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ABSTRACT

Objective(s): Post-traumatic stress disorder (PTSD) is a crippling mental illness that commonly co-
occurs with anxiety and depression. Recent studies have established a link between neuroinflammation
and the development of PTSD. Studies have revealed that tert-butylhydroquinone (tBHQ) exhibits
anti-inflammatory effects. This research investigated the impact of tBHQ on the amelioration of
PTSD-induced depression- and anxiety-like behaviors with respect to amygdala and hippocampal
MAO-A, MAO-B, IL-6, IL-10, and glucocorticoid receptor in rats.

Materials and Methods: PTSD was triggered through the use of Single Prolonged Stress (SPS). The
Elevated Plus Maze (EPM) and Forced Swim Test (FST) were employed to evaluate anxiety and
depression, respectively. Protein assessment utilized Western blot assay for IL-6, IL-10, and the
glucocorticoid receptor, in addition to enzyme-linked immunosorbent assay (ELISA) for MAO-A and
MAO-B.

Results: The data demonstrated that treatment with tBHQ ameliorates the depression- and anxiety-
like behaviors in rats with PTSD. The ELISA findings indicated a rise in both MAO-A and B proteins
in the hippocampus and amygdala due to PTSD, which was counteracted by a subthreshold amount
of tBHQ. Additionally, the Western blot assay techniques revealed that PTSD led to an elevation
in IL-6 levels, a pro-inflammatory cytokine, and a reduction in IL-10 levels, along with a decrease
in glucocorticoid receptor expression in both brain regions, which was also counteracted by a
subthreshold amount of tBHQ.

Conclusion: These findings suggested that the beneficial effect of tBHQ on anxiety and depression
induced by PTSD through hippocampal and amygdala MAO-A, MAO-B, IL-6, and IL-10, and
glucocorticoid receptor.
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Introduction

With a lifetime prevalence of 5.6% worldwide,
post-traumatic stress disorder (PTSD) is a profoundly
incapacitating mental health condition. It is typically
characterized by a cluster of symptoms that manifest after
exposure to events that pose a significant risk to ones life,
such as violence, conflict, serious injury, or death, including
invasion or re-experience, avoidance, unfavorable changes
in mood, cognition, and excessive stress (1, 2). PTSD
has been linked to the emergence of chronic illnesses
and other detrimental physical health issues, including
autoimmune disease and cardiovascular disease (3, 4).
Additionally, patients with PTSD exhibit a greater incidence
of comorbidities, including depression, anxiety, and several

other psychiatric disorders (5). It has been established that
neuroendocrine, psychophysiological, and neurobiological
abnormalities are associated with the development and
maintenance of PTSD. Furthermore, it has been associated
with a number of physiological complications, including
oxidative stress, neuroinflammation, hypothalamic pituitary
adrenal (HPA) dysfunction, and cellular senescence.
In PTSD, the HPA axis is described in detail as being
dysregulated (6-8). Patients with PTSD have decreased
sensitivity to glucocorticoid receptors (GRs), which may
lead to inflammation. An augmented susceptibility to PTSD
is linked to diminished concentrations of glucocorticoids,
which are synthesized by the adrenal glands (8-11).

The interconnections in structure and function between
the amygdala and various brain regions associated with
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emotions, including the prefrontal cortex, hippocampus,
and anterior cingulate cortex, are vital for understanding
anxiety and depressive behaviors triggered by stress
(12-14). Research has repeatedly demonstrated that the
strengthened prefrontal cortex-amygdala pathway plays
a significant role in psychiatric disorders associated with
inflammation. For instance, elevated amygdala activity
correlates with heightened inflammation in response to
social stressors. People demonstrating a robust connection
between the amygdala and prefrontal cortex show increased
inflammation in response to stressors (15).

