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Probiotic Lactobacillus kefiranofaciens K6
attenuates physiological and behavioral alterations
and modulates the gut microbiota in a mouse
model of overtraining syndrome

Yen-Po Chen, a,b Ming-Han Gao,c Wen-Chi Weid and Wen-Ching Huang *c

Exercise is widely recognized for its substantial health benefits in promoting well-being and preventing

disease across diverse populations; however, inappropriate training intensity combined with insufficient

recovery can lead to overtraining syndrome (OTS), characterized by sustained performance decline, phys-

iological maladaptation, and psychological disturbances. Probiotics have emerged as a promising nutri-

tional strategy for modulating host metabolism and the gut microbiota, yet effective interventions for OTS

remain limited. In the present study, a well-established OTS-like mouse model induced by a progressive

treadmill protocol was used to evaluate the effects of Lactobacillus kefiranofaciens K6 supplementation

on performance decline, physiological maladaptation, psychological disturbances, and gut microbiota

dysbiosis. Mice were randomly assigned to Sedentary, Exercise, OTS, and OTS-K6 groups and received

the designated interventions for 10 weeks. K6 supplementation was associated with attenuation of OTS-

induced reductions in body weight, appetite, body composition, endurance performance, glucose toler-

ance, and tissue glycogen content, as well as improvements in peripheral fatigue biomarkers, including

muscle injury markers (CK and LDH) and energy metabolism indicators (glucose, lactate, and ammonia).

In addition, K6 administration was associated with improved intestinal barrier-related gene expression

(Claudin-1, ZO-1, and ZO-2), reduced tissue and systemic inflammatory responses (TNF-α, IL-6, neutro-

phil counts, PLR, and NLR), and support of immune function as indicated by lymphocyte levels. K6 sup-

plementation also alleviated OTS-induced anxiety-like behaviors. Furthermore, gut microbiota compo-

sition was altered by exercise, OTS induction, and K6 supplementation, with K6 modulating OTS-related

dysbiosis by reducing Heminiphilus faecis and increasing Paramuribaculum intestinale. Moreover,

changes in Duncaniella dubosii and P. intestinale may also provide potential benefits in the Exercise

group. Excessive training stress in this experimental OTS-like mouse model was associated with multiple

metabolic, inflammatory, behavioral, and microbiota-related disturbances, whereas K6 supplementation

was associated with attenuation of several OTS-related alterations. These findings suggest that micro-

biota-targeted nutritional strategies may support physiological resilience under excessive training stress;

however, the results should be interpreted as associative and hypothesis-generating, as mechanistic

relationships were not directly examined.

1. Introduction

Athletes often engage in periodized training based on the prin-
ciples of overload and supercompensation to enhance their
competitive performance and physical capacity.1 However,
long-term imbalance between high-intensity training and
insufficient recovery can lead to the development of overtrain-
ing syndrome (OTS), which is characterized by a decline in
sport-specific performance accompanied by mood disturb-
ances that may persist even after weeks or months of rest.2

OTS is highly prevalent among athletes, although its incidence
varies depending on the type of sport. Studies have shown that
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athletes who have previously experienced OTS are at higher
risk of recurrence. For example, surveys on elite runners
revealed that 60% of female and 64% of male athletes had
experienced at least one episode of OTS, compared to 33% in
non-elite adult runners.3 Moreover, the prevalence was 37% in
individual sports and 17% in team sports,4 indicating that
sport type and training modality influence the likelihood of
OTS development. Clinically, OTS presents with a wide array of
symptoms, including chronic fatigue, sleep disturbances,
appetite loss, weight reduction, anxiety, increased stress,
reduced motivation and concentration, and emotional instabil-
ity. It may also cause dysregulation in multiple physiological
systems, including the endocrine, immune, musculoskeletal,
and nervous systems.5 Multiple hypotheses have been pro-
posed to elucidate the complex pathophysiology of overtrain-
ing syndrome (OTS), including the cytokine, glutamine,
central fatigue, glycogen depletion, autonomic dysregulation,
oxidative stress, and hypothalamic dysfunction hypotheses.
Collectively, these theories underscore the multisystemic
nature of OTS and its impact on immune, metabolic, neuro-
endocrine, and psychological function.6

The human gut harbors 10 to 100 trillion microorganisms,
forming the body’s largest and most complex internal ecosys-
tem. These microorganisms span multiple bacterial phyla,
including Bacteroidetes, Firmicutes, Actinobacteria,
Proteobacteria, Verrucomicrobia, Fusobacteria, Cyanobacteria,
and Tenericutes. Notably, Bacteroidetes and Firmicutes consti-
tute approximately 90% of the gut microbiota.7 Functionally,
the gut microbiota acts as a metabolic organ, engaging in a
symbiotic relationship with the host and playing a critical role
in maintaining health.8 While previous study has shown that
both physical activity and nutritional factors can alter the gut
microbial composition, their combined or individual influence
may directly or indirectly affect host metabolism and physi-
ology. Moreover, through the gut–brain axis, such changes
may influence cognitive function, emotional regulation, and
systemic physiological processes.9 However, the role of the gut
microbiota in the physiological alterations associated with
overtraining—especially under complex interactions of train-
ing and non-training factors—remains poorly understood.

In recent years, probiotics have been increasingly studied
for their role in health promotion. Beyond enhancing immune
function and gastrointestinal health, a growing body of evi-
dence supports their application in disease prevention and
treatment. Gut dysbiosis has been implicated in numerous
health conditions, including antibiotic-associated diarrhea,
inflammatory bowel disease, chronic constipation, Crohn’s
disease, chronic systemic illnesses, neurodegenerative dis-
eases, cardiovascular disease, and colorectal cancer. Probiotic
supplementation has been shown to restore gut microbial
balance and alleviate related symptoms.10 In addition to
dietary interventions, the therapeutic strategies such as func-
tional probiotics and fecal microbiota transplantation are
being developed from the perspective of gut microbiota regu-
lation.11 Clinical research has also provided evidence that psy-
chobiotics—probiotics with mental health benefits—can alle-

viate symptoms of depression and anxiety. These probiotics
produce neuroactive compounds such as γ-aminobutyric acid
and serotonin, which may act via the gut–brain axis. Their
potential mechanisms include anti-inflammatory effects and
the suppression of hypothalamic–pituitary–adrenal (HPA) axis
activation, thereby contributing to improved emotional regu-
lation.12 Beyond immune modulation, probiotics may influ-
ence multiple physiological axes through gut microbiota altera-
tion, including the gut–brain axis, gut–muscle axis, HPA axis,
and hypothalamic–pituitary–gonadal axis, thereby contribut-
ing to systemic physiological adaptation.13

Importantly, probiotic effects are highly strain-specific, and
the selection of candidate strains should be supported by prior
functional evidence. L. kefiranofaciens K6 is a probiotic strain
originally isolated from kefir grains and has recently attracted
attention for its functional properties under stress-related con-
ditions. In a previous study, K6 supplementation was shown to
attenuate chronic inflammation, reduce exercise-induced
tissue injury, and improve stress adaptation in a sleep depri-
vation animal model (mouse).14 Although sleep deprivation
and overtraining syndrome represent distinct physiological
stress paradigms, both conditions share several underlying
biological features, including chronic low-grade inflammation,
metabolic dysregulation, impaired recovery capacity, and neu-
ropsychological disturbances mediated by stress-responsive
pathways such as inflammatory signaling and hypothalamic–
pituitary–adrenal axis activation. These overlapping physiologi-
cal characteristics suggest that probiotic strains capable of
modulating inflammatory and stress-related responses in one
stress context may represent promising candidates for investi-
gation in other stress-associated conditions. Based on this
rationale, L. kefiranofaciens K6 was selected in the present
study as a functional probiotic candidate to examine its poten-
tial associations with physiological adaptation under excessive
training stress. Nevertheless, whether K6 exerts similar regulat-
ory effects under the complex physiological stress induced by
excessive training remains unknown and therefore warrants
further investigation.

