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Abstract OBJECTIVE: To investigate the combined effects of Coenzyme Q10 (CoQ10) supplementa-
tion and forced treadmill exercise on cognitive function and anxiety-like behavior in a rat
model of post-traumatic stress disorder (PTSD).

METHODS: Adult male Wistar rats (n = 49) were randomly assigned to seven groups: sham,
sham with exercise, sham with CoQ10, sham with CoQ10 and exercise, PTSD, PTSD
with exercise, and PTSD with CoQ10 and exercise. PTSD was induced using the single
prolonged stress (SPS) model. Anxiety-like behavior was assessed using elevated plus maze
(EPM) and open field tests (OFT). Hippocampal BDNF levels, serum corticosterone, and
SOD activity were measured. Expression of apoptosis-related genes (Bax, Bcl-2, Caspase-3)
and microRNAs (miR-124, miR-21, miR-208) were analyzed using RT-PCR.

RESULTS: The PTSD with CoQ10 and exercise group showed significant improvements
in EPM and OFT performance, indicating reduced anxiety-like behavior. This group also
exhibited increased hippocampal BDNF levels, normalized corticosterone levels, and
enhanced SOD activity. Gene expression analysis revealed a decreased Bax/Bcl-2 ratio
and upregulation of miR-124 in the PTSD with CoQ10 and exercise group. MiR-21 and
miR-208 levels were also modulated, suggesting potential cardiovascular benefits.
CONCLUSION: The combination of CoQ10 supplementation and forced treadmill exer-
cise significantly ameliorates anxiety-like behavior and cognitive deficits in a rat model
of PTSD. This intervention appears to act through multiple mechanisms, including modu-
lation of BDNF levels, oxidative stress reduction, and regulation of apoptotic pathways and
microRNAs. These findings suggest a novel, multifaceted approach for PTSD treatment
that warrants further investigation in clinical settings.
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INTRODUCTION

Post-traumatic stress disorder (PTSD) is a debilitating
mental health condition affecting approximately 12.5%
of primary care patients, making it a prevalent public
health concern (Bogolepova 2024). It ranks high among
psychological responses to life-threatening experiences
(Gualtieri et al. 2020). PTSD significantly impacts
mental and emotional well-being, causing memory,
attention, and executive function impairments along-
side heightened anxiety and emotional dysregulation
(Kim & Seo 2013). Mounting evidence suggests that
PTSD disrupts brain function and structure, with the
hippocampus being a particularly vulnerable region.
Research indicates that PTSD alters hippocampal
size and function by decreasing brain-derived neuro-
trophic factor (BDNF) production and promoting
apoptosis (programmed cell death) through modula-
tion of proteins like Bcl-2, Bcl-XL, BH3-only family
members, and the Bax family (Yakhkeshi et al. 2022).
Unfortunately, current pharmacological interventions
for PTSD are not universally successful and often come
with significant side effects, limiting their prescription
(Yakhkeshi et al. 2022). Additionally, PTSD is associated
with a range of co-occurring physical health problems
including chronic pain, hypothalamic-pituitary-adrenal
axis dysfunction, diabetes, hypertension, and dyslip-
idemia (Greene et al. 2024). The observed cognitive
deficits in PTSD patients display a concerning degree
of persistence, mirroring neuropsychological abnor-
malities found in neurodegenerative diseases (Bogole-
pova 2024). Despite the established benefits of physical
activity for overall health, individuals with mental
illness often engage less due to disease-related disen-
gagement (Greene ef al. 2024). While previous studies
demonstrate the positive impact of exercise on mental
health, including PTSD, further randomized controlled
trials are needed to identify the most effective exercise
types and intensities for promoting adherence in PTSD
patients (Greene et al. 2024). Given the significant
health risks associated with PTSD, researchers have
explored both pharmacological and psychological ther-
apies, with promising results (Malaktaris et al. 2019).
The development of effective treatments to alleviate the
cognitive and behavioral deficits associated with PTSD
holds the potential to drastically improve the quality
of life and functional outcomes for patients.

Coenzyme Q10 (CoQ10) exists in three redox states
within eukaryotic cells: ubiquinol (Q10H,), ubisemi-
quinone, and fully oxidized ubiquinone. It plays a vital
role in mitochondrial function by facilitating electron
transport in the oxidative phosphorylation pathway,
ultimately contributing to ATP production. This multi-
faceted role has positioned CoQ10 as a potential thera-
peutic target for protecting the brain and increasing
cognitive function and also, neurodegenerative diseases
like Alzheimer's disease (AD), where oxidative stress
is a key pathological factor (Grundman & Delaney
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2002). Studies suggest CoQ10 supplementation may
offer neuroprotective benefits and enhance cognitive
function (Grundman & Delaney, 2002; Fernandes et al.
2023). Exercise represents another promising thera-
peutic strategy for various health conditions, including
mental illnesses like PTSD. Exercise training can
improve both core PTSD symptoms and physical health
markers, potentially reducing the risk of co-occurring
disorders such as cardiovascular disease (CVD) (Rosen-
baum et al. 2011). Notably, abnormal blood pressure
responses to exercise are recognized as a significant
predictor of accelerated CVD progression (Weggen
et al. 2024). Interestingly, PTSD, despite being a psychi-
atric disorder, manifests with physiological symptoms
that elevate CVD risk. Individuals with PTSD often
exhibit elevated blood pressure, a key CVD risk factor,
and are more susceptible to developing CVD, particu-
larly heart failure (Weggen et al. 2024).