Neuroinflammation is characterized by the recruitment
of monocytes into the brain, the activation of local glial
cells, and the release of pro-inflammatory cytokines in
response to infection and damage (8, 16). The adverse
impact of prolonged, heightened inflammatory reactions
in the central nervous system is expected to be observed in
glial cells, neurons, and signaling molecules. Hence, it has
been postulated that a reciprocal causal association exists
between inflammation and PTSD (8, 17). Understanding
the relationship between PTSD and neuroinflammation is
critical because it can provide insights into the potential
involvement of neuroinflammation in the vulnerability to
PTSD, aswellas thelink between PTSD and various enduring
conditions. Moreover, neuroinflammation can impact
treatment or preventative strategies. Neuroinflammation
can be exacerbated by stress-induced HPA dysregulation
(8), and neuroinflammation inhibition can reduce anxiety-
like behaviors (18, 19). PTSD patients have higher levels of
pro-inflammatory cytokines in their blood and brains than
healthy individuals, according to multiple studies. On the
other hand, a number of research groups have conducted
comparisons regarding the concentrations of cytokines that
inhibit inflammation, such as interleukin 10 (IL-10) and
interleukin 4 (IL-4) (20). Anti-inflammatory medications
have been demonstrated to lessen depression-like behaviors,
and neuroinflammation may potentially play a significant
role in depression etiology (21).

Monoamine oxidase A (MAO-A) and monoamine
oxidase B (MAO-B) may have a significant impact on
PTSD. More positive, psychotic, and depressive symptoms
are correlated with reduced platelet MAO-B activity in
PTSD. Conversely, an increase in noradrenergic signaling
may be facilitated by MAO-A gene hypermethylation.
Additionally, MAO intron 13 and MAO-B polymorphisms
may be linked to PTSD symptoms. MAO-B and MAO
intron 13 polymorphisms may also be associated with PTSD
symptoms (22-24)

The synthetic anti-oxidant tert-butylhydroquinone
(tBHQ) is well-known for being inexpensive, highly effective,
and requiring a low dosage. tBHQ can protect animal cells
and tissues from oxidative stress and inflammation-induced
dysfunction (21), in addition to its safety and outstanding
anti-oxidant activity (Figure 1A).

The strong association between inflammation and
changes in Nrf2-dependent redox homeostasis has been
widely recognized. The administration of tBHQ elevated
GPx and SOD levels while concurrently reducing NEF-
kB activity. Delays in the synthesis of oxidative products
and inflammatory cytokines have provided evidence that
these effects confer protection against oxidative damage.
Furthermore, the anti-oxidant mechanism was restored
by tBHQ treatment. Previous studies have demonstrated
that tBHQ effectively mitigates inflammation induced by
fine particulate matter by facilitating Nrf2 transcriptional
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activity (21). There is currently no scientifically validated
treatment for PTSD. Moreover, the underlying mechanism
is not wholly transparent. As a result, it is essential to
demonstrate the pathological process underlying PTSD and
to continue researching more comprehensive methods for
its prevention and treatment.

By utilizing the Elevated Plus Maze (EPM) and Forced
Swim Test (FST), we assessed the potential therapeutic
applications of tBHQ in rats with PTSD. Due to the influence
of IL-6, IL-10, GR, MAO-A, and MAO-B in PTSD, we
also evaluated their expression in the hippocampus and
amygdala, two critical brain regions implicated in stress and
stress-related behavior (25, 26).

Materials and Methods
Animals

For the experiments, 40 adult male Wistar rats (180-200
g) were utilized. They were kept in groups of four in cages.
The rats were purchased from the Pasteur Institute of Iran.
The animals were provided with constant access to food and
water. They were kept in standard conditions (23 degrees
Celsius, 50% humidity, and no disturbance) with a 12-hr light/
dark cycle (lights on at 7:00 AM). The Research and Ethics
Committee of the Institute for Cognitive Science Studies
(ICSS) has approved the experimental methods described in
this publication (NIH publication number 80-23).