Given the known adverse health consequences of improper
training programs, it is ethically unfeasible to induce OTS in
human participants for experimental purposes. Therefore, the
present study employed an established animal model of over-
training syndrome developed in a previous study.15 From a pre-
ventive perspective, this study aimed to investigate the effects
of functional probiotics L. kefiranofaciens K6 on OTS-related
alterations, including exercise performance decline, peripheral
fatigue, physiological maladaptation, psychological disturb-
ances, and gut microbiota dysbiosis.

2. Methods and materials
2.1. Experimental design and procedures

Thirty-two six-week-old male C57BL/6 mice (BioLASCO, Taipei,
Taiwan) were housed under controlled conditions (24 ± 2 °C,
50–60% humidity, 12 h light/dark cycle) with ad libitum access
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to water and a standard chow diet (No. 5001; PMI Nutrition
International, Brentwood, MO, USA). The chow diet provided
3.35 kcal g−1 of metabolizable energy and consisted of 28.5%
protein, 13.4% fat, and 58.1% carbohydrates. After a two-week
acclimatization period, mice were randomly assigned to one of
four groups (n = 8): Sedentary, Exercise, OTS, and OTS sup-
plemented with L. kefiranofaciens K6 (OTS-K6). The interven-
tion lasted 10 weeks, during which animals underwent group-
specific treadmill protocols and/or probiotic supplementation.
Body weight, food intake, and time to exhaustion were moni-
tored (Fig. 1). All experimental procedures involving animals
were reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of the National Research Institute
of Chinese Medicine (approval number: 113-355-1). All animal
experiments were conducted in accordance with the ARRIVE
guidelines and relevant institutional and national regulations
for the care and use of laboratory animals.

2.2. Implementation of regular exercise and overtraining
syndrome induction

Based on a previous protocol,15 regular exercise involved tread-
mill running at 15 meters per min, 20 min per session, 3
times per week. OTS was induced through progressive tread-
mill running 5 times per week, with incremental increases in
speed (starting at 15 m min−1, +3 m min−1 every 10 min) and a
5% incline, continued until exhaustion. The running time to
exhaustion during each session was recorded to monitor
changes in endurance capacity during the intervention period.
Exhaustion was defined as the inability of the mouse to main-
tain running pace, characterized by remaining in the “fatigue
zone” for 10 consecutive seconds despite gentle stimulation.
The fatigue zone was defined as the area at the rear of the

treadmill belt, within approximately one body length from the
shock grid. When mice entered this zone, mild stimuli (e.g.,
air puff or light touch) were applied to encourage continued
running. If the mouse failed to resume running and remained
in the fatigue zone for 10 seconds, the test was terminated and
the time to exhaustion was recorded as an indicator of endur-
ance performance.

2.3. Probiotics supplementation

L. kefiranofaciens K6 was kindly provided by Professor Yen-Po
Chen. The strain was cultured in de Man, Rogosa and Sharpe
(MRS) broth (Difco™, USA) at 37 °C for 24 hours, harvested by
centrifugation, and washed twice with phosphate-buffered
saline (PBS) to remove residual culture medium. The bacterial
pellet was then resuspended in 20% (w/v, weight/volume) skim
milk powder solution (NZMP, New Zealand), which served as a
cryoprotectant, and stored at −80 °C for 24 h prior to freeze-
drying. The freeze-drying procedure was conducted following
standard probiotic preservation protocols, and the resulting
lyophilized powder was stored at −20 °C until use. The viable
bacterial counts were verified after lyophilization by standard
plate counting on MRS agar following rehydration of the
powder. This procedure ensured accurate quantification of
colony-forming units (CFU) and confirmed the administered
dose. For supplementation, the lyophilized powder was freshly
suspended in sterile saline to achieve a final dose of 1 × 108

CFU per mouse per day and administered by oral gavage. Mice
in the Sedentary, Exercise, and OTS groups received an equi-
valent volume of sterile saline containing the same concen-
tration of skim milk powder (without bacteria) as the vehicle
control. The probiotic suspension was administered at a
volume of 200 μL per mouse per day via oral gavage. This

Fig. 1 Experimental design and procedures for investigating the effects of probiotic supplementation and OTS induction in an animal model.
Animals were randomly assigned to one of four groups: Sedentary, Exercise, OTS, and OTS + K6. Overtraining syndrome (OTS) was induced using a
treadmill running-to-exhaustion protocol for ten consecutive weeks without sufficient rest. Probiotic supplementation and the designated exercise
protocols were administered to the relevant groups throughout the experimental period, including both pre-treatment and intervention phases.
Assessments were conducted during the experimental period and after sacrifice, and included measurements of growth curves, exercise capacity,
inflammatory markers, tight junction integrity, neuropsychological behaviors, glucose tolerance, hematological parameters, peripheral fatigue, gly-
cogen content, and gut microbiota composition. K6: Lactobacillus kefiranofaciens K6.
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volume is within the recommended administration range for
mice (approximately 10 μL g−1 body weight) and therefore rep-
resents a physiologically acceptable gavage volume that con-
tributes minimally to total dietary intake.

To provide translational interpretation of the probiotic
dose, a body surface area-based dose conversion was con-
sidered. In this commonly used interspecies scaling method,
the human body surface area is standardized as 1, and
species-specific coefficients are applied according to the rela-
tive body surface area. For mice, the conversion coefficient is
12.3. Based on the administered dose in this study (1 × 108

CFU day−1 per 25 g mouse), the human-equivalent intake
corresponds to approximately 1.95 × 1010 CFU day−1 for a
60 kg adult. This estimated intake falls within the typical
range used in human probiotic supplementation studies and
remains well below commonly recommended upper intake
levels for probiotic consumption.

2.4. Aerobic endurance performance and assessment of
peripheral biochemical variables

Aerobic endurance was evaluated using a weight-loaded forced
swimming test (FST) following a 12 h fast. In this test, mice
were subjected to swimming with an additional weight
attached to the tail until exhaustion. Exhaustion was defined
as submersion for 5 seconds without resurfacing. The total
swimming time until exhaustion was recorded as an indicator
of aerobic endurance performance. Treadmill running to
exhaustion was primarily used to monitor endurance perform-
ance changes during the OTS induction protocol. Because
treadmill training was not performed in the Sedentary group
and differed between training groups, a weight-loaded forced
swimming test was additionally used as a standardized endur-
ance assessment that could be applied to all groups, allowing
cross-group comparison of aerobic endurance capacity.