MicroRNAs (miRNAs), a family of small non-coding
RNAs, have recently garnered significant interest due
to their potential role in cancer development by regu-
lating gene expression after transcription and acting
as either oncogenes or tumor suppressors (Modarresi
Chahardehi et al. 2024). Among these, miR-124 is
particularly prevalent in the brain, with high expression
in the central nervous system (CNS) as well as other
tissues like bone marrow, lymph nodes, thymus, and
peripheral blood mononuclear cells (Gourishetti et al.
2023). Conversely, miR-21 plays a crucial role in the
development of myocardial fibrosis and heart failure,
as demonstrated by Chang et al. who linked miR-21
to increased heart size in older individuals with heart
stress (Chang et al. 2022). Interestingly, studies suggest
that miRNA levels, including miR-21, can be altered
following traumatic brain injury (TBI), potentially
impacting the underlying pathological processes (Ge
et al. 2014). Recent research has explored the poten-
tial of serum miR-208 as a highly effective biomarker
for early detection of acute myocardial infarction
(AMI) based on CVD biomarkers (Wang et al. 2021).
Shifting focus to the brain, the hippocampus is critical
for cognitive functions such as learning and memory.
This region is particularly susceptible to the effects
of PTSD (Eichenbaum 2017; Liu et al. 2023). PTSD is
characterized by symptoms like anxiety and depres-
sion-like behaviors (Preston & Kozicz 2022). Exercise
has emerged as a promising therapeutic approach for
depressive disorders due to its low cost, relative safety,
and synergistic effects with antidepressants (Shafia et al.
2023). SPS is a suggested animal model for PTSD. Rats
exposed to SPS exhibited heightened suppression of the
hypothalamo-pituitary-adrenal (HPA) axis, a response
that has been consistently observed in individuals with
PTSD (Li et al. 2010). Studies consistently report the
beneficial impacts of regular physical activity on brain
function and plasticity (Nishijima et al. 2016). Notably,
aerobic exercise has gained recognition as a viable non-
pharmacological treatment for PTSD. Animal models
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subjected to forced treadmill exercise exhibit neuro-
plastic changes, regulation of neurotransmitter systems,
and decreased anxiety-like behavior, suggesting its
potential therapeutic benefits in alleviating PTSD
symptoms (Nishijima et al. 2016).

This study investigated the individual and combined
effects of CoQ10 supplementation and forced treadmill
exercise on cognitive function and anxiety-like behavior
in a well-established PTSD rat model. Our findings
demonstrate that the combination of CoQ10 and exer-
cise can significantly improve cognitive function and
reduce anxiety-like behavior in PTSD rats, suggesting
its potential therapeutic value. Moreover, this study
highlights the need for further research to elucidate
the underlying mechanisms, including the potential
role of CVD-related miRNA biomarkers, by which this
combination intervention exerts its beneficial effects.

MATERIALS AND METHODS

Animals and experimental groups

This study employed male adult Wistar rats (2.5-3

months old, 200-250g body weight) obtained from

the Animal House of AJA University of Medical

Sciences, Tehran, Iran. All experiments were performed

following guidelines established by the AJA University

Ethics Committee and the National Institutes of Health

guide for the care and use of laboratory animals. The

ethics number was registered by the Council of Labo-
ratory Animals of AJA University of Medical Sciences,

Tehran, Iran (Approval No. IR. AJAUMS.REC.1402.10).

Animals were housed under controlled conditions with

a 12-hour light/dark cycle and a constant temperature

of 24 + 1°C. They had ad libitum access to standard

laboratory chow and water. A total of 49 rats were
randomly divided into seven groups (n = 7/group):

1. Sham (NSPS): Received no intervention, only olive
oil (less than 0.5 mL) and saline (less than 0.5 mL)
daily.

2. Sham with Exercise (NSPS/EXC): Subjected to forced
treadmill exercise for four weeks.

3.Sham with CoQ10 (NSPS/CoQ10): Administered
CoQ10 (100 mg/kg) orally in olive oil (less than
0.5 mL) daily for four weeks.

4. CoQ10 + Exercise (NSPS/CoQ10-EXC): Received
CoQ10 (100 mg/kg) orally in olive oil (less
than 0.5 mL) daily for four weeks and subjected
to forced treadmill exercise. The CoQ1l0 solu-
tion (100 mg/125 mL) was obtained from America
Mediac and Science Co., USA.

5. PTSD (SPS): Exposed to the single prolonged stress
(SPS) model for PTSD induction and received no
intervention.

6. PTSD with Exercise (SPS/EXC): Underwent SPS
model for PTSD induction and participated in forced
treadmill exercise for four weeks.

7. PTSD with CoQ10 and Exercise (SPS/CoQ10-EXC):
Exposed to the SPS model, received CoQ10 (100 mg/

114

kg) orally in olive oil (less than 0.5 mL) daily for four
weeks, and participated in forced treadmill exercise.

Control (NSPS) and PTSD-induced (SPS) groups were
placed on the treadmill for the same duration as the
exercise groups but without running.

Single prolonged stress (SPS) model

This study employed the well-established SPS model
to induce PTSD-like symptoms in rats (Yakhkeshi et al.
2022). The SPS protocol consisted of three distinct
stressors administered sequentially within a single
day, from 9:00 AM to 2:00 PM: 1) Restraint: Rats were
individually restrained in appropriately sized cages for
2 hours, 2) Forced Swim: Following restraint, rats were
subjected to forced swim in a cylindrical container
(240 mm diameter, 500 mm height) filled with water
to two-thirds of its height for 20 minutes, and 3) Ether
Anesthesia: After drying and a 15-minute recovery
period, rats were anesthetized with ether vapor in a bell
jar until unconsciousness. Following the SPS proce-
dure, rats were group-housed (6 per cage) for 30 days.
This model effectively replicates neuroendocrine and
anxiety alterations characteristic of PTSD in humans
(Mirjalili et al. 2022).

