impact of exercise on the diversity of GM, it is undeniable that the GM
composition in all exercise-related groups differs from that of the
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control group. Firmicutes and Bacteroidota are the main phyla of
GM, and changes in the Firmicutes/Bacteroidota ratio (F/B) are
thought to be associated with obesity (Ley et al, 2005). However,
this viewpoint seems to be controversial at present (Walters et al., 2014;
Walker and Hoyles, 2023). Similarly, there are conflicting reports on the
correlation between the F/B ratio and physical fitness indicators (e.g.,
VO,max) in exercise studies (Hughes, 2020). Research by Kulecka et al.
(2020) showed an increased F/B ratio in marathon runners and cross-
country skiers, while Druk et al. (Durk et al., 2019) found a significant
positive correlation between the F/B ratio and VO,max. On the
contrary, the research results of Yu et al. (Yu et al,, 2018) show that
older adults with higher physical abilities have lower F/B ratios.
Nevertheless, these results all suggest a potential association between
the F/B ratio and physical fitness indicators. In our study, although we
also observed a higher F/B ratio in RG, this difference was primarily
influenced by a small number of individuals, indicating a relatively weak
significant difference in our study population. According to the theory
proposed by Estaki et al. (2016), the correlation between exercise-related
cardiopulmonary health and the gut microbiota is more evident in
functionality rather than taxonomic groups. This also reasonably
explains seemingly contradictory results in some studies. However,
the specific mechanism still requires further investigation. The
significantly enriched genera Ruminococcus and Coprococcus in the
RG may benefit host health. Ruminococcus was identified as a
distinguishing characteristic of elite athletes in a study conducted by
Han et al. (2020). This is believed to be linked to the increased muscle
mass (Donati Zeppa et al., 2021). Ruminococcus is a genus found in the
thick-walled homopteran family that has the ability to produce butyric
acid, which can boost immunity and maintain host health (Wang et al.,
2017). Similarly, Coprococcus has the potential to produce butyric acid.
In a recent report, Coprococcus eutactus was identified as a potential
probiotic for improving colitis (Yang et al, 2023). Furthermore,
significant differences were observed between the athletic and non-
athletic populations of Coprococcus, with intense endurance exercise
leading to a rapid increase in the abundance of this genus (Bressa et al,,
2017; Zhao et al., 2018; Moitinho-Silva et al., 2021). It is important to
note that the presence of this beneficial host microorganism can be
achieved not only through regular exercise but also through dietary
modifications and nutritional interventions such as probiotic and
vitamin supplementation. These interventions can also enhance the
abundance of Coprococcus spp. and improve the overall health of the
host (Notting et al., 2023).

The composition and metabolism of the GM are closely related
(Barton et al., 2015). Functional predictions based on PICRUST indicate
that serious runners have more genetic information processing
functions (such as transcription factors, peptidoglycan biosynthesis
and degradation proteins, and ribosome biogenesis), as well as
functions related to membrane transport and translation. These
functional pathways are positively correlated with the enrichment of
Ruminococcus and Coprococcus in the gut. This suggests that exercise
may promote the synthesis and turnover of bacterial DNA and proteins
by altering the composition of the GM, similar to the results reported by
Taniguchi et al.(Taniguchi et al., 2018) During exercise, gut bacteria play
a role in maintaining gut microbial balance (Wegierska et al., 2022).
They can enhance exercise performance by promoting carbohydrate
metabolism and energy metabolism related to the energy required for
exercise (Jeukendrup, 2014; Liang et al., 2019). In our study, most of the
differential pathways related to carbohydrate metabolism and glycan
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biosynthesis and metabolism are enriched in CG. In the carbohydrate
metabolism pathway, only the starch and sucrose metabolism pathway
is significantly increased in RG. This pathway is closely related to
glucose metabolism and energy supply, indicating that starch and
sucrose metabolism may be more susceptible to the influence of
exercise. In addition, Bacteroides, as the most common bacterial
genus in the human gut, shows strong correlations with the
majority of differential functional pathways, especially those related
to glycan biosynthesis and metabolism. This association is closely linked
to its ability to produce surface glycans (Coyne et al,, 2008). It is worth
noting that the peptidoglycan biosynthesis enriched in RG shows a
significant negative correlation with Bacteroides. Peptidoglycan, an
immunogenic substance, is abundant in the GM and plays a role in
regulating immune and inflammatory responses. Laman et al. suggest
that bacterial peptidoglycan could be a significant contributing factor to
chronic brain inflammation (Laman et al., 2020). However, Yin et al.’s
recent review, emphasizing the significance of the gut microbiome in
reshaping immune responses, underscores the potential advantages of
immunogenic molecules derived from gut bacteria in treating infections
and immune diseases (Yin et al, 2023). Although the potential
mechanisms linking exercise, GM, and host metabolism are not yet
clear, it is undeniable that a healthy GM environment contributes to
maintaining the host’s healthy physiological metabolism.