Peripheral fatigue-related biochemical markers were
assessed using a separate acute swimming challenge consist-
ing of 20 minutes of continuous swimming without additional
weight. Blood samples were collected immediately before and
after this 20 min swimming test to determine biochemical
indicators of peripheral fatigue, including blood glucose
(GLU), ammonia (NH3), lactate dehydrogenase (LDH), lactate,
and creatine kinase (CK), using an automated biochemical
analyzer (Hitachi 7060; Hitachi, Tokyo, Japan).

2.5. Oral glucose tolerance test

At the 8th week of the exercise intervention, the mice were
fasted for 12 h before being orally administered glucose at a
dose of 1 g kg−1 of body weight. Whole blood (0.6 μL) was
sampled from the tail at the indicated time points: baseline,
15, 30, 60, and 120 min. This was performed using a gluc-
ometer (Accu-Chek®; Roche, Taipei, Taiwan) to measure
plasma glucose fluctuations. During the fasting period, mice
were maintained under their standard group-housing con-
ditions rather than being individually housed. This approach
was adopted to minimize stress associated with sudden social
isolation, which may itself influence metabolic responses. All

groups were maintained under identical housing conditions
during the fasting period.

2.6. Complete blood count (CBC) analysis

Following CO2 euthanasia, cardiac puncture was immediately
performed to collect whole blood samples. Blood was drawn
into microcentrifuge tubes containing K2-EDTA as an anti-
coagulant for subsequent complete blood count (CBC) analysis
using an automated hematology analyzer (ADVIA 2010, Bayer,
NY, USA). The parameters measured included white blood cell
count (WBC), neutrophils (Neu), lymphocytes (Lym), mono-
cytes (Mono), eosinophils (Eos), basophils (Bas), red blood cell
count (RBC), hemoglobin concentration (Hb), and platelet
count (PLT). In addition, the neutrophil-to-lymphocyte ratio
(NLR) and platelet-to-lymphocyte ratio (PLR) were calculated as
indicators of systemic inflammatory status. The elevated NLR
and PLR observed in the OTS group may reflect systemic
inflammatory stress and immune imbalance induced by exces-
sive training load, as these composite hematological indices
are commonly used indicators of inflammation and physio-
logical stress.

2.7. Quantitative real-time polymerase chain reaction

The proximal colon, liver, and muscle tissues were extracted
using the RNAzol RT kit (Molecular Research Center, OH,
USA). Next, 1 μg of RNA was reverse transcribed into cDNA
using the Magic RT cDNA synthesis kit (DBU-RT-100, Bio-
Genesis Technologies, Taipei, Taiwan). Quantitative polymer-
ase chain reaction was conducted using 2× EvaGreen qPCR
Master Mix (31045, Biotium, Fremont, CA, USA) on an ABI
7500 FAST Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). The cDNA templates were analyzed for
the expression of inflammatory genes (TNFA, IL1B, and IL6),
tight junction genes [occludin (OCLN), claudin-1 (CLDN1),
zonula occludens-1 (TJP1), and zonula occludens-2 (TJP2)], and
an internal control gene (GAPDH). The primers used to quan-
tify gene expression were referenced from a previous study.14

Gene expression was estimated using the threshold cycle
values, and relative mRNA expression levels were calibrated
using GAPDH expression.

2.8. Behavioral neuropsychology assessments

Behavioral tests, including the open field test (OFT) and elev-
ated plus maze (EPM), were conducted to evaluate anxiety-like
behaviors in mice following the intervention, based on a pre-
viously described protocol.15 Behavioral activity was recorded
and analyzed using AnyMaze software (Stoelting, Wood Dale,
IL, USA). Parameters included travel distance, time in open
arms (EPM), center zone time, and fecal boli. Apparatuses
were sanitized between trials.

2.9. Gut microbiota analysis

Fecal samples collected during the open field test were
immediately stored at −80 °C until analysis. Microbial
genomic DNA was extracted using the QIAamp PowerFecal
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DNA Kit (Qiagen, Germany) according to the manufacturer’s
instructions.

Full-length 16S rRNA genes (V1–V9 regions) were amplified
and sequenced using the PacBio Sequel IIe platform. High-
fidelity (HiFi) reads with a quality threshold of RQ > 30 were
used to ensure high sequencing accuracy. Raw sequencing
reads were subjected to quality filtering to remove low-quality
sequences and chimeric reads before downstream microbiome
bioinformatic analyses. High-quality sequences were processed
using the DADA2 pipeline to generate amplicon sequence var-
iants (ASVs). Samples with insufficient sequencing depth were
excluded from downstream analyses. Taxonomic classification
of ASVs was performed using reference databases integrated
within the analysis workflow. Microbial alpha and beta diver-
sity analyses were conducted to evaluate community richness
and compositional differences among the groups.
Differentially abundant taxa were identified using linear discri-
minant analysis effect size (LEfSe), with statistical significance
determined by the non-parametric Kruskal–Wallis test and an
LDA score threshold of >4.0. To statistically evaluate differ-
ences in overall microbial community composition among the
groups, permutational multivariate analysis of variance
(PERMANOVA) was conducted based on the distance matrices
derived from beta diversity metrics. PERMANOVA is a nonpara-
metric multivariate statistical method that partitions variation
in the microbial community structure according to explanatory
variables. The analysis was performed using the “adonis” func-
tion in the vegan package in R with 999 permutations. The
pseudo-F statistic, coefficient of determination (R2) and per-
mutation-based p-values were reported to assess the signifi-
cance and magnitude of group differences.

2.10. Statistical analysis

Data are presented as mean ± SD. Normality was assessed
using the Kolmogorov–Smirnov test. One-way or two-way
repeated-measures ANOVA was used to assess group differ-
ences. When significant main effects were detected in ANOVA
analyses, Tukey’s post hoc multiple comparison test was
applied to control the family-wise error rate across pairwise

group comparisons. For nonparametric data, the Mann–
Whitney and Kruskal–Wallis tests were used. SPSS (v22.0, IBM,
New York, NY, USA) was used for all analyses, with significance
set at p < 0.05.

3. Results
3.1. Growth curves, dietary intake, and body composition

A significant interaction between time and group was observed
in the growth curves (F(30, 280) = 9.99, p < 0.0001, η2 = 0.512),
along with significant main effects of both time (F(10, 280) =
50.39, p < 0.0001, η2 = 0.643) and intervention (F(3, 28) = 11.06,
p < 0.0001, η2 = 0.542), indicating differential weight gain pat-
terns among the groups over the 10-week intervention
(Fig. 2A). At week 10, the OTS group exhibited significantly
lower body weight than the Sedentary, Exercise, and
OTS-K6 groups. The OTS-K6 group also showed significantly
lower body weight than the Sedentary group but did not differ
from the Exercise group. The significant time × group inter-
action indicates that body weight trajectories differed among
the experimental groups over the intervention period.
Specifically, the OTS group exhibited a progressive attenuation
of body weight gain compared with the Sedentary and Exercise
groups, whereas the OTS-K6 group showed partial recovery of
body weight gain during the later stages of the intervention.

Significant differences in dietary and water intake were also
observed (food: F(3, 71) = 3.86, p = 0.013; water: F(3, 71) = 2.71,
p = 0.048) (Fig. 2B). The OTS group consumed significantly
less food and water than the Sedentary and OTS-K6 groups,
with no significant differences between the OTS-K6, Sedentary,
and Exercise groups.

At the endpoint on body composition, significant group
differences were found in the weights of the liver, muscle,
testes, heart, and epididymal fat (F(3, 28) = 3.48–13.79, all p <
0.05) (Table 1). The OTS group showed significantly lower
muscle, testes, and fat pad weights compared with both the
Sedentary and Exercise groups, and these weights were also
lower than the OTS-K6 group. The OTS-K6 group did not differ

Fig. 2 Effects of probiotic supplementation and OTS induction on growth curve and dietary intake. Data are presented as mean ± SD (n = 8). (A)
Body weight growth curve. Data were analyzed using two-way repeated-measures ANOVA with time and group as factors. Significant main effects of
time and group, as well as a significant time × group interaction, were observed. (B) Diet and water intake during the experimental period. Data were
analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate sig-
nificant differences between the groups (p < 0.05).
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significantly from the Sedentary or Exercise groups. For liver
weight, the OTS group showed a significantly lower value than
that for the Sedentary and Exercise groups, while the
OTS-K6 group showed a modest weight reduction compared
with Sedentary mice only. Heart weight was reduced in the
OTS group relative to the Sedentary and Exercise groups, with
no significant differences involving the OTS-K6 group.

3.2. Exercise endurance performance

Endurance capacity was evaluated by monitoring treadmill
running time to exhaustion during training sessions and by a
forced swimming test. The treadmill running time to exhaus-
tion recorded during the OTS training sessions in the OTS and
OTS-K6 groups, with two representative time points per week,
is shown in Fig. 3A. Repeated measurements of treadmill
exhaustion time revealed significant main effects of time (F(15,
210) = 7.27, p < 0.0001, η2 = 0.342) and treatment (F(1, 14) =
8.41, p = 0.012, η2 = 0.375). The mice in the OTS-K6 group
demonstrated significantly greater running endurance than
the mice in the OTS group from the 7th to the 16th measure-
ment point. In the FST (Fig. 3B), a significant group effect was
observed (F(3, 28) = 6.89, p = 0.001). The OTS group exhibited
significantly reduced swimming endurance compared with the

Sedentary, Exercise, and OTS-K6 groups. The OTS-K6 group
outperformed the OTS group, though its performance
remained significantly below the Exercise group.

3.3. Glucose tolerance

Glucose tolerance was assessed using an oral glucose tolerance
test (OGTT) to evaluate systemic glucose regulation. Two-way
repeated-measures ANOVA revealed a significant interaction
between time and treatment in the glucose response curves
(F(12, 112) = 16.58, p < 0.0001), along with significant main
effects of time (F(4, 112) = 374.8, p < 0.0001) and treatment
(F(3, 28) = 6.49, p < 0.0001) (Fig. 4A). No significant differences
among groups were observed at baseline (F(3, 28) = 0.76, p =
0.527). At 15 minutes, a significant group effect was detected
(F(3, 28) = 21.10, p < 0.0001), with both the OTS and
OTS-K6 groups exhibiting significantly higher glucose levels
than the Sedentary and Exercise groups. However, glucose
levels in the OTS-K6 group were significantly lower than those
in the OTS group. From 30 to 120 minutes, significant group
differences were observed at 30 min (F(3, 28) = 6.41, p = 0.002),
60 min (F(3, 28) = 6.44, p = 0.002), and 120 min (F(3, 28) =
6.34, p = 0.002). At these time points, the OTS group consist-
ently showed elevated glucose levels compared with the other
groups, whereas the OTS-K6 group did not differ significantly
from the Sedentary or Exercise groups. Analysis of the area
under the curve (AUC) revealed a significant group effect (F(3,
28) = 13.91, p < 0.0001) (Fig. 4B). The OTS group showed sig-
nificantly higher AUC values than the Sedentary, Exercise, and
OTS-K6 groups, while no significant differences were observed
among the latter three groups.

3.4. Peripheral fatigue-related biochemical variables

Peripheral fatigue-associated biochemical parameters were
evaluated via an acute swimming test following 8 weeks of
intervention (Fig. 5A–E).

Blood glucose levels differed significantly among groups
both pre- and post-exercise (F(3, 28) = 3.63–4.68, all p < 0.05).
Before exercise, the OTS group exhibited significantly lower

Fig. 3 Effects of probiotic supplementation and OTS induction on endurance performance. Data are presented as mean ± SD (n = 8). (A) Time to
exhaustion on the treadmill test. Data were analyzed using two-way repeated-measures ANOVA with time and group as factors. Significant main
effects of time and group, as well as a significant time × group interaction, were observed. (B) Time to exhaustion in the forced swimming test. Data
were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate
significant differences between the groups (p < 0.05); * indicates a significant difference between the groups.

Table 1 Effects of exercise, overtraining, and K6 supplementation on
body compositions

Characteristics Sedentary Exercise OTS OTS-K6

Liver (g) 1.21 ± 0.08c 1.13 ± 0.09bc 1.03 ± 0.08a 1.11 ± 0.11ab

Muscle (g) 0.33 ± 0.02b 0.32 ± 0.02b 0.29 ± 0.02a 0.33 ± 0.02b

Testes (g) 0.20 ± 0.01b 0.19 ± 0.01b 0.17 ± 0.02a 0.20 ± 0.01b

Heart (g) 0.15 ± 0.01b 0.14 ± 0.01b 0.13 ± 0.01a 0.14 ± 0.01ab

EFP (g) 0.41 ± 0.04b 0.40 ± 0.05b 0.29 ± 0.04a 0.37 ± 0.03b

Data are presented as the mean ± SD (n = 8) and analyzed using one-
way ANOVA followed by Tukey’s multiple comparison test. Data in the
same row with different superscript letters (a, b, and c) differ
significantly at p < 0.05 as determined by one-way ANOVA. EFP:
epididymal fat pad.
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glucose levels than the Sedentary and Exercise groups, but not
the OTS-K6 group. Post-exercise, glucose levels remained sig-
nificantly reduced in the OTS group compared to all other
groups, while no differences were observed among the OTS-K6,
Sedentary, and Exercise groups. Blood lactate concentrations
showed significant group differences only after exercise (F(3,
28) = 3.15, p = 0.041), with the OTS group displaying signifi-
cantly lower lactate levels than the other three groups. Blood
ammonia levels varied significantly both pre- and post-exercise
(F(3, 28) = 3.70–10.53, all p < 0.05). Before exercise, the OTS
group had higher ammonia levels than all other groups. The
OTS-K6 group also showed elevated ammonia compared to the
Exercise group but did not differ from the Sedentary group.

Post-exercise, ammonia levels in the OTS group remained sig-
nificantly higher than those in the Sedentary and Exercise
groups, with no significant difference from the OTS-K6 group.
Muscle injury-related biomarkers—CK and LDH—differed sig-
nificantly across groups pre- and post-exercise (F(3, 28) =
4.05–20.34, all p < 0.05). Before exercise, both CK and LDH
levels were significantly elevated in the OTS group relative to
all others, with the OTS-K6 group also showing higher levels
than the Sedentary and Exercise groups. After exercise, the OTS
group maintained significantly higher CK and LDH concen-
trations compared to the other groups, while OTS-K6 values
were comparable to those of the Sedentary and Exercise groups
with no significance.

Fig. 4 Effects of probiotic supplementation and OTS induction on glucose tolerance. Data are presented as mean ± standard deviation (n = 8). (A)
Oral glucose tolerance test (OGTT) curve. Data were analyzed using two-way repeated-measures ANOVA with time and group as factors. Significant
main effects of time and group, as well as a significant time × group interaction, were observed. (B) Area under the OGTT curve. Data were analyzed
using one-way ANOVA followed by Tukey’s multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate significant
differences between the groups (p < 0.05).

Fig. 5 The effects of probiotic supplementation and OTS induction on peripheral fatigue-related biochemical markers. OTS treadmill training and
probiotic supplementation were implemented for 8 weeks, and biochemical markers related to peripheral fatigue were measured during an acute
swimming exercise test. (A) Glucose, (B) lactate, (C) ammonia, (D) creatine kinase (CK), and (E) lactate dehydrogenase were assessed pre- and post-
exercise. Data are presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns
subscripted with different letters (a, b, c, and d) indicate significant differences between the groups (p < 0.05).
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3.5. The glycogen content

Glycogen levels in the liver and gastrocnemius muscle were
assessed using the glycogen–iodine colorimetric method.
Significant group differences were found for both hepatic (F(3,
28) = 7.45, p < 0.0001) and muscle glycogen (F(3, 28) = 8.08, p =
0.001) (Fig. 6A and B).

Hepatic glycogen was significantly lower in the OTS group
compared to the Sedentary and Exercise groups, but not sig-
nificantly different from the OTS-K6 group. The OTS-K6 group
had lower hepatic glycogen than the Exercise group, but did
not differ from the Sedentary group. For muscle glycogen, the
OTS group exhibited significantly lower levels than all other
groups. In contrast, no significant differences were observed
among the OTS-K6, Sedentary, and Exercise groups.

3.6. Hematological profiles

One-way ANOVA revealed significant group differences in neu-
trophils (Neu), lymphocytes (Lym), monocytes (Mono), platelets
(PLT), neutrophil-to-lymphocyte ratio (NLR), and platelet-to-lym-
phocyte ratio (PLR) (F(3, 28) = 3.29–22.87, all p < 0.05) (Table 2).

Neutrophil counts were significantly elevated in both the
OTS and OTS-K6 groups compared with the Sedentary and

Exercise groups, with the OTS-K6 group showing significantly
lower counts than the OTS group. Lymphocyte counts were sig-
nificantly reduced in the OTS group relative to all other
groups, while no differences were observed among the OTS-K6,
Sedentary, and Exercise groups. Monocyte counts were signifi-
cantly lower in both the OTS and OTS-K6 groups compared to
the Sedentary and Exercise groups, with no difference between
the two OTS groups. Platelet counts and PLR were significantly
elevated in the OTS group versus all other groups, while the
OTS-K6, Sedentary, and Exercise groups did not differ. For
NLR, the OTS group showed significantly higher values than
the other three groups. The OTS-K6 group also had a signifi-
cantly higher NLR than the Sedentary group but did not differ
from the Exercise group.

3.7. Anxiety-like behavioral assessments

Anxiety-like behaviors were evaluated using the open field test
(OFT) and elevated plus maze (EPM), with group differences
observed in several key parameters. In the OFT, significant
group effects were found for both the percentage of time spent
in the center area (F(3, 28) = 14.83, p < 0.0001) and the number
of fecal boli (F(3, 28) = 10.08, p < 0.0001) (Fig. 7B and D). The

Fig. 6 Effects of probiotic supplementation and OTS implementation on glycogen content. (A) Liver glycogen and (B) muscle glycogen. Data are
presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns subscripted with
different letters (a, b, and c) indicate significant differences between the groups (p < 0.05).

Table 2 Effects of consecutive exhaustive exercise and probiotic interventions on complete blood count analysis

Parameter Sedentary Exercise OTS OTS-K6

WBC (103 μL−1) 4.2 ± 2.1 4.6 ± 1.8 3.9 ± 2.0 3.5 ± 1.2
Neu (%) 13.9 ± 2.5a 15.1 ± 2.3a 21.6 ± 1.7c 17.4 ± 1.2b

Lym (%) 84.9 ± 3.1c 81.1 ± 5.3b 77.5 ± 1.9a 81.8 ± 1.1bc

Mono (%) 1.1 ± 1.2a 3.3 ± 5.5a 0.6 ± 0.4b 0.7 ± 0.4b

Eosi (%) 0.04 ± 0.05 0.25 ± 0.52 0.24 ± 0.59 0.04 ± 0.07
Baso (%) 0.01 ± 0.03 0.22 ± 0.48 0.03 ± 0.07 0.01 ± 0.01
RBC (million per μL) 8.8 ± 1.1 8.2 ± 1.4 8.2 ± 1.2 8.6 ± 0.9
Hb (g dL−1) 12.9 ± 1.7 12.5 ± 1.3 12.4 ± 1.3 12.6 ± 1.3
Platelet (103 μL−1) 1187 ± 212a 1146 ± 233a 1461 ± 283b 1119 ± 247a

PLR 0.38 ± 0.11a 0.32 ± 0.06a 0.55 ± 0.16b 0.41 ± 0.07a

NLR 0.17 ± 0.04a 0.18 ± 0.03ab 0.28 ± 0.03c 0.21 ± 0.02b

Data are presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Values in the
same row with different superscript letters (a, b, and c) differ significantly; p < 0.05, by using one-way ANOVA. WBC, white blood cell count; Neu,
neutrophil count; Lym, lymphocyte count; Mono, monocyte count; Eosi, eosinophil count; Baso, basophil count; RBC, red blood count; Hb,
hemoglobin level; PLR, platelet/lymphocyte ratio; NLR, neutrophil/lymphocyte ratio.
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OTS group spent significantly less time in the center area and
produced more fecal boli compared to the Sedentary, Exercise,
and OTS-K6 groups. The OTS-K6 group also spent less time in
the center compared to the Sedentary group but did not differ
from the Exercise group. In the EPM, a significant difference
was observed in the percentage of time spent in the open arms
(F(3, 28) = 9.63, p < 0.0001) (Fig. 8B). The OTS group spent sig-

nificantly less time in the open arms than all other groups.
The OTS-K6 group showed a significant increase compared to
the OTS group, although still lower than the Sedentary and
Exercise groups. No significant group differences were
observed in total travel distance in either the OFT or EPM
(Fig. 7C and 8C), indicating that overall locomotor activity was
not affected by the treatment.