Exercise training protocol

To minimize stress associated with the treadmill, all
animals underwent a habituation phase four days
following the SPS procedure. During habituation, rats
were placed on a stationary treadmill (0° incline) for
three daily sessions (15 minutes/session) at a slow speed
(3 m/min). Following habituation, exercise groups
engaged in moderate-intensity exercise for four weeks,
five days per week. The exercise protocol consisted
of running on a treadmill at 10 m/min for 30 minutes
per session with a 0° incline. Three animals displaying
exercise aversion were excluded and replaced with
new rats. Sedentary control groups were placed on the
stationary treadmill for 5 minutes daily (Yakhkeshi
et al. 2022).

Behavioral tests

Elevated plus-maze test (EPM)

Anxiety-like behavior was assessed on day 43 using
the EPM test, a well-established method (Tarsaei
et al. 2022). The EPM consisted of two open arms
(50 x 10 cm) and two enclosed arms (50 x 10 x 40 cm)
connected by a central platform (10 x 10 cm). The maze
was elevated 50 cm from the floor. Each rat was placed
individually in the center of the maze facing an open
arm and allowed to explore freely for 5 minutes. The
following behaviors were recorded: Open Arm Time
(OAT%): Percentage of time spent in the open arms
and Open Arms Entries (OAE%): Percentage of entries
into the open arms. An increased OAT% and OAE% are
indicative of anxiolytic effects (reduced anxiety), while
decreased values suggest anxiogenic effects (increased

Copyright © 2024 Activitas Nervosa Superior Rediviva ISSN 1337-933X



Jahaghi et al: Coenzyme Q10 supplementation and fored treadmill exercise

Tab. 1. The primary sequences of the selected genes

Gene Primer sequence (direction 5'—3)
Forward: GGCTGGACACTGGACTTC
Bax Revers: CAGATGGTGAGTGAGGCA
Forward: GTGGACAACATCGCTCTG
Bek2 Reverse: AGACAGCCAGGAGAAATCA
Caspase3 Forward: GACAACAACGAAACCTCC
Reverse: AGGGTAATCCATTTTGTAACTG
) Forward: ATAATTCGGTAAGGCACGCGGTG
miR-124 Reverse: ATCCAGTGCAGGGTCCGAGG
) Forward: TCCAGCCCCTCCTCAGTCA
miR-21 Reverse: AGCCCTTGCAGCCTTCACA
) Forward: GTCATCTAGAAAGCTTGATGCAGGAAA GAGCTTTGG
miR-208 Reverse: TGACAGATCTCAGCTGA CATCCTCTAGGCTGGGGTT
. Forward: TCCTCCTGAGCGCAAGTAC
Fractin Reverse: CCTGCTTGCTGATCCACATCT
U6 Forward: CTCGCTTCGGCAGCACA

Reverse: AACGCT TCACGAATTTGCGT

anxiety). The exploration behavior was video recorded
for subsequent analysis. A camera was used to record
each session. According to the following formula, the
anxiety index was calculated:

Open — arm entries

. . Open — arm time
Anxiety index = 1 —

)2

Total time Total entries

Open-field test (OFT)

Anxiety is believed to be quantified by the duration
of time spent in the central area of the open field (Prut &
Belzung, 2003). The open field consisted of a Plexiglas
box (90 x 90 cm, 42 cm height) with a black checkered
floor (18 x 18 cm squares). The floor was divided into
a central zone (demarcated by gridlines 11 cm from the
walls) and a peripheral zone. The study assessed depen-
dent variables, including the duration of time spent
in the center and the ratio of distance traveled in the
center to the overall distance traveled. The observer,
who was unaware of the treatment regimen, rated
each video footage and noted the number of squares
traversed and the number of times the subject reared.
After the test, every rat was placed back into its respec-
tive cage. Following the completion of the test, every rat
was placed back into its own cage.

Tissue collection and processing

Following the behavioral tests (EPM and optional
OFT), animals were sacrificed in accordance with
ethical guidelines. To minimize the impact of ether
on corticosterone levels, anesthesia and blood collec-
tion were performed swiftly. All animals, regardless
of group (SPS or non-SPS), were euthanized using
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a combination of ketamine (30-50 mg/kg) and xylazine
(3-5 mg/kg) through intraperitoneal injection. After
40 to 50 seconds of administration, the animals were
in a suitable anesthesia condition. After being washed
with physiologic serum, the samples were immediately
placed into special tubes. Blood was collected from the
trunk and centrifuged at 4000x g for 20 minutes. Serum
was separated and stored at -80°C for subsequent corti-
costerone assay and metabolic analyses. This consistent
approach ensured that any potential effect of ether on
hormone levels would be reflected equally across all
groups.

Determination of BDNF levels and SOD activities

BDNF protein levels were quantified using a commer-
cially available ELISA kit (ZB-10013S-M9648, Zellbio
Co., Germany) following the manufacturer's instruc-
tions. Briefly, thawed samples were added to the ELISA
plate wells. Subsequently, a horseradish peroxidase
(HRP)-conjugated anti-BDNF antibody was added
and incubated for 45 minutes at room temperature
with shaking. The wells were then washed to remove
unbound antibodies and antigens. Substrate solution
was added and incubated for 15 minutes, followed by
the stop solution. The absorbance was measured at
450 nm using a microplate reader (Inno, South Korea).
BDNF concentration was determined based on a stan-
dard curve and expressed as pg/mg protein (Fatemi
etal 2018a).

SOD activity was measured using a commercially
available assay kit (ZB-10290S-M9648, Zellbio Co.,
Germany) following the manufacturer's protocol.
Briefly, thawed samples were combined with the chro-
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mogen solution according to the kit instructions and
mixed thoroughly. The absorbance was then measured
at 420 nm using a microplate reader (e.g., RT-2100C,
Rayto, China). SOD activity was determined based on
a standard curve and expressed as units per milligram
of protein (Fatemi et al. 2018b).