The study was limited by the relatively small number of
participants, while dietary patterns were undeniably a significant
influence. Most of the volunteers selected from the long distance
running association exhibited relatively good self-regulated eating
behaviors, particularly in the middle-aged group. However, most of
the middle-aged group had chronic diseases, and there were few
healthy subjects who met the criteria for NAR, especially in the
control group.

Compared to the healthy control group, serious runners exhibit
significant differences in the composition of their GM as well as in
the predicted outcomes of their functional pathways. A higher F/B
ratio and a high abundance of Ruminococcus and Coprococcus are
significant characteristics of serious runners. Although no
significant differences were found in dietary patterns statistically,
it is important to note that this assessment may be influenced by
recall bias. Therefore, in addition to expanding the sample size, strict
control of dietary patterns should be included in future studies.
Furthermore, the integrated analysis of metagenomics and
metabolomics along with additional physiological data will help
to better understand the potential connections between exercise,
GM, and health.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Jingmen Central Hospital. The studies were

conducted in accordance with the local legislation and

Frontiers in Physiology

10.3389/fphys.2024.1343219

institutional requirements. The participants provided their
written informed consent to participate in this study. Approval

number: 202302022.

Author contributions

RD: Conceptualization, Investigation, Writing—original draft.
YuL: Conceptualization, Investigation, Writing-original draft. YZ:
Data curation, Investigation, Writing-original draft. JS: Data
curation, Investigation, Writing—original draft. RX: Data curation,
draft. RL: Data
Investigation, Writing—original draft, Formal Analysis, Funding

Investigation, Writing-original curation,
acquisition. YM: Data curation, Investigation, Writing-original
draft. XZ: Methodology, Software, Validation, Visualization,
Writing-original draft. YoL: Data curation, Formal Analysis,
Investigation, Software, Visualization, Writing—original draft. HS:
Conceptualization, Project administration, Writing-review and
Methodology.  XX:

acquisition,

editing, Conceptualization, ~ Funding

Project administration, Resources, Supervision,
Writing-review and editing. XA: Conceptualization, Funding
acquisition, Project administration, Resources, Supervision,

Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Jingmen City
Science and Technology plan project (2023YFYB032, 2023YDKY050
and 2022YDKY136); Jingmen City Key Science and Technology
Plan Project (2022YFZDO022); Hubei Province key research and
project (2022BCE060);
speciality construction project funds.

development National key clinical

Conflict of interest

Authors XZ, YoL, and HS were employed by Maintainbiotech Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2024.1343219/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2024.1343219/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2024.1343219/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1343219

Duan et al.

References

Bajaj, J. S., Shamsaddini, A., Fagan, A., Sterling, R. K, Gavis, E., Khoruts, A., et al.
(2021). Fecal microbiota transplant in cirrhosis reduces gut microbial antibiotic
resistance genes: analysis of two trials. Hepatol. Commun. 5, 258-271. doi:10.1002/
hep4.1639

Barton, W., Penney, N. C,, Cronin, O., Garcia-Perez, 1., Molloy, M. G., Holmes, E.,
et al. (2018). The microbiome of professional athletes differs from that of more
sedentary subjects in composition and particularly at the functional metabolic level.
Gut 67, 625-633. doi:10.1136/gutjnl-2016-313627