Fig. 7 Effects of probiotic supplementation and OTS implementation on behaviors from the open field test. (A) Representative trajectory diagrams.
(B) Percentage of time spent in the center area. (C) Total travel distance. (D) Number of fecal boli produced during the test. These parameters were
analyzed to assess the anxiety-like behavior. Data are presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA followed by Tukey’s
multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate significant differences between the groups (p < 0.05).

Fig. 8 Effects of probiotic supplementation and OTS implementation on behaviors from the elevated plus maze. (A) Representative trajectory dia-
grams. (B) Percentage of time spent in the open arms. (C) Total travel distance. These parameters were analyzed to assess the anxiety-like behavior.
The arms marked with stars were designated as the open arms. Data are presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate significant differences between the
groups (p < 0.05).
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3.8. Intestinal tight junction gene expression

The expression of intestinal tight junction-related genes was
assessed in cecal tissue to examine alterations in barrier-
associated gene expression. Significant group differences were
observed for OCLN, TJP1, and TJP2 expressions (F(3, 28) =
8.15–16.03, p < 0.0001), whereas no significant difference was
detected for CLDN1 (F(3, 28) = 1.05, p = 0.384) (Fig. 9). The OTS
group exhibited significantly reduced expression of OCLN,
TJP1, and TJP2 compared with all other groups, suggesting
alterations in tight junction-related gene expression under
overtraining conditions. K6 supplementation (OTS-K6) was
associated with significantly higher TJP1 and TJP2 expression
relative to the OTS group, although these levels remained
lower than those observed in the Sedentary group. OCLN
expression in the OTS-K6 group was comparable to that of the
Sedentary and Exercise groups. Taken together, these findings
indicate that OTS is associated with alterations in intestinal
tight junction-related gene expression at the transcriptional
level, and that K6 supplementation may be associated with
partial normalization of these gene expression patterns.

3.9. Inflammatory gene expression in the intestine, muscle,
and liver

Quantitative PCR analysis revealed significant group differ-
ences in TNFA, IL1B, and IL6 expression across intestinal,
muscle, and liver tissues following OTS induction and probio-
tic intervention (Fig. 10). For TNFA, the expression was signifi-
cantly elevated in the intestine, liver, and muscle of the OTS
group compared to the Sedentary and Exercise groups (F(4, 25)
= 4.23–7.16, all p < 0.05). K6 supplementation (OTS-K6) signifi-
cantly attenuated this OTS-induced increase in all three
tissues. IL1B expression was significantly affected only in the

intestine (F(4, 25) = 5.96, p = 0.003), where the OTS group
showed a marked increase compared to the Sedentary and
Exercise controls. This elevation was significantly reduced in
the OTS-K6 group. No significant differences were observed in
IL1B expression in the muscle or liver. For IL6, significant
upregulation was detected in all three tissues under OTS con-
ditions (F(4, 25) = 5.13–9.36, all p < 0.05). Probiotic supplemen-
tation significantly reduced IL6 expression in the muscle but
not in the intestine or liver, where the expression remained
elevated despite intervention.

3.10. Gut microbiota composition and diversity

Gut microbial community composition was characterized
using full-length 16S rRNA gene sequencing. Alpha diversity
analysis revealed no significant differences among the experi-
mental groups in either the number of observed species or the
Shannon diversity index (Fig. 11A and B), indicating that
microbial richness and overall diversity were comparable
across groups.

In contrast, beta diversity analysis based on unweighted
UniFrac distances demonstrated significant differences in the
microbial community structure among the experimental
groups. Specifically, the Sedentary group exhibited signifi-
cantly higher beta diversity compared with both the OTS and
OTS-K6 groups (p < 0.05), while the OTS-K6 group displayed
significantly higher beta diversity than the OTS group,
suggesting partial restoration of the microbial community
structure following probiotic supplementation.

Principal coordinate analysis (PCoA) further illustrated dis-
tinct clustering of microbial communities among the four
experimental groups. The first two principal coordinates
explained 41.52% and 31.96% of the total variance, respect-

Fig. 9 Effects of probiotic supplementation and OTS implementation on intestinal tight junction. The expression levels of (A) occludin (OCLN), (B)
claudin-1 (CLDN1), (C) zonula occludens-1 (TJP1), and (D) zonula occludens-2 (TJP2) genes were analyzed in the proximal large intestine (cecal)
tissue. Data are presented as the mean ± SD (n = 8) and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns
subscripted with different letters (a, b, and c) indicate significant differences between the groups (p < 0.05).
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ively (p = 0.001), indicating clear separation of the microbial
community composition among the treatment conditions.
Similarly, partial least squares discriminant analysis (PLS-DA)
revealed distinct clustering patterns across the groups, with
the first two components explaining 7.34% and 8.9% of the
total variance, respectively (Fig. 12A and B), further supporting
the presence of group-specific microbial profiles.

To statistically evaluate differences in the overall microbial
community composition between the groups, permutational
multivariate analysis of variance (PERMANOVA) was performed
based on the beta diversity distance matrix. Significant differ-
ences in the microbial community structure were observed
between the Sedentary and OTS groups (F = 2.3323, R2 =
0.2257, p = 0.028), Exercise and OTS groups (F = 2.2969, R2 =
0.2231, p = 0.016), Exercise and OTS-K6 groups (F = 1.9863, R2

= 0.1989, p = 0.026), and OTS and OTS-K6 groups (F = 1.8087,
R2 = 0.1844, p = 0.045). In contrast, comparisons between the
Sedentary and Exercise groups (F = 1.6049, R2 = 0.1671, p =
0.110) and between the Sedentary and OTS-K6 groups (F =
1.6011, R2 = 0.1668, p = 0.111) did not reach statistical signifi-
cance. These findings indicate that excessive training stress
was associated with significant alterations in the microbial
community composition, whereas probiotic supplementation
was associated with partial shifts in the microbial structure
relative to the OTS condition.

At the taxonomic level, heatmap and bar plot analyses
identified several differentially abundant taxa across the

experimental groups using LEfSe analysis (LDA score > 4.0)
(Fig. 13A and C). The OTS group exhibited increased relative
abundance of Heminiphilus and Heminiphilus faecis compared
with the other groups, whereas these taxa were reduced follow-
ing K6 supplementation in the OTS-K6 group. In contrast,
Paramuribaculum and P. intestinale were enriched in the
Exercise group but decreased in the OTS group; K6 supplemen-
tation was associated with partial restoration of P. intestinale
abundance in the OTS-K6 group. Conversely, Duncaniella
dubosii abundance was reduced in the Exercise group but
increased in both the OTS and OTS-K6 groups.