RT-PCR

Primers were designed using Primer3 software (http://
primer3.ut.ee/) and confirmed for specificity using
the NCBI BLAST tool (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Hippocampi were rapidly dissected and
frozen at -80°C until real-time PCR (RT-PCR) analysis.
B-actin mRNA served as an internal control and was
co-amplified with BDNF mRNA using primers listed
in Table 1.

To establish a linear working range for all PCR prod-
ucts, a preliminary experiment was conducted to deter-
mine the optimal cycle number and denaturation
temperature. The experimental amplification protocol,
as described by Mizuno et al. (2000), consists of an
initial round at 94°C for 5 minutes, followed by 27 cycles
of denaturation at 94°C for 1 minute, annealing at 58°C
for 1 minute, and extension at 72°C for 2 minutes using
a PCR Thermal Cycler (Dena Tajhiz, Iran).

Ethical consideration

All animal procedures were conducted in accordance
with the guidelines established by the National Insti-
tutes of Health (NIH) for the care and use of laboratory
animals (NIH Publications No. 8023, revised 1978).
This included providing animals with ad libitum access
to standard laboratory chow and water, maintaining

them in a temperature-controlled environment with
a 12-hour light/dark cycle, and minimizing stress
during handling and experimentation.

Statistical analysis

Data are presented as mean + standard deviation (SD)
from three independent replicates. One-way analysis
of variance (ANOVA) followed by Dunnett's post-hoc
test was used to compare differences between treatment
groups. A p-value less than 0.05 was considered statis-
tically significant. Two-way ANOVA test was applied
for the analysis of EPM test, in which two independent
variables (i.e., exercise and CoQ10) were used. Half
maximal inhibitory concentration (IC50) values, when
applicable, were determined using regression analysis
of triplicate data points across various concentrations.
GraphPad Prism 8.3 software (GraphPad Software, Inc.,
La Jolla, CA, USA) was used for all statistical analyses
and graphical representations to ensure consistency
and clarity.

RESuULTS

General body parameters

Changes in body weight can serve as a useful indirect
measure of the body's physiological response to stress
(Dehghani et al. 2022). No mortality was observed
among the seven groups of rats over the four-week
research period. Throughout the experiment, the
body weights of the rats steadily increased across all
groups. The schematic design of the study (Fig. 1A),
data on weight changes, and weight gain are presented
in Fig. 1.

Fig. 1. The schematic design of the
study (A), body weight (B) and
A = = weight gain (C) in experimental
- ' groups over 4 weeks. Data
Forced tisadmil dheiciie / represent the mean £ SD (n=7
= EPM per group). Statistical analysis was
J I - T 1T TN " performed using one-way ANOVA
7 0\ 7 14 21 28 30\ followed by Dunnett's multiple
Days - comparison test. 'ns' indicates no
Adaption f statistically significant differences
¥y OFT between experimental groups and
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Fig. 2. Effects of Coenzyme Q10 (CoQ10) and exercise on PTSD and non-PTSD rat models in the EPM. A) Anxiety-like behaviors represented
by the percentage of open arm entries, B) Percentage of time spent in the open arms, and C) Anxiety index. Data are shown as mean +
SD (n =7 per group). *p < 0.05, **p < 0.01, ***p < 0.001 compared to control by one-way ANOVA with Dunnett's multiple comparisons
test. ns = no significant difference versus control (NSPS); ## p < 0.01, ### p < 0.001, and #### p < 0.0001 vs. SPS group.

As illustrated in Figures 1B and 1C, there was no
significant differences in body weight and weight gain
among the experimental rats (p > 0.05).

Elevated plus maze test

Anxiety-like behavior on EPM was assessed on day 30,
one day after the last training session in SPS and NSPS
male rats (Fig. 2). The data for open arm entries (OAE)
in the EPM are presented in Fig. 2A. The percentage
of entries into the open arms was measured across seven
groups. The NSPS/EXC, NSPS/CoQ10-EXC, and SPS/
CoQ10-EXC groups did not show significant differ-
ences compared to the NSPS group. In contrast, the
NSPS/CoQ10, SPS, and SPS/EXC groups spent signifi-
cantly less time in the open arms compared to the NSPS
group (p = 0.0340, p < 0.0001, and p < 0.0001, respec-

tively). Based on our results, SPS/EXC and SPS/CoQ10-
EXC groups showed an increase in %OAE compared
to the SPS group (p < 0.0001). A two-way ANOVA on
the percentage of OAE revealed a significant main effect
between SPS/NSPS groups and CoQ10/non-CoQ10
in exercise groups. Additionally, significant interac-
tions were found between NSPS/EXC x SPS/EXC
(Fy54= 16.1, p = 0.0005) and NSPS/CoQ10-EXC x SPS/
CoQ10-EXC (F, ,, = 4.78, p = 0.0388).

The time spent in open arms (OAT) was recorded
in seconds for the NSPS and experimental groups (Fig.
2B). The NSPS/EXC, NSPS/CoQ10, NSPS/CoQ10-EXC,
and SPS/CoQ10-EXC groups demonstrated no signifi-
cant difference compared to the NSPS group. However,
the SPS and SPS/EXC groups showed significant differ-
ence, with p-values of < 0.0001 and 0.0018, respectively.
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Fig. 3. An analysis of three behavioral factors in the open-field test across several groups. A) The percentage of time spent in the peripheral
and central areas in the OFT. B) The number of entries into the center of the OFT. C) The total distance traveled in the center area. Data
represent the mean + S.D. (n = 7 per group). Statistical differences in the data obtained from the tested groups were determined using
one-way ANOVA followed by Dunnett's post hoc test compared to the NSPS group. ** p < 0.01, **** p < 0.0001, and ns = not significant.