Barton, W., Shanahan, F., Cotter, P. D., and O’Sullivan, O. (2015). The metabolic role
of the microbiota. Clin. Liver Dis. 5, 91-93. doi:10.1002/cld.455

Bressa, C., Bailén-Andrino, M., Pérez-Santiago, J., Gonzalez-Soltero, R., Pérez, M.,
Montalvo-Lominchar, M. G,, et al. (2017). Differences in gut microbiota profile between
women with active lifestyle and sedentary women. PLOS ONE 12, e0171352. doi:10.
1371/journal.pone.0171352

Brooks, C. N., Wight, M. E,, Azeez, O. E., Bleich, R. M., and Zwetsloot, K. A. (2023).
Growing old together: what we know about the influence of diet and exercise on the
aging host’s gut microbiome. Front. Sports Act. Living 5, 1168731. doi:10.3389/fspor.
2023.1168731

Caspersen, C. J., Powell, K. E,, and Christenson, G. M. (1985). Physical activity,
exercise, and physical fitness: definitions and distinctions for health-related research.
Public health Rep. 100, 126-131.

Chen, T., Zhang, H,, Liu, Y., Liu, Y.-X,, and Huang, L. (2021). EVenn: easy to create
repeatable and editable Venn diagrams and Venn networks online. J. Genet. genomics=
Yi chuan xue bao 48, 863-866. doi:10.1016/j.jgg.2021.07.007

Chow, L. S., Gerszten, R. E., Taylor, J. M., Pedersen, B. K., van Praag, H., Trappe, S.,
et al. (2022). Exerkines in health, resilience and disease. Nat. Rev. Endocrinol. 18,
273-289. doi:10.1038/s41574-022-00641-2

Chu, J., Feng, S., Guo, C,, Xue, B, He, K, Li, L, et al. (2023). Immunological
mechanisms of inflammatory diseases caused by gut microbiota dysbiosis: a review.
Biomed. Pharmacother. 164, 114985. doi:10.1016/j.biopha.2023.114985

Clarke, S. F., Murphy, E. F., O’Sullivan, O., Lucey, A. J., Humphreys, M., Hogan, A.,
etal. (2014). Exercise and associated dietary extremes impact on gut microbial diversity.
Gut 63, 1913-1920. doi:10.1136/gutjnl-2013-306541

Coyne, M. ]., Chatzidaki-Livanis, M., Paoletti, L. C., and Comstock, L. E. (2008). Role
of glycan synthesis in colonization of the mammalian gut by the bacterial symbiont
Bacteroides fragilis. Proc. Natl. Acad. Sci. U.S.A. 105, 13099-13104. doi:10.1073/pnas.
0804220105

Dohnalova, L., Lundgren, P, Carty, J. R. E.,, Goldstein, N., Wenski, S. L., Nanudorn, P.,
et al. (2022). A microbiome-dependent gut-brain pathway regulates motivation for
exercise. Nature 612, 739-747. doi:10.1038/s41586-022-05525-z

Donati Zeppa, S., Amatori, S., Sisti, D., Gervasi, M., Agostini, D., Piccoli, G., et al.
(2021). Nine weeks of high-intensity indoor cycling training induced changes in the
microbiota composition in non-athlete healthy male college students. J. Int. Soc. Sports
Nutr. 18, 74. doi:10.1186/s12970-021-00471-z

Durk, R. P,, Castillo, E., Mdrquez-Magaiia, L., Grosicki, G. J., Bolter, N. D., Lee, C. M.,
et al. (2019). Gut microbiota composition is related to cardiorespiratory fitness in
healthy young adults. Int. J. Sport Nutr. Exerc. Metabolism 29, 249-253. doi:10.1123/
ijsnem.2018-0024

Dziewiecka, H., Buttar, H. S., Kasperska, A., Ostapiuk-Karolczuk, J., Domagalska, M.,
Cichon, J., et al. (2022). Physical activity induced alterations of gut microbiota in
humans: a systematic review. BMC Sports Sci. Med. Rehabil. 14, 122. doi:10.1186/
s13102-022-00513-2