At the species level, the dominant taxa across all groups
included Muribaculum gordoncarteri, Duncaniella freteri,
Duncaniella muris, and Fusimonas intestini, collectively account-
ing for more than 50% of the total microbial abundance
(Fig. 13B). Overall, these results indicate that excessive training
stress was associated with shifts in the gut microbial commu-
nity composition, whereas probiotic supplementation was
associated with partial modulation of the microbial commu-
nity structure under OTS conditions.

4. Discussion

Previous studies on overtraining syndrome (OTS) have primar-
ily relied on retrospective cohort studies and systematic
reviews to propose hypotheses regarding its pathophysiology

Fig. 10 Effects of probiotic supplementation and OTS implementation on inflammation levels. The expression levels of TNF-α, IL-1β, and IL-6 were
measured on different tissues, including intestinal (A, D, and G), muscle (B, E, and H), and liver (C, F, and I). Data are presented as the mean ± SD (n =
8) and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. Columns subscripted with different letters (a, b, and c) indicate
significant differences between the groups (p < 0.05).
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Fig. 11 Alpha and beta diversity plots illustrating differences in the gut microbiota structure following probiotic supplementation and OTS induc-
tion. The box plot corresponding to the alpha diversity including (A) observed species and (B) the Shannon index. (C) Unweighted UniFrac and (D)
weighted UniFrac β-diversity plots of the four groups, analyzed using the ANOSIM algorithm to represent differences in community structure
between the groups. The horizontal lines inside the boxes indicate the median; the lower and upper boundaries of each box represent the 25th and
75th percentiles, respectively. The whiskers indicate the minimum and maximum data points.

Fig. 12 Constrained PCoA and PLS-DA illustrating the structure of the microbiota composition. (A) Constrained principal coordinate analysis (PCoA)
based on Bray–Curtis distances, constrained by the treatment groups. (B) Partial least squares discriminant analysis (PLS-DA) highlighting discrimina-
tive microbial features among the treatment groups. Each point represents an individual sample, and the colors indicate the different experimental
groups. The percentage shown on each axis represents the proportion of total variance explained by the corresponding component. The center of
each ellipse represents the group centroid with its corresponding confidence interval. Group differences in overall microbial community compo-
sition were further evaluated using permutational multivariate analysis of variance (PERMANOVA).
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and prevention strategies. From a nutritional perspective,
maintaining adequate energy availability and balanced nutri-
ent intake has been suggested as an important strategy for
reducing OTS risk.16 However, evidence regarding targeted
nutritional interventions capable of mitigating the multisys-
tem physiological disturbances associated with OTS remains
limited. In the present study, we investigated a microbiota-tar-
geted nutritional intervention using the probiotic strain
L. kefiranofaciens K6 in a treadmill-induced OTS-like animal
model designed to reproduce key physiological features associ-
ated with excessive training stress. The experimental paradigm
reproduced several features commonly associated with exces-
sive training stress, including reductions in endurance per-
formance despite continued training stimuli, metabolic dysre-
gulation reflected by impaired glucose tolerance and altered
glycogen metabolism, systemic inflammatory and immune
alterations, and anxiety-like behavioral disturbances. Within
this model, K6 supplementation was associated with attenu-
ation of several OTS-related physiological alterations, including
reduced performance decline, peripheral fatigue, inflamma-
tory responses, intestinal barrier-related changes, and behav-
ioral disturbances. These findings may indicate that micro-
biota-targeted nutritional strategies could represent a comp-
lementary approach associated with physiological resilience
during excessive training loads, although causal relationships
cannot be inferred from the present study. In clinical settings,
OTS is typically distinguished from functional overreaching by
persistent performance decline and neuroendocrine dysregula-

tion. Because comprehensive endocrine and recovery assess-
ments were not performed here, the present paradigm should
be interpreted as an OTS-like model reproducing key physio-
logical features of excessive training stress rather than a defini-
tive clinical representation of OTS.

OTS has been widely associated with appetite loss and
reductions in body weight under excessive training stress.
Insufficient recovery during prolonged training may trigger
physiological disturbances including hormonal imbalance and
neuroinflammatory responses mediated by cytokines such as
IL-1β and TNF-α, which may impair appetite regulation and
energy balance.6,17 Experimental OTS models have similarly
reported reductions in food intake, body weight, and skeletal
muscle mass accompanied by inflammatory signaling and
catabolic pathways in muscle tissue.18–20 Consistent with these
observations, OTS induction in the present study was associ-
ated with reduced body weight, food intake, and body compo-
sition-related parameters, including skeletal muscle and epidi-
dymal fat pad weights. K6 supplementation was associated
with partial attenuation of these alterations, suggesting that
probiotic supplementation may be associated with partial pres-
ervation of energy balance and body composition under exces-
sive training stress.

Excessive training loads without adequate recovery have
also been shown to induce physiological disturbances charac-
teristic of OTS. Previous studies using exhaustive swimming or
progressive treadmill protocols reported reductions in endur-
ance capacity accompanied by inflammatory and metabolic

Fig. 13 Relative abundance of the gut microbiota based on LEfSe analysis. (A) Heatmap illustrating differentially abundant taxa identified by LEfSe
analysis at the species and genus levels. (B) Stacked column plot showing the relative abundance of gut bacterial taxa at the species level across the
different groups. (C) Bar plot presenting the relative abundance of selected bacterial taxa.
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disturbances.18,21 At the cellular level, excessive training has
been associated with activation of muscle stress pathways and
impaired insulin signaling in skeletal muscle,22,23 while
human studies have reported impaired mitochondrial function
and glucose tolerance following excessive training loads.24

Consistent with these reports, OTS induction in the present
study was associated with reduced endurance performance,
increased peripheral fatigue markers, and impaired glucose
tolerance. K6 supplementation was associated with partial
attenuation of these physiological disturbances, suggesting
that probiotic supplementation may be associated with
improved physiological responses under excessive training
stress.

Prolonged intensive exercise is also associated with inflam-
matory responses and immune perturbations.25 Experimental
OTS models have reported reductions in lymphocyte counts
together with elevations in neutrophils and platelets, reflecting
systemic inflammatory stress under excessive training
conditions.15,26 Similar immune alterations have been
observed following high-intensity exercise in both animal and
human studies, where glucocorticoid responses, reduced gluta-
mine availability, and leukocyte redistribution contribute to
transient immunosuppression.27–30 In line with these findings,
OTS induction in the present study was associated with
increased neutrophils, platelets, NLR, and PLR alongside
reduced lymphocyte counts. K6 supplementation was associ-
ated with partial normalization of these immune-related
markers, which may reflect an association between probiotic
supplementation and modulation of immune parameters
during excessive training stress.