#i### p < 0.0001 vs. SPS group.
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Fig. 4. A) The effect of PTSD model and non-PTSD model, exercise, and CoQ10 supplementation in various groups on the expression
of BDNF in the hippocampal tissue. B) comparison of variations in serum CORT levels in rats across experimental groups. C) Activities
of SOD in experimental groups of rats. Statistical differences in data obtained from the tested groups was determined using Dunnett's

test. Values are expressed as mean £ SD (n =7),

*p <0.05, ** p<0.01,***p <0.001, **** p < 0.0001 against the control group;

##p < 0.01, ### p < 0.001, and #### p < 0.0001 vs. SPS group; ns = no significant.

A two-way ANOVA on the percentage of OAT revealed
a significant difference only between NSPS x SPS
groups (F; 5, = 14.0, p = 0.0010). Furthermore, the SPS/
EXC and SPS/CoQ10-EXC groups showed an increase
in %OAT compared to the SPS group (p < 0.0001).

An anxiety index score (ranging from 0 to 1) was
computed by dividing the time spent in the open
arm and the number of entries into the open arm by
the total number of entries. In this study, the anxiety
index ranged from 0.58 to 0.99, with the SPS group
showing a significant increase compared to the NSPS
group (p < 0.0001). The SPS/EXC and SPS/CoQ10-EXC
groups demonstrated a reduced anxiety index compared
to the SPS group (p < 0.0001).

Open-field test
The NSPS/EXC, NSPS/CoQ10, NSPS/CoQ10-EXC,

and SPS/CoQ10 groups showed a significant decrease
in the periphery/center area (p < 0.0001; Fig. 3A). The
NSPS/EXC, NSPS/CoQ10-EXC, and SPS/CoQ10-EXC
groups had a significantly higher number of entries
into the center (p = 0.0036, p < 0.0001, and p < 0.0001,
respectively). A Similar pattern was observed for center
distance, with the NSPS/EXC, NSPS/CoQ10-EXC, and
SPS/CoQ10-EXC groups showing the highest distance
at 2.5, 2.68, and 2.89 meters (p < 0.0001; Fig. 3C). These
were followed by the SPS/EXC, SPS, and NSPS/CoQ10
groups (p > 0.05). Based on our findings in Fig. 3B and
C, only the SPS/EXC group showed an increase in the
number of entries into the center and the distance trav-
eled in the center of the OPT area compared to the SPS
group (p < 0.0001).

BDNE CORT levels and SOD activities
The groups exhibited statistically significant variations
in BDNF levels (g 4, = 6.75, p < 0.0001; Fig. 4A). Forced

treadmill exercise in the non-SPS model (NSPS/EXC
group), CoQ10 administration (NSPS/CoQ10), and the
SPS group did not modify BDNF levels compared to the
NSPS group (p > 0.05). However, the NSPS/CoQ10-
EXC, SPS/EXC, and SPS/CoQ10-EXC groups showed
significant increases in BDNF levels (p = 0.0040,
p = 0.0033, and p = 0.0080, respectively). According
to Fig. 4A, exercise enhanced BDNF levels in the SPS/
EXC and SPS/CoQ10-EXC groups compared to the SPS
group (p < 0.0001 and p = 0.0001, respectively).

A one-way ANOVA revealed a statistically signifi-
cant increase in CORT levels across the tested groups
compared to the NSPS group (Fg 4, = 115, p < 0.0001;
Fig. 4B). All SPS groups (SPS, SPS/EXC, and SPS/
CoQ10-EXC) indicated a significant increase in plasma
CORT levels compared to the other NSPS groups
(p <0.0001). Additionally, the NSPS/CoQ10 and NSPS/
CoQ10-EXC groups demonstrated elevated CORT
levels (p < 0.0001, p = 0.0375, respectively). Our results
indicate that exercise significantly reduced CORT levels
in the SPS/EXC and SPS/CoQ10-EXC groups compared
to the SPS group (p < 0.0001).

Based on Fig. 4C, statistically significant differences
in total SOD activity were observed among the groups
(Fear = 15.9, p < 0.0001). Neither NSPS/CoQ10 nor
SPS groups altered SOD activity compared to the NSPS
groups. However, the NSPS/EXC and SPS/CoQ10-EXC
groups exhibited increased SOD activity (p = 0.0008),
similar to the NSPS/CoQ10-EXC and SPS/EXC groups
(p < 0.0001). Interestingly, exercise did not reduce SOD
activities in the SPS/EXC and SPS/CoQ10-EXC groups
compared to the SPS group (p = 0.0004 and p =0.0090,
respectively).
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Fig. 5. Relative genes expression of Bax
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level of miR-124, miR-21, and miR-208
Data on the mRNA expression of Bax, Bcl-2, and
Casp3 are presented in Fig. 5. The effects of exer-
cise and SPS on the expression of Bax are depicted
in Fig. 5A, revealing significant difference among
groups (Fg4 = 38.7, p < 0.0001). The NSPS/EXC,
NSPS CoQ10, and SPS/CoQ10-EXC groups showed
significant increases (p < 0.0001), whereas the
NSPS/EXC and SPS/EXC groups exhibited notable
decreases (p = 0.0423 and p = 0.0003, respectively)
compared to the NSPS group. The SPS group did not
show a significant difference compared to the NSPS
group (p > 0.05). A two-way ANOVA demonstrated
a significant difference among the four groups (NSPS/
EXC, SPS/EXC, and SPS/CoQ10-EXC). Addition-
ally, significant interactions were found between
NSPS/EXC x SPS/EXC (F; 5, = 18.7, p = 0.0002) and
NSPS/CoQ10-EXC x SPS/CoQ10-EXC (F,, = 484,
p < 0.0001). However, no significant differences
were found between NSPS x SPS and CoQ10 x EXC
(p > 0.05).

The findings on the impacts of exercise and SPS
on the expression of Bcl-2 are presented in Fig. 5B,
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(Fgur = 75.8, p < 0.0001). The NSPS/EXC, NSPS/
CoQ10-EXC, and SPS groups demonstrated significant
increases in Bcl-2 expression (p < 0.0001). In contrast,
the NSPS/CoQ10, SPS/EXC, and SPS/CoQ10-EXC
did not exhibit significant differences compared to the
NSPS group (p > 0.05). A two-way ANOVA conducted
among the four groups (NSPS/EXC, SPS/EXC, and
SPS/CoQ10-EXC) revealed a significant effect of SPS
(Fyq = 206, p < 0.0001), NSPS/CoQ10-EXC x SPS/
CoQI10-EXC (F; 4 = 7.09, p = 0.0139), and overall
interaction (F; 4 = 7.96, p = 0.0097).

Data on the mRNA expression of Casp3 are
depicted in Fig. 5C. There was a significant enhance-
ment observed in NSPS/EXC, SPS, SPS/EXC, and
SPS/CoQ10-EXC groups (p 0.0024, < 0.0001,
< 0.0001, and = 0.0226). Only NSPS/CoQ10 and
NSPS/CoQ10-EXC showed no significant difference
(p > 0.05). A two-way ANOVA conducted among the
four groups (NSPS/EXC, SPS/EXC, and SPS/CoQ10-
EXC) revealed a significant effect of SPS (F; ,, = 230,
p < 0.0001), NSPS/CoQ10-EXC x SPS/CoQ10-EXC
interaction (F; ,, = 261, p < 0.0001), and overall inter-
action (F; 54 = 209, p < 0.0001).
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Fig. 6. The level of miRNAs. A) miR-124, B) miR-21, and C) miR-208 in various groups; Results of experiments are expressed as mean + SD
(n =7). Statistical significance was assessed using a one-way ANOVA followed by Dunnett’s test. Compared with the control group,
*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001, and ns = not significant; # p < 0.05, ## p < 0.01 ### p < 0.001, and #### p < 0.0001 vs.

SPS group.

In order to investigate the potential impact
of miR-124 on PTSD-like behavior in rats exposed
to SPS, hippocampal tissue was analyzed followed
several behavioral tests (Fig. 6A). Significant differ-
ences were revealed among groups (Fg,, = 225,
p < 0.0001). Only the NSPS/EXC and NSPS/CoQ10-
EXC groups showed significant increases (p < 0.0001).
A two-way ANOVA analysis revealed significant differ-
ences among the four groups (NSPS/EXC, SPS/EXC,
and SPS/CoQ10-EXC) indicating a notable impact
of SPS (F, 4 = 532, p < 0.0001), NSPS/CoQ10-EXC x
SPS/CoQ10-EXC (F,4 = 25.7, p < 0.0001), and their
interaction (F,,, = 37.7, p < 0.0001). Additionally,
a one-way ANOVA among SPS groups (SPS, SPS/EXC,
and SPS/CoQ10-EXC) revealed that the SPS/EXC and
SPS/CoQ10-EXC groups showed increased fold change
compared to the SPS group (p = 0.0181 and p < 0.0001,
respectively).

Two miRNA, miR-21 and miR-208, were selected
to quantify hypertrophy in our experimental rat groups
(Fig. 6B and C). For analysis miR-21 (Fig. 6B), except
for the NSPS/EXC group, which showed a significant
reduction (p = 0.0236), other groups, including SPS,
SPS/EXC, and SPS/CoQ10-EXC, exhibited significant
increases (p < 0.0001). A two-way ANOVA carried
out among four groups (NSPS/EXC, SPS/EXC, and
SPS/CoQ10-EXC) exhibited significant effects of SPS
(Fy4 = 56.9, p < 0.0001), NSPS/CoQ10-EXC x SPS/
CoQ10-EXC (Fy 54 =993, p <0.0001), and their interac-
tion (Fy 4 = 42.4, p < 0.0001). According to a one-way
ANOVA among SPS groups, the SPS/EXC and SPS/
CoQ10-EXC groups demonstrated considerable
declines compared to the SPS group (p = 0.0039 and
p < 0.0001, respectively).

To determine whether miR-208 is related to hyper-
trophy response in rats, we measured the levels of this

120

miRNA. As shown in Fig. 6C, there was a significant
difference between groups (Fg 4, = 8.68, p < 0.0001).
The NSPS/EXC, NSPS/CoQ10-EXC, SPS, SPS/EXC,
and SPS/CoQ10-EXC groups demonstrated significant
decreases (p = 0.0003, p = 0.0002, p = 0.0042, p < 0.0001,
and p = 0.0001, respectively). Only the NSPS/CoQ10
group did not show a significant change (p > 0.05).
A two-way ANOVA among specific groups (NSPS/
EXC, SPS/EXC, and SPS/CoQ10-EXC), indicated no
significant effect of SPS (F;,, = 0.707, p = 0.4088),
NSPS/CoQIl10-EXC x SPS/CoQIl0-EXC interac-
tion (F; 54 = 2.39, p = 0.1352), and overall interaction
(Fy54 = 1.12, p = 0.3007). Based on one-way ANOVA
among SPS groups, only SPS/EXC group showed
a significant reduction compared to the SPS group
(p = 0.0013).

DiscussioN

The present study provides compelling evidence for
the therapeutic efficacy of combining Coenzyme Q10
(CoQ10) supplementation with forced treadmill exer-
cise in improving cognitive impairments and reducing
anxiety-related behaviors associated with PTSD in a rat
model. CoQ10 acts as an electron carrier in the mito-
chondrial respiratory chain and plays a crucial role as
an antioxidant within cells (Hargreaves & Mantle 2019).
Our results demonstrate intricate relationships among
PTSD, physical activity, and CoQ10 supplementation,
impacting various aspects of behavior, biochemistry,
and molecular processes. The current study used SPS
to induce PTSD, a reliable method eliciting numerous
behavioral, biochemical, and physiological deficits
commonly reported in individuals with PTSD.