Estaki, M., Pither, J., Baumeister, P., Little, J. P., Gill, S. K., Ghosh, S., et al. (2016).
Cardiorespiratory fitness as a predictor of intestinal microbial diversity and distinct
metagenomic functions. Microbiome 4, 42. doi:10.1186/s40168-016-0189-7

Fart, F., Rajan, S. K., Wall, R,, Rangel, I, Ganda-Mall, J. P., Tingé, L., et al. (2020).
Differences in gut microbiome composition between senior orienteering athletes
and community-dwelling older adults. Nutrients 12, 2610. doi:10.3390/
nul2092610

Francino, M. P. (2016). Antibiotics and the human gut microbiome: dysbioses and
accumulation of resistances. Front. Microbiol. 6, 1543. doi:10.3389/fmicb.2015.01543

Fujisaka, S., Watanabe, Y., and Tobe, K. (2023). The gut microbiome: a core regulator
of metabolism. J. Endocrinol. 256, €220111. doi:10.1530/JOE-22-0111

Gleeson, M., Bishop, N. C,, Stensel, D. J., Lindley, M. R., Mastana, S. S., and Nimmo,
M. A. (2011). The anti-inflammatory effects of exercise: mechanisms and implications
for the prevention and treatment of disease. Nat. Rev. Immunol. 11, 607-615. doi:10.
1038/nri3041

Grosicki, G. J., Durk, R. P., and Bagley, J. R. (2019). Rapid gut microbiome changes in
a world-class ultramarathon runner. Physiol. Rep. 7, €14313. doi:10.14814/phy2.14313

Han, M,, Yang, K., Yang, P., Zhong, C., Chen, C., Wang, S., et al. (2020). Stratification
of athletes’ gut microbiota: the multifaceted hubs associated with dietary factors,
physical characteristics and performance. Gut Microbes 12, 1842991. doi:10.1080/
19490976.2020.1842991

Frontiers in Physiology

10.3389/fphys.2024.1343219

Huang, C.-J., Zourdos, M. C,, Jo, E., and Ormsbee, M. J. (2013). Influence of physical
activity and nutrition on obesity-related immune function. Sci. World J. 2013, e752071.
doi:10.1155/2013/752071

Huang, W.-C,, Hsu, Y.-J., Huang, C.-C,, Liu, H.-C., and Lee, M.-C. (2020). Exercise
training combined with Bifidobacterium longum OLP-01 supplementation improves
exercise physiological adaption and performance. Nutrients 12, 1145. doi:10.3390/
nul2041145

Hughes, R. L. (2020). A review of the role of the gut microbiome in personalized
sports nutrition. Front. Nutr. 6, 191. doi:10.3389/fnut.2019.00191

Jang, L.-G., Choi, G., Kim, S.-W., Kim, B.-Y,, Lee, S., and Park, H. (2019). The
combination of sport and sport-specific diet is associated with characteristics of gut
microbiota: an observational study. J. Int. Soc. Sports Nutr. 16, 21. doi:10.1186/s12970-
019-0290-y

Jeukendrup, A. (2014). A step towards personalized sports nutrition: carbohydrate
intake during exercise. Sports Med. 44, 25-33. doi:10.1007/s40279-014-0148-z

Karhu, E., Forsgard, R. A., Alanko, L., Alfthan, H., Pussinen, P., Himaldinen, E., et al.
(2017). Exercise and gastrointestinal symptoms: running-induced changes in intestinal
permeability and markers of gastrointestinal function in asymptomatic and
symptomatic runners. Eur. J. Appl. Physiol. 117, 2519-2526. doi:10.1007/s00421-
017-3739-1

Keohane, D. M., Woods, T., O’Connor, P., Underwood, S., Cronin, O., Whiston, R.,
et al. (2019). Four men in a boat: ultra-endurance exercise alters the gut microbiome.
J. Sci. Med. sport 22, 1059-1064. doi:10.1016/j.jsams.2019.04.004

Khatoon, S., Kalam, N., Rashid, S., and Bano, G. (2023). Effects of gut microbiota on
neurodegenerative diseases. Front. Aging Neurosci. 15, 1145241. doi:10.3389/fnagi.2023.
1145241