Experimental design

The experimental procedure is illustrated in Figure 1B.
There were four groups of rats (n = 10 per group) based
on randomization: the control group, the PTSD group, the
tBHQ treatment group, and the PTSD + tBHQ treatment
group. The anxiolytic and antidepressant effects of tBHQ
were assessed using the EPM and FST. The expression levels
of GR, IL-10, and IL-6 were evaluated by western blotting (n
= 3 per group). ELISA was used to determine corticosterone
concentration in serum, MAO-A and MAO-B levels in the
amygdala and hippocampus (n = 3 per group).

A

HO OH

Day 0 Day 22 Day 32

tBHQ 150 mg/kg
All groups BHQ

PTSD-tBHQ,

SPS

PTSD
PTSD-tBHQ,

Acclimatization FST, Sacricifice

All groups

All groups

Day 7 Day 31

Figure 1. A. The chemical structure of tBHQ and B. Experimental design
and timeline
tBHQ: Tert-butylhydroquinone
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Drug treatment
Oral gavage was used to administer 150 mg/kg of tBHQ
(Sigma, USA) in corn oil to animals daily for eight days (27).

Single prolonged stress (SPS)

In studies on PTSD, SPS is a popular animal model (28,
29). Following the acclimatization period, each rat was
placed in a tail-gate restrainer for two hours. To achieve
complete immobilization, the size was adjusted to the
individual’s size. Following restraint, each rat was forced to
swim for 20 min in a transparent acrylic cylinder (20 cm in
diameter, 45 cm in height, with approximately 25 cm of 23-
24 °C water). Each individual was exposed to diethyl ether
for 15 min, or until they lost consciousness. The control
group was handled and housed alongside the SPS rats.

Forced swim test (FST)

A forced swimming test was conducted in a 20 cm
diameter, transparent, cylindrical plastic tank. The tank was
45 cm tall, and tap water had been poured into it to a depth
of 30 cm (24 £ 1 °C). Rats were gently lowered into the water
the day before the test for more accurate findings. After 15
min, they were removed, allowed to dry, and then returned
to their cages. Rats were placed in the cylindrical tank
once more for the 6-min test. Total immobility time was
calculated as the time the rat floated motionless, making
only slight movements to keep its head above water (30).

Elevated plus maze (EPM)

The EPM was utilized to evaluate the anxiety-like
behavior of the rats. Rats were allowed to explore their
surroundings in the EPM test setup during darkness and
quiet. The device was cross-shaped and composed of dark
Plexiglas. It had a central point, two open arms positioned
opposite one another, and two enclosed arms of equal
dimensions. The maze was lighted by a modest light source
and stood 50 centimeters above the ground. The number
of entrances into the open and closed arms was counted
during the five minutes of observation, and the amount of
time that each rat spent on the open arm was calculated.
Arm entrance is defined as the entry of all four limbs into
an arm. Between each test, the equipment was cleaned with
70% ethanol. The anxiety index was computed utilizing the
subsequent equation, which incorporates the behavioral
measures of the EPM (31):

Time spent in the open arms

R )+ (Number of enteries to the open arms
[ Total time on the maze

Total exploration on the maze )1
1
2

1-—

Brain dissection

Following the completion of the behavioral assessments,
the rats were sacrificed through decapitation. Subsequent
to the decapitation, the amygdala and hippocampus were
meticulously excised from the surrounding brain tissue by
sectioning the midline of the brain, thereby facilitating the
division of the cerebral hemispheres. The isolated amygdala
and hippocampus underwent a thorough wash with saline
solution. Subsequently, the specimens were transferred into an
RNase-free microtube. The samples were then promptly stored
in a freezer at -70 °C until required for subsequent analysis.

Western blot assay
The hippocampus and amygdala tissues (three samples
per group) were homogenized in the presence of lysis buffer
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to extract total protein. The supernatant was collected
after centrifugation (13,000 g, 4 °C, 30 min), and the
protein concentration was determined using the Bradford
assay. Equal amounts of protein (60 pg) were loaded onto
a 12.5% SDS-PAGE gel, separated by electrophoresis, and
transferred to PVDF membranes. To block non-specific
binding, membranes were incubated with 2% nonfat dry
milk in blocking solution for 75 min at room temperature.
Subsequently, the membranes were incubated overