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ABSTRACT

AIMS: This study investigates the effects of fecal microbiota transplantation (FMT) from exercise-
trained donors and aerobic exercise on oxidative stress in C57 male mice subjected to chronic
unpredictable mild stress (CUMS).

MATERIALS AND METHODS: Four groups of mice (n=8) were studied: INTACT (no intervention),
CONTROL (CUMS with saline solution), N-E-FMT (CUMS with FMT from sedentary donors), and
E-FMT (CUMS with FMT from exercise-trained donors). Total serum antioxidant capacity (TAC)
was measured to assess oxidative stress.

FINDINGS: The control group showed a significant decrease in TAC compared to the INTACT group
(p=<0.0001), confirming stress-induced oxidative damage. The E-FMT group showed a significant
increase in TAC compared to the control group (p<0.05), indicating an increase in antioxidant
capacity, while N-E-FMT showed no significant improvement.

CONCLUSION: These findings indicate that FMT from donors under exercise conditions, combined
with aerobic exercise, effectively reduces oxidative stress, highlighting the importance of the
donor’s physical activity in the effectiveness of FMT. This study highlights the therapeutic potential
of FMT under exercise conditions for stress-related oxidative damage and calls for further research
into the underlying microbial mechanisms.
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INTRODUCTION

The gut microbiome, a complex composition
of the microbiota that McFab calls the home-
resident gut ecosystem, is crucial for physiological
homeostasis. This composition influences a wide
range of functions, including immune modulation,
metabolic control, and the regulation of oxidative
stress. Changes and subsequent alterations, in the
composition of the gut microbiota, often associated
with stress and lifestyle factors, play a role in
many health conditions, such as the amelioration
of oxidative stress and inflammation. These
disturbances highlight the need for therapeutic
strategies to restore microbiota homeostasis and
mitigate stress-induced damage [1].

In this regard, fecal microbiota
transplantation (FMT) has emerged as an
innovative therapeutic intervention for restoring
gut diversity [2]. FMT is described as the transfer
of a healthy donor’s gut microbiota to a host in
order to restore the host’s microbial balance.
As can be inferred, the clinical efficacy of FMT
largely depends on the composition of the donor
microbiota. However, the microbiota of physically
active  individuals—especially  athletes—has
been shown to induce more beneficial changes,
owing to the microbial diversity and functional
alterations brought about by exercise [3, 4]. Since
exercise has well-known health benefits, such as
improved antioxidant activity and increased stress
resistance, it is also a promising candidate for
synergistic approaches [5, 6].

Chronic stress is a classic case of oxidative
stress, a state ofimbalance between the production
ofreactive oxygen species (ROS) and the organism’s
ability to neutralize them with antioxidants.
Chronic Unpredictable Mild Stress (CUMS) is a
widely used animal model that fully replicates the
physiological and psychological effects of chronic
stress exposure. This model induces systemic
oxidative stress, making it an ideal platform for
evaluating the effects of interventions such as fecal
microbiota transplantation (FMT) and exercise [7,
8].

This study evaluated the acute effects
of fecal microbiota transplantation (FMT)
from exercise- and aerobic-trained donors on
oxidative stress in male C57 mice subjected to
CUMS. The aim of this study was to identify a
novel therapeutic strategy for regulating stress-
induced oxidative damage by combining these two
treatment approaches. It also examined how the
quality of the transferred microbiota depends on
the donor's level of physical activity and how this
affects the efficacy of FMT in similarly stressed
individuals [9, 10].

The results of this study may also help
elucidate the relationship between exercise, the
gut microbiota, and oxidative stress. By shedding
light on the mechanisms behind the increase in
systemic antioxidant capacity induced by FMT
from exercise-trained donors, this work aims to
lay the groundwork for innovative therapeutic

approaches to counteract oxidative stress and
related pathologies.

MATERIALS & METHODS

The present study was a preclinical, interventional,
controlled experimental animal study with a
parallel-group design. Adult male C57 mice
weighing 20-25 g, obtained from the Pasteur
Institute of Iran, were used. The animals were
housed under standard laboratory conditions,
including a temperature of 20 + 2 °C, 50-60%
relative humidity, and a 12-hour light/dark cycle.
The mice had free access to water and standard
laboratory chow. Prior to the experiment, a one-
week acclimatization period was allowed to
minimize stress associated with transportation
and the novel environment.

After the acclimation period, the main
program was carried out as in Table 1:
Aerobic Exercise Protocol: To obtain FMT

from exercise-trained donors, mice in the exercise
group underwent aerobic treadmill training for 3
weeks. First, the animals were acclimated to the
treadmill for 3 days; during this phase, they trained
daily for 10 min at a speed of 8 m/min without
inclination (0% grade). After the acclimation
period, the main training program was performed
as outlined in Table 1.

Table 1) aerobic exercise protocol

Number Duratiqn Treadmill speed
Week . per session .
of session : (m/min)
(min)
First 5 30 12
Second 5 30 14
Third 5 30 16

The treadmill incline was set at 0% (zero
grade). This protocol was considered moderate-
intensity aerobic exercise. Non-exercising donors
received no training program during the study and
were maintained under standard conditions.

Mice were randomly divided into four
experimental groups (n = 8 per group). The Intact
group received no intervention and served as the
baseline control. The control group was subjected
to CUMS for three months, followed by daily gavage
of PBS for two weeks (without any microbiota
depletion). The FMT-E-N group was subjected to
CUMS for three months, followed by antibiotic
treatment to deplete the gut microbiota, and then
received FMT sourced from non-exercising donor
mice. The FMT-E group also received CUMS and,
after gut microbiota depletion, received FMT
prepared from donor mice that had previously
undergone the three-week aerobic exercise
program.

Gut microbiota depletion: To prepare
recipient mice in the FMT groups, the gut
microbiota was first depleted using a broad-
spectrum  antibiotic  cocktail = containing
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vancomycin (50 mg/kg/day), ampicillin (100 mg/
kg/day), and neomycin (100 mg/kg/day). These
antibiotics were administered orally (by gavage)
for 14 consecutive days. After the antibiotic
course, a 48-hour washout period was allowed,
after which FMT was administered daily for 14
consecutive days.

Establishment of a chronic stress
model: To induce stress, the chronic unpredictable
mild stress (CUMS) model was used. Animals were
exposed to a combination of various stressors
for three months. These stressors were applied
daily (seven distinct stressors, one per day, on a
7-day rotating cycle) and included tail suspension,
wet bedding, auditory disturbances, light
exposure during the dark phase, cage tilting and
reorientation, intermittent stroboscopic lighting,
and restraint. A key feature of this model is the
unpredictability of the stressors for the animal.
FMT Preparation and Transfer: Feces
from donor mice were collected and homogenized
in sterile PBS. To prepare the transplantation
material, the samples were centrifuged and the
supernatant was used. This supernatant was
administered to recipient mice daily via oral
gavage for two weeks. The administered volume
was 200 pL per mouse per day. Mice in the FMT-
E-N and FMT-E groups were also allowed a two-
day recovery period following the antibiotic
course, prior to FMT administration.

Total antioxidant capacity (TAC)
measurement: To assess oxidative stress status,
serum TAC was measured. Blood was collected
from the animals by retro-orbital puncture and
then centrifuged at 10,000xg for 10 minutes at
4 °C to separate the serum. TAC was measured
using a commercial kit. Samples and standards
were loaded into a 96-well plate. Following the
addition of the working solution, the plate was
incubated for 5 minutes at room temperature. The
absorbance of the samples was then measured
at 593 nm using a microplate reader. TAC values
were determined from the standard curve using
linear regression analysis.

Ethical Considerations: All experimental
procedures were conducted in accordance with
the guidelines for the care and use of laboratory
animals of Islamic Azad University, Arak Branch,
and the study was approved under the ethics
code IR.JAU.ARAK.REC.1404.199.

Statistical Analysis: Data were analyzed
using GraphPad Prism 8.4.3. Results are reported
as mean * standard deviation. Independent t-tests
and one-way analysis of variance (ANOVA) were
used to compare groups, with Tukey's post hoc
test applied where appropriate. A p-value<0.05
was considered statistically significant.