Kulecka, M., Fraczek, B., Balabas, A., Czarnowski, P., Zeber-Lubecka, N., Zapala, B.,
et al. (2023). Characteristics of the gut microbiome in esports players compared with
those in physical education students and professional athletes. Front. Nutr. 9, 1092846.
doi:10.3389/fnut.2022.1092846

Kulecka, M., Fraczek, B., Mikula, M., Zeber-Lubecka, N., Karczmarski, J., Paziewska,
A., et al. (2020). The composition and richness of the gut microbiota differentiate the
top Polish endurance athletes from sedentary controls. Gut Microbes 11, 1374-1384.
doi:10.1080/19490976.2020.1758009

Kumari, R., Yadav, Y., Misra, R., Das, U., Adhikari, U. D., Malakar, P., et al. (2022).
Emerging frontiers of antibiotics use and their impacts on the human gut microbiome.
Microbiol. Res. 263, 127127. doi:10.1016/j.micres.2022.127127

Laman, J. D., Bert, A., Power, C., and Dziarski, R. (2020). Bacterial peptidoglycan as a
driver of chronic brain inflammation. Trends Mol. Med. 26, 670-682. doi:10.1016/j.
molmed.2019.11.006

Lee, M.-C,, Hsu, Y.-J., Chuang, H.-L., Hsieh, P.-S., Ho, H.-H., Chen, W.-L,, et al.
(2019). In vivo ergogenic properties of the Bifidobacterium longum OLP-01 isolated
from a weightlifting gold medalist. Nutrients 11, 2003. doi:10.3390/nu11092003

Ley, R. E., Backhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., and Gordon,
J. L. (2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. 102,11070-11075.
doi:10.1073/pnas.0504978102

Liang, R., Zhang, S., Peng, X., Yang, W., Xu, Y., Wu, P,, et al. (2019). Characteristics of
the gut microbiota in professional martial arts athletes: a comparison between different
competition levels. PLOS ONE 14, 0226240. doi:10.1371/journal.pone.0226240

Lin, C.-L., Hsu, Y.-J., Ho, H.-H., Chang, Y.-C., Kuo, Y.-W., Yeh, Y.-T,, et al.
(2020). Bifidobacterium longum subsp. longum OLP-01 supplementation during
endurance running training improves exercise performance in middle-and long-
distance runners: a double-blind controlled trial. Nutrients 12, 1972. doi:10.3390/
nul2071972

Lupu, V. V., Adam Raileanu, A., Mihai, C. M., Morariu, I. D., Lupu, A,, Starcea, . M.,
et al. (2023). The implication of the gut microbiome in heart failure. Cells 12, 1158.
doi:10.3390/cells12081158

Mailing, L. J., Allen, J. M., Buford, T. W., Fields, C. J., and Woods, J. A. (2019).
Exercise and the gut microbiome: a review of the evidence, potential mechanisms, and
implications for human health. Exerc. Sport Sci. Rev. 47, 75-85. doi:10.1249/JES.
0000000000000183

Milano, W., Carizzone, F., Foia, M., Marchese, M., Milano, M., Saetta, B., et al. (2022).
Obesity and its multiple clinical implications between inflammatory states and gut
microbiotic alterations. Diseases 11, 7. doi:10.3390/diseases11010007

Moitinho-Silva, L., Wegener, M., May, S., Schrinner, F., Akhtar, A., Boysen, T. J., et al.
(2021). Short-term physical exercise impacts on the human holobiont obtained by a
randomised intervention study. BMC Microbiol. 21, 162. doi:10.1186/s12866-021-
02214-1

Nieman, D. C. (2012). Clinical implications of exercise immunology. J. Sport Health
Sci. 1, 12-17. doi:10.1016/j.jshs.2012.04.004