The EPM test, utilized to quantify anxiety-like
behavior in rats, is a reliable and frequently employed
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test for evaluating anxiety-related behavior and the
anxiolytic effects of medicines and steroid hormones in
rats (Barbar Shemirani et al. 2022; Tarsaei et al. 2022).
The EPM and OFT results demonstrate significant
anxiolytic effects of the combined CoQ10 and exercise
intervention in PTSD-modeled rats. The SPS/CoQ10-
EXC group showed marked improvements in open arm
entries and time spent in open arms, indicating reduced
anxiety-like behavior. This aligns with previous studies
showing exercise-induced anxiolytic effects in PTSD
models (Yakhkeshi ef al. 2022). Interestingly, our results
suggest that CoQ10 supplementation may enhance
these exercise-mediated benefits, possibly due to its
antioxidant properties and role in mitochondrial func-
tion (Hargreaves & Mantle 2019; Mantle et al. 2023).
The ethical concerns surrounding molecular studies
in humans have led to the suggestion of using animal
models such as predator stress or single prolong stress
to investigate the causes of hippocampus atrophy in
PTSD. Behavioral differences in rats on the EPM appa-
ratus are now recognized as symptoms of this disorder
(Alani et al. 2013).

The neurotrophic protein BDNF plays a crucial
role in regulating synaptic plasticity, a potential neuro-
biological process underlying memory and learning
(Rovny et al. 2023). The observed elevation in BDNF
levels in the SPS/CoQ1l0-EXC group is particularly
remarkable. BDNF is essential for neuroplasticity and
has been linked to the development of PTSD. In relation
to the processing of trauma, the degree and occurrence
of PTSD is directly linked to the presence of the BDNF
met allele (Miller & Wiener, 2014; Notaras et al. 2015).
Previous studies have demonstrated that the BDNF
gene affects navigational behavior in addition to the
prevalence and severity of PTSD (Miller et al. 2017).
The synergistic impact of exercise and CoQ10 on BDNF
levels indicates a possible explanation for the observed
enhancements in behavior. This discovery expands
upon prior studies regarding the increase in BDNF
caused by exercise (Modarresi et al. 2021; Haghighi
et al. 2023), demonstrating a potential enhancing effect
of coQ10.

However, it is worth mentioning that the combina-
tion of exercise with SPS resulted in a more significant
elevation in corticosterone levels compared to SPS
alone. This study demonstrated an increase in CORT
levels after exposure to SPS. Li et al. found that exercise
can counteract the effects of SPS on the process of apop-
tosis in male rats (Li et al. 2010). Nevertheless, CoQ10
could reduce the CORT level significantly compared
to the SPS/EXC group. Our study corroborated previous
research findings that demonstrated a decrease in stress
hormone levels, including corticosterone and cortisol,
as a result of exercise (Droste et al. 2006; Khajehna-
siri et al. 2021). The SPS/CoQ10-EXC group showed
a modification of CORT levels, suggesting a restora-
tion of normal function in the HPA axis. This axis is
frequently disrupted in individuals with PTSD (Chen
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et al. 2020). The normalization of stress response
systems may contribute to the observed changes in
behavior, indicating that the combined intervention has
the potential to repair these systems.

The reduction in oxidative stress markers, as
evidenced by increased SOD activity, further high-
lights the potential of CoQ10 and exercise to mitigate
the detrimental effects of PTSD. This is consistent with
the known antioxidant properties of CoQ10 and the
ability of exercise to enhance antioxidant defenses. The
increased SOD activity in the NSPS/Co-Q10-EXC and
SPS/CoQ10-EXC groups reflects an enhanced anti-
oxidant defense system. This finding aligns with other
research that demonstrates an increase in antioxidant
enzymes as a result of exercise (Kim et al. 2019). CoQ10
is the sole antioxidant that is produced naturally inside
the body and can dissolve in fat. It is found in tissues
in its active state, regardless of dietary intake (Kalayci
et al. 2011). CoQ10, a powerful antioxidant, seems
to enhance this impact, perhaps reducing oxidative
stress linked to PTSD. Our gene expression analysis
reveals complex modulation of apoptotic pathways.
The decreased Bax/Bcl-2 ratio in the SPS/CoQ10-EXC
group suggests a shift towards anti-apoptotic signaling.
This is particularly relevant given the hippocampal
atrophy observed in PTSD model (Goswami et al.
2013; Abd El-Aal et al. 2017). Exercise and CoQ10 may
modulate these pathways, leading to neuroprotection
and potentially reversing structural abnormalities in the
hippocampus caused by PTSD (Goswami et al. 2013).
CoQ10 is recognized for its role as an antioxidant and
its ability to eliminate free radicals. It has the capability
to decrease and counteract free radicals and reactive
oxygen species (ROS) and is also engaged in enhancing
the effectiveness of the electron transport chain and
the regeneration of vitamin E and C (Kiani et al. 2024).
Furthermore, CoQ10 enhances the functionality
of antioxidant enzymes such as SOD, GPx, and CAT
by absorbing free radicals and promoting the produc-
tion of genes responsible for these enzymes (Sangsefidi
et al. 2020). However, in our study, CoQ10 combining
with exercise could enhance SOD activity, whereas only
CoQ10 did not change significantly.