RESULTS

Serum total antioxidant capacity (TAC)
analysis revealed significant differences among
the experimental groups. Stressed animals
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exposed to CUMS combined with saline showed
a marked decrease in serum TAC (approximately
198 mM/L lower on average) compared to the
Intact group (P < 0.0001), confirming that chronic
stress exposure induces oxidative damage (Figure
1).

In contrast, the E-FMT group, which
received FMT from exercise-trained donors
following microbiota depletion, exhibited
significantly higher serum TAC levels compared
to the control group (P < 0.05). This indicates
that exercise-trained donors can enhance
systemic antioxidant capacity through FMT.
Conversely, the N-E-FMT group, which received
FMT from nonexercising donors, failed to sustain
this beneficial effect, underscoring that the
donor’s physical activity level serves as a critical
determinant of FMT efficacy (Figure 2).

400 *kkokk

300 T

200 T

100—

Serum Total Antioxidant (mmol/L)

0 |

INTACT CONTROL
Figure 1) Total antioxidant capacity of serum from male
mice. Control group mice received no treatment. In the
other groups, mice were subjected to CUMS for three

months. Data are presented as mean * standard error
(SEM). (****) p<0.0001.
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Figure 2) Total serum antioxidant capacity of male mice.
In the INTACT group, mice received no treatment; the
control group, mice underwent three-month treatment
with CUMS; the N-E-FMT group, Mice were subjected to
CUMS and, after depleting the gut microbiota, received
two weeks of FMT; E-FMT group: mice were subjected to
CUMS and, after depleting the gut microbiota, received
two weeks of FMT from exercise-trained mice. Data are
presented as mean * standard error of the mean (SEM).
(*) p=<0.05.
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DISCUSSION

Our analysis showed that the EFMT group was
significantly more effective in alleviating oxidative
stress than the NEFMT group. Notably, although
TAC levels slightly increased in the NEFMT
group, this change was small and not statistically
significant, suggesting no meaningful FMTrelated
effect from nonexercising donors. The elevated
TAC observed in the EFMT group was likely
attributable to a synergistic interaction between
the donor’s exercise training, gut microbiota
composition, and the recipient’s oxidative stress
status.

These findings provided critical insights
into the therapeutic potential of FMT derived from
exercisetrained donors,as wellastherole ofaerobic
exercise intervention, in modulating oxidative
stress markers in the chronic unpredictable
mild stress (CUMS) mouse model. The observed
increases in total antioxidant capacity (TAC) across
the groups involving gut microbiota modulation,
oxidative stress induction, and physical activity
intervention  further emphasize the = complex
interplay among these factors.

The level of oxidative stress, as measured
by serum antioxidant capacity, was significantly
lower in the EFMT group than in the control
group. This is consistent with previous studies
showing that gut microbiota composition is
largely influenced by aerobic exercise, leading
to increased production of metabolites with
antioxidant activity. Specifically, microbiota
obtained from exercisetrained donors can increase
the abundance of beneficial microorganisms in the
recipient’s gut and ameliorate systemic oxidative
stress [11, 12]. Therefore, adults with chronic
stress should consider aerobic exercise, given the
agerelated disorders in this population and the
apparent positive effect of the EFMT group on
TAC through aerobic exercise, which also fosters
a healthy microbial environment. These findings
support therapeutic approaches that combine
FMT with lifestyle modifications for stressrelated
disorders.

The NEFMT group did not show a
statistically significant change in serum TAC
compared with the control group. Therefore,
microbiota from nonexercising donors cannot
establish the necessary profile to counteract
oxidative stress. The efficacy of the microbiota
transplant was donordependent, and microbiota
profiles may exert unique systemic effects, as
previously have demonstrated [13]. The observed
lack of improvement in the NEFMT group further
underscores the interdependence between donor
preconditioning and FMT efficacy.