Nieman, D. C., and Wentz, L. M. (2019). The compelling link between physical
activity and the body’s defense system. J. Sport Health Sci. 8,201-217. d0i:10.1016/j.jshs.
2018.09.009

frontiersin.org


https://doi.org/10.1002/hep4.1639
https://doi.org/10.1002/hep4.1639
https://doi.org/10.1136/gutjnl-2016-313627
https://doi.org/10.1002/cld.455
https://doi.org/10.1371/journal.pone.0171352
https://doi.org/10.1371/journal.pone.0171352
https://doi.org/10.3389/fspor.2023.1168731
https://doi.org/10.3389/fspor.2023.1168731
https://doi.org/10.1016/j.jgg.2021.07.007
https://doi.org/10.1038/s41574-022-00641-2
https://doi.org/10.1016/j.biopha.2023.114985
https://doi.org/10.1136/gutjnl-2013-306541
https://doi.org/10.1073/pnas.0804220105
https://doi.org/10.1073/pnas.0804220105
https://doi.org/10.1038/s41586-022-05525-z
https://doi.org/10.1186/s12970-021-00471-z
https://doi.org/10.1123/ijsnem.2018-0024
https://doi.org/10.1123/ijsnem.2018-0024
https://doi.org/10.1186/s13102-022-00513-2
https://doi.org/10.1186/s13102-022-00513-2
https://doi.org/10.1186/s40168-016-0189-7
https://doi.org/10.3390/nu12092610
https://doi.org/10.3390/nu12092610
https://doi.org/10.3389/fmicb.2015.01543
https://doi.org/10.1530/JOE-22-0111
https://doi.org/10.1038/nri3041
https://doi.org/10.1038/nri3041
https://doi.org/10.14814/phy2.14313
https://doi.org/10.1080/19490976.2020.1842991
https://doi.org/10.1080/19490976.2020.1842991
https://doi.org/10.1155/2013/752071
https://doi.org/10.3390/nu12041145
https://doi.org/10.3390/nu12041145
https://doi.org/10.3389/fnut.2019.00191
https://doi.org/10.1186/s12970-019-0290-y
https://doi.org/10.1186/s12970-019-0290-y
https://doi.org/10.1007/s40279-014-0148-z
https://doi.org/10.1007/s00421-017-3739-1
https://doi.org/10.1007/s00421-017-3739-1
https://doi.org/10.1016/j.jsams.2019.04.004
https://doi.org/10.3389/fnagi.2023.1145241
https://doi.org/10.3389/fnagi.2023.1145241
https://doi.org/10.3389/fnut.2022.1092846
https://doi.org/10.1080/19490976.2020.1758009
https://doi.org/10.1016/j.micres.2022.127127
https://doi.org/10.1016/j.molmed.2019.11.006
https://doi.org/10.1016/j.molmed.2019.11.006
https://doi.org/10.3390/nu11092003
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1371/journal.pone.0226240
https://doi.org/10.3390/nu12071972
https://doi.org/10.3390/nu12071972
https://doi.org/10.3390/cells12081158
https://doi.org/10.1249/JES.0000000000000183
https://doi.org/10.1249/JES.0000000000000183
https://doi.org/10.3390/diseases11010007
https://doi.org/10.1186/s12866-021-02214-1
https://doi.org/10.1186/s12866-021-02214-1
https://doi.org/10.1016/j.jshs.2012.04.004
https://doi.org/10.1016/j.jshs.2018.09.009
https://doi.org/10.1016/j.jshs.2018.09.009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1343219

Duan et al.

Notting, F., Pirovano, W., Sybesma, W., and Kort, R. (2023). The butyrate-producing
and spore-forming bacterial genus Coprococcus as a potential biomarker for
neurological disorders. Gut Microbiome 4, e16. doi:10.1017/gmb.2023.14

Ortega, F. B., Ruiz, J. R,, Castillo, M. J., and Sjéstrém, M. (2008). Physical fitness in
childhood and adolescence: a powerful marker of health. Int. J. Obes. 32, 1-11. doi:10.
1038/5j.0.0803774

Pedersen, H., Kremmer Pedersen, L., and Thing, L. F. (2018). Liquid running
communities’ — an analysis of serious runners’ communities. Eur. J. Sport Soc. 15,
234-249. doi:10.1080/16138171.2018.1491152

Petersen, L. M., Bautista, E. J., Nguyen, H., Hanson, B. M., Chen, L., Lek, S. H., et al.
(2017). Community characteristics of the gut microbiomes of competitive cyclists.
Microbiome 5, 98. doi:10.1186/s40168-017-0320-4

Rankin, A., O’Donavon, C., Madigan, S. M., O’Sullivan, O., and Cotter, P. D. (2017).
Microbes in sport’-The potential role of the gut microbiota in athlete health and
performance. Br. J. Sports Med. 51, 698-699. doi:10.1136/bjsports-2016-097227

Santacroce, L., Man, A., Charitos, I. A., Haxhirexha, K., and Topi, S. (2021). Current
knowledge about the connection between health status and gut microbiota from birth to
elderly. A narrative review. FBL 26, 135-148. doi:10.52586/4930

Santaella-Pascual, M., Sudrez-Martinez, C., Yagiie-Guirao, G., and Martinez-
Gracid, C. (2023). Infant gut microbiota colonization: influence of prenatal and
postnatal factors, focusing on diet. Front. Microbiol. 14, 1236254. d0i:10.3389/
fmicb.2023.1236254

Sokol, H. (2019). Definition and roles of the gut microbiota. La Rev. Du. Prat. 69,
776-782.

Soltys, K., Lendvorsky, L., Hric, I, Baranovi¢ova, E., Penesova, A., Mikula, L, et al.
(2021). Strenuous physical training, physical fitness, body composition and Bacteroides
to Prevotella ratio in the gut of elderly athletes. Front. Physiology 12, 670989. doi:10.
3389/fphys.2021.670989

Su, X,, Gao, Y., and Yang, R. (2023). Gut microbiota derived bile acid metabolites
maintain the homeostasis of gut and systemic immunity. Front. Immunol. 14, 1127743.
doi:10.3389/fimmu.2023.1127743

Thriene, K., and Michels, K. B. (2023). Human gut microbiota plasticity throughout
the life course. Int. J. Environ. Res. Public Health 20, 1463. doi:10.3390/ijerph20021463

Thursby, E., and Juge, N. (2017). Introduction to the human gut microbiota. Biochem.
J. 474, 1823-1836. doi:10.1042/BCJ20160510

Upadhyay Banskota, S., Skupa, S. A., El-Gamal, D., and D’Angelo, C. R. (2023).
Defining the role of the gut microbiome in the pathogenesis and treatment of lymphoid
malignancies. Int. J. Mol. Sci. 24, 2309. doi:10.3390/ijms24032309

Walker, A. W., and Hoyles, L. (2023). Human microbiome myths and
misconceptions. Nat. Microbiol. 8, 1392-1396. doi:10.1038/s41564-023-01426-7

Frontiers in Physiology

10

10.3389/fphys.2024.1343219

Walters, W. A., Xu, Z., and Knight, R. (2014). Meta-analyses of human gut microbes
associated with obesity and IBD. FEBS Lett. 588, 4223-4233. doi:10.1016/j.febslet.2014.
09.039

Wang, J., Wang, Y., Zhang, X,, Liu, ., Zhang, Q., Zhao, Y., et al. (2017). Gut microbial
dysbiosis is associated with altered hepatic functions and serum metabolites in chronic
hepatitis B patients. Front. Microbiol. 8, 2222. doi:10.3389/fmicb.2017.02222

Wang, J., Zhu, N, Su, X,, Gao, Y., and Yang, R. (2023). Gut-Microbiota-Derived
metabolites maintain gut and systemic immune homeostasis. Cells 12, 793. doi:10.3390/
cells12050793

Warburton, D. E. R, and Bredin, S. S. D. (2017). Health benefits of physical activity: a
systematic review of current systematic reviews. Curr. Opin. Cardiol. 32, 541-556.
doi:10.1097/HCO.0000000000000437

Wegierska, A. E., Charitos, I. A., Topi, S., Potenza, M. A., Montagnani, M., and
Santacroce, L. (2022). The connection between physical exercise and gut microbiota:
implications for competitive sports athletes. Sports Med. 52, 2355-2369. doi:10.1007/
540279-022-01696-x

Xu, H.-M., Huang, H.-L., Xu, J., He, J., Zhao, C., Peng, Y., et al. (2021). Cross-talk
between butyric acid and gut microbiota in ulcerative colitis following fecal
microbiota transplantation. Front. Microbiol. 12, 658292. do0i:10.3389/fmicb.
2021.658292