Emerging evidence suggests that excessive training may
disrupt gut homeostasis and contribute to systemic inflam-
mation. OTS has been associated with increased intestinal per-
meability and gastrointestinal disturbances resulting from epi-
thelial disruption and microbiota dysbiosis.6,15,31,32 These
alterations may promote inflammatory signaling involving
cytokines such as IL-1β, IL-6, and TNF-α, which can influence
metabolic and endocrine regulation.33 IL-6 also functions as
an exercise-responsive cytokine involved in metabolic regu-
lation during prolonged exercise.34 Consistent with these
observations, the present model demonstrated altered
expression of intestinal tight junction-related genes (OCLN,
TJP1 and TJP2), impaired glucose tolerance, and elevated
inflammatory cytokine expression. K6 supplementation was
associated with partial normalization of these alterations,
suggesting an association between probiotic supplementation
and changes in inflammatory signaling and intestinal barrier-
related gene expression under excessive training stress.

Excessive training without adequate recovery has also been
linked to adverse psychological outcomes, including anxiety
and mood disturbances.35 Experimental studies have shown
that overtraining protocols can induce anxiety-like behaviors
in rodents.15 Increasing attention has therefore been focused
on the gut–brain axis, through which the gut microbiota may
influence emotional regulation and stress-related behaviors.
This concept has led to the development of psychobiotics—

probiotics that may influence mental health outcomes.36

These effects may involve the modulation of neuroactive com-
pounds such as γ-aminobutyric acid and serotonin as well as
inflammatory signaling and hypothalamic–pituitary–adrenal
axis activity.37 Behavioral paradigms such as the open field test
and elevated plus maze are widely used to assess anxiety-like
behaviors in rodents.38,39 In the present study, OTS induction
was associated with anxiety-like behavioral alterations,
whereas K6 supplementation was associated with attenuation
of these behavioral responses. However, the present data do
not provide mechanistic evidence for psychobiotic effects.
These behavioral outcomes may reflect complex physiological
responses to excessive training stress that could involve inter-
actions between gut microbiota composition, inflammatory
signaling, and host regulatory pathways, although such mecha-
nisms were not directly evaluated in the present study.

Alterations in the gut microbiota composition have increas-
ingly been reported in association with excessive training and
host physiological responses. In the present study, several
microbial taxa differed among the experimental groups,
including increased abundance of Heminiphilus faecis and
Duncaniella dubosii and reduced abundance of
Paramuribaculum intestinale in the OTS group. These obser-
vations suggest that excessive training stress may be
accompanied by shifts in gut microbial communities. Previous
studies have shown that gut microbial communities regulate
intestinal epithelial integrity, immune signaling, and systemic
metabolic homeostasis through microbial metabolites, par-
ticularly short-chain fatty acids (SCFAs).40–42 These metabolites
have been reported to regulate tight junction protein
expression, modulate inflammatory pathways, and interact
with host metabolic regulatory systems, which have been
reported to interact with host metabolic and immune
pathways.

The abundance of H. faecis was elevated in the OTS group
and reduced following K6 supplementation. Although this
taxon has been associated with inflammatory responses in
some disease models, its functional role in intestinal barrier
regulation remains unclear.43–47 Another taxon altered under
OTS conditions was D. dubosii, which has been proposed as a
conditionally pathogenic bacterium under inflammatory or
immune-dysregulated states and may respond to host trypto-
phan metabolism.48–51 Conversely, P. intestinale abundance
was higher in the Exercise and OTS-K6 groups than in the OTS
group. Members of the Muribaculaceae family possess meta-
bolic pathways involved in carbohydrate degradation and
microbial fermentation and may produce SCFAs such as
propionate.52–54 However, because microbial metabolites were
not measured in the present study, these interpretations
should be considered hypothesis-generating rather than evi-
dence of microbiota-driven mechanisms.

Overall, OTS induction in this model was associated with
alterations in gut microbiota composition, intestinal barrier-
related gene expression, systemic inflammatory markers, meta-
bolic dysregulation, and anxiety-like behaviors. Probiotic sup-
plementation with L. kefiranofaciens K6 was associated with
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partial shifts in microbial community composition. Because
microbial metabolites were not directly quantified, the micro-
biota findings presented here should be interpreted primarily
as descriptive observations of microbial community changes
rather than evidence of functional microbiota-mediated
mechanisms. Future studies integrating microbiome sequen-
cing, metabolomics, and functional analyses will be necessary
to clarify the mechanisms underlying microbiota–host inter-
actions in the context of excessive training stress.

The present study has several limitations that should be
acknowledged, particularly given the exploratory nature of the
integrated physiological and microbiome analyses. First, endo-
crine markers related to physiological stress responses, such
as corticosterone and testosterone, were not measured due to
limitations in the available blood sample volume. Assessment
of these hormones would provide additional insight into
neuroendocrine responses during excessive training and could
further support validation of the OTS model. Moreover,
although the experimental protocol reproduced several physio-
logical features reported in OTS-like models, the absence of
endocrine markers limits the ability to clearly distinguish
between overtraining syndrome and severe functional over-
reaching. Second, probiotic-only control groups (e.g.,
Sedentary + K6 or Exercise + K6) were not included in the
experimental design, making it difficult to determine whether
the observed effects of K6 supplementation are specific to
excessive training stress or represent more general physiologi-
cal effects of probiotic administration. Third, skeletal muscle
damage was evaluated using circulating biomarkers such as
CK and LDH rather than histopathological examination, and
intestinal barrier integrity was inferred from tight junction-
related gene expression rather than functional measurements
such as circulating endotoxin levels or intestinal permeability
assays. Finally, microbial metabolites that may mediate micro-
biota–host interactions, including short-chain fatty acids
(SCFAs), were not quantified, and formal a priori power ana-
lysis was not conducted for sample size determination. The
relatively small sample size (n = 8 per group), combined with
multiple physiological endpoints, may increase the risk of type
I error. In addition, although Tukey’s post hoc test was applied
to control pairwise comparisons following ANOVA, future
studies integrating larger multi-omics datasets may benefit
from additional multiple testing correction strategies such as
false discovery rate (FDR) adjustment. Future studies incorpor-
ating larger sample sizes, endocrine assessments, functional
gut permeability assays, metabolomic analyses, and micro-
biota–host correlation approaches will be necessary to clarify
the mechanistic relationships between probiotic supplemen-
tation, microbial alterations, and host physiological responses
under excessive training stress.

5. Conclusion

Overtraining syndrome represents a significant challenge for
athletic performance and long-term health when excessive

training is performed without adequate recovery and nutri-
tional support. In the present study, a treadmill-induced
animal model demonstrated that excessive training stress was
associated with physiological maladaptation, anxiety-like be-
havioral changes, and alterations in gut microbiota compo-
sition. Supplementation with L. kefiranofaciens K6 was associ-
ated with attenuation of several OTS-related alterations, includ-
ing improvements in physiological, inflammatory, and behav-
ioral responses. These findings suggest that microbiota-tar-
geted nutritional strategies may be associated with improved
physiological resilience under excessive training stress in this
experimental OTS-like model. However, the present findings
remain associative and hypothesis-generating, and mechanis-
tic relationships between probiotic supplementation, gut
microbiota alterations, and host physiological responses
require further investigation. Appropriate regulation of train-
ing load, adequate recovery, targeted nutritional strategies,
and psychological interventions remain essential for maintain-
ing physiological and mental health in both athletes and the
general population.
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