This study examined apoptosis-related param-
eters including caspase-3, Bcl-2, and Bax. Caspase-3 is
an important effector in the cascade of caspases that
regulate cell death, and its cleavage initiates the execu-
tion phase of apoptosis. As part of the mitochondria-
mediated apoptotic process, caspase-3 plays a critical
role (Yakhkeshi et al. 2022). Additionally, in the hippo-
campus of SPS rats, increased apoptotic cells, increased
caspase-9 and caspase-3 expression, a drop in the Bax/
Bcl-2 ratio, and the release of cytochrome ¢ from the
mitochondria into the cytoplasm were observed. The
findings point to the involvement of the mitochondrial
route in the process of SPS-induced apoptosis in the
hippocampus of rats with PTSD (Li et al. 2010). In their
study on the hippocampus of rats, Li et al. demonstrated
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that all stressed groups under one month had signifi-
cantly higher amounts of apoptotic Bax and caspase-3
proteins and a higher ratio of Bax/Bcl-2 compared to the
control group. In contrast, the amount of anti-apoptotic
Bcl-2 protein decreased significantly compared to the
control group. This was demonstrated using a single
prolong stress model (Li ef al. 2010).

The upregulation of miR-124 in the SPS/CoQ10-
EXC group is a novel finding that may have significant
implications for PTSD treatment. However, we observed
increasing levels in the NSPS/EXC and NSPS/CoQ10-
EXC groups as well. The involvement of miR-124 in
neurogenesis and synaptic plasticity has been demon-
strated to be critical (Liu et al. 2019; Rahmani et al. 2022).
In a paradoxical twist, miR-124 regulates autophagy,
neuroinflammation, oxidative stress, neuronal excit-
ability, neurodifferentiation, Ap deposition, and
hyperphosphorylation of tau protein in age-related
intellectual disabilities. On the other hand, it may have
a dual function by regulating apoptosis and negatively
impacting synaptic plasticity and growth of individual
neurons (Liu ef al. 2019). The increase seen in our study
indicates that the combination intervention has the
potential to improve neuroplasticity, which might help
overcome the brain changes caused by PTSD. Chen
et al. found that increasing the expression of miR-124
in the hippocampus might ameliorate PTSD-like behav-
iors observed in SPS rats. The impact of miR-124 may
be accomplished by targeting TNF receptor-associated
Factor 6 (TRAF6), a gene that is regulated by miR-124
and has a significant function in immunological and
inflammatory responses via modulating nuclear factor
kappa-B (NF-kB) (Chen et al. 2022). While aggres-
sively suppressing glialogenesis, miR-124 promotes
the positive neurogenesis of neural cell lineage growth.
Polypyrimidine Tract Binding Protein 1 (PTBP1),
Sry-related HMG box (Sox9), and Small C-terminal
domain Phosphatase 1 (SCP1) suppress anti-neuronal
gene targets from miRNA and thereby drive basal cell
differentiation toward nerve and play a crucial role in
neural differentiation (Mojtahedi et al. 2012). According
to previous studies, exercise at both low and high inten-
sities increases neurogenesis in the hippocampus. Based
on the Mojtahedi et al’s results and the present study,
both applied intensities significantly increased the level
of expression miR-124 (Mojtahedi et al. 2012).

The modulation of miR-21 and miR-208 levels in the
SPS/CoQ10-EXC group offers valuable information on
the possible cardiovascular impacts of the intervention,
considering the heightened susceptibility to cardiovas-
cular illness in those with PTSD. These findings indi-
cate that the combination treatments may have wider
health advantages beyond neuropsychiatric problems.
Empirical data strongly indicates that the dysregula-
tion of miR-21, leading to differential expression of its
target genes, enhances the vulnerability to numerous
central nervous system illnesses (Bai & Bian, 2022). This
study employs a well-established SPS model for PTSD

and employs behavioral testing and genetic analysis
to thoroughly assess the effects of the intervention.
We provide new discoveries on the synergistic impact
of CoQI10 and exercise on the expression of miR-124
and miR-208, which may enhance our comprehension
of the pathophysiology of PTSD and prospective thera-
peutic approaches.

Limitations and future directions

While our study presents strong data supporting the
effectiveness of combining CoQ10 supplements and
exercise in a PTSD model, there are some limitations
that need to be addressed in future research. Using
only one PTSD model, such as the SPS, may restrict
the capacity to apply the findings to a broader popu-
lation. In order to verify the strength and reliability
of the results, it is advisable for future research to incor-
porate several models of PTSD. Furthermore, there is
a need for additional clarification about the molecular
pathways that contribute to the combined benefits
of CoQ10 and exercise. Utilizing pathway analysis and
proteomics methods might offer a more comprehensive
understanding of the molecular mechanisms behind the
reported effects.

Furthermore, it is essential to examine potential
variations in responsiveness to the intervention based
on sex, considering the well-documented differences
in the prevalence and manifestation of PTSD across
genders (Heyn et al. 2022). Conducting longitudinal
studies to investigate the lasting impact of the interven-
tion, including any epigenetic alterations, might provide
useful insights.

COMPLIANCE WITH ETHICAL STANDARDS

Funding
This study received no specific grant from any funding

agency in the public, commercial, or not-for-profit
sectors.

Author’s contribution

AMC and MG wrote and organized the first draft; NPG
collected data and wrote some sections; AMC analyzed
the data; MG checked the latest version of manuscript.
All authors read and approved the final manuscript.

Conflict of interest
On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Data availability statement
This manuscript has no associated data.

CONCLUSION

The results of this study have significant consequences
for the treatment of PTSD. The concurrent use of CoQ10
supplements and exercise offers a potentially safe and
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non-pharmacological approach that might enhance
existing therapy for PTSD. The observed impacts on
several systems, including as behavior, neurochem-
istry, and gene expression, indicate that a comprehen-
sive strategy to treating PTSD should consider both
the psychological and physiological elements of the
condition. Our study concludes that combining CoQ10
supplementation with exercise has significant thera-
peutic promise in treating PTSD. This intervention is
designed to address many aspects of PTSD pathophysi-
ology, providing a new and innovative therapy method.
Further clinical trials are necessary to apply these find-
ings to individuals with PTSD and improve treatment
regimens
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