Xu, Y., Zhong, F., Zheng, X,, Lai, H.-Y., Wu, C,, and Huang, C. (2022). Disparity of gut
microbiota composition among elite athletes and young adults with different physical
activity independent of dietary status: a matching study. Front. Nutr. 9, 843076. doi:10.
3389/fnut.2022.843076

Yang, R, Shan, S, Shi, J., Li, H,, An, N, Li, S,, et al. (2023). Coprococcus eutactus, a
potent probiotic, alleviates colitis via acetate-mediated IgA response and microbiota
restoration. J. Agric. Food Chem. 71, 3273-3284. doi:10.1021/acs.jafc.2c06697

Yin, R, Wang, T., Dai, H,, Han, J.,, Sun, J., Liu, N,, et al. (2023). Immunogenic
molecules associated with gut bacterial cell walls: chemical structures, immune-
modulating functions, and mechanisms. Protein ¢ Cell, pwad016. doi:10.1093/
procel/pwad016

Yu, Y., Mao, G., Wang, |, Zhu, L, Lv, X,, Tong, Q., et al. (2018). Gut dysbiosis is

associated with the reduced exercise capacity of elderly patients with hypertension.
Hypertens. Res. 41, 1036-1044. doi:10.1038/s41440-018-0110-9

Zhao, X., Zhang, Z., Hu, B., Huang, W., Yuan, C., and Zou, L. (2018). Response of gut
microbiota to metabolite changes induced by endurance exercise. Front. Microbiol. 9,
765. doi:10.3389/fmicb.2018.00765

Zhong, H., Wang, X.-G., Wang, J., Chen, Y.-J., Qin, H.-L., and Yang, R. (2021). Impact
of probiotics supplement on the gut microbiota in neonates with antibiotic exposure: an
open-label single-center randomized parallel controlled study. World J. Pediatr. 17,
385-393. doi:10.1007/s12519-021-00443-y

frontiersin.org


https://doi.org/10.1017/gmb.2023.14
https://doi.org/10.1038/sj.ijo.0803774
https://doi.org/10.1038/sj.ijo.0803774
https://doi.org/10.1080/16138171.2018.1491152
https://doi.org/10.1186/s40168-017-0320-4
https://doi.org/10.1136/bjsports-2016-097227
https://doi.org/10.52586/4930
https://doi.org/10.3389/fmicb.2023.1236254
https://doi.org/10.3389/fmicb.2023.1236254
https://doi.org/10.3389/fphys.2021.670989
https://doi.org/10.3389/fphys.2021.670989
https://doi.org/10.3389/fimmu.2023.1127743
https://doi.org/10.3390/ijerph20021463
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.3390/ijms24032309
https://doi.org/10.1038/s41564-023-01426-7
https://doi.org/10.1016/j.febslet.2014.09.039
https://doi.org/10.1016/j.febslet.2014.09.039
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.3390/cells12050793
https://doi.org/10.3390/cells12050793
https://doi.org/10.1097/HCO.0000000000000437
https://doi.org/10.1007/s40279-022-01696-x
https://doi.org/10.1007/s40279-022-01696-x
https://doi.org/10.3389/fmicb.2021.658292
https://doi.org/10.3389/fmicb.2021.658292
https://doi.org/10.3389/fnut.2022.843076
https://doi.org/10.3389/fnut.2022.843076
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1093/procel/pwad016
https://doi.org/10.1093/procel/pwad016
https://doi.org/10.1038/s41440-018-0110-9
https://doi.org/10.3389/fmicb.2018.00765
https://doi.org/10.1007/s12519-021-00443-y
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1343219

	The impact of exercise on the gut microbiota in middle-aged amateur serious runners: a comparative study
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Sample collection
	2.3 Amplification and high-throughput sequencing of 16S rRNA gene
	2.4 Statistical analysis and bioinformatics

	3 Results
	3.1 Demographic data
	3.2 Gut microbiota (GM) diversity
	3.3 Differences in the composition of gut microbiota
	3.4 Correlation between gut microbiota and predicted functional pathways

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