The significant reduction in TAC in the
control group compared with the INTACT group
further corroborates chronic stress as a critical
contributor to systemic oxidative stress. Chronic
stress leads to increased ROS production and
depletion of antioxidants, ultimately resulting in
cellular damage and metabolic dysregulation [14].

The results of this study contribute to the growing
body of evidence indicating that oxidative stress is
a key mediator of stressrelated pathophysiologies.

The contrasting outcomes observed
between the EFMT and NEFMT groups
demonstrated that donor preconditioning serves
as a critical determinant in designing any effective
FMTbased therapeutic regimen. Aerobic exercise
appeared to exert a protective effect on the gut
microbiota, an effect that could be successfully
transferred to recipients through fecal microbiota
transplantation (FMT). Furthermore, integrating
aerobic exercise as an adjunct to modulate
these mechanisms may optimize the efficacy of
conventional therapies against stressinduced
oxidative injury. Future studies should further
explore these effects, particularly by identifying
the specific microbial species or metabolites
that preferentially mediate the observed
improvements.

Given the available evidence, donor
aerobicexercise was expectedtopromoteincreased
gut microbial diversity and enrichment of bacteria
producing beneficial metabolites, particularly
shortchain fatty acids such as butyrate, propionate,
and acetate [1, 3, 6]. These metabolites play a key
role in enhancing antioxidant systems, reducing
inflammation, and maintaining redox homeostasis,
and they can exert their protective effects in the
recipient host following transfer via FMT [3, 4, 7].
Moreover, exercise modulates microbial metabolic
pathways and improves gut barrier function,
thereby reducing intestinal permeability and
limiting the induction of systemic inflammatory
responses—processes that indirectly contribute
to the attenuation of oxidative stress [4, 7, 8]. The
observed increase in antioxidant capacity in the
EFMT group likely reflects the successful transfer
of these beneficial microbial-metabolic traits
from exercisetrained donors to stressed recipients
[1, 6]. Although the microbial composition and its
derived metabolites were not directly measured in
the present study, the concordance of our results
with previous evidence underscores the necessity
for future mechanistic investigations to validate
these biological pathways [3, 7].

The small sample size and the use of a

single donor per experimental group may limit the
generalizability of these findings. Furthermore,
while this study focused on oxidative stress, other
physiological and behavioral parameters warrant
further investigation to provide a comprehensive
picture of the potential therapeutic effects of
exercise-conditioned FMT. Longitudinal studies
are also required to assess the durability of these
effects.

CONCLUSION

Overall, this study shows that the fecal microbiota
transplantation (FMT) from exercise-conditioned
donors can ameliorate oxidative stress in the
chronic unpredictable mild stress (CUMS) mouse
model, whereas the FMT from unconditioned
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donors has minimal biotherapeutic effect.
These results indicate that aerobic exercise
conditioning of the donor is crucial for realizing
the potential therapeutic effects of FMT. Further
research is needed to validate exercise and FMT
as complementary therapeutic approaches
for stress-related pathologies complicated by
oxidative stress.

In conclusion, this study demonstrates
that fecal microbiota transplantation (FMT)
from exerciseconditioned donors can ameliorate
oxidative stress in the chronic unpredictable mild
stress (CUMS) mouse model, whereas FMT from
unconditioned donors confers minimal therapeutic
benefit. These findings indicate that aerobic
exercise conditioning of the donor is crucial for
realizing the potential therapeutic effects of FMT.
Further research is warranted to validate exercise
and FMT as complementary therapeutic strategies
for stressrelated pathologies complicated by
oxidative stress.

Clinical and Practical Points in Preventive
Medicine

This topic holds particular significance in
military and police medicine, as military and law
enforcement personnel are frequently exposed
to chronic stress, psychological strain, sleep
deprivation, and strenuous physical activity—
all of which can compromise performance.
Maintaining physical fitness and mental health
is therefore a critical determinant of operational
effectiveness and decision-making capacity.
Accordingly, alongside conventional interventions
such as regular exercise, balanced nutrition,
adequate sleep, and stress management, attention
to gut microbiota health may emerge in the future
as a complementary strategy in health promotion
and resilience-building programs for individuals
in high-stress occupations.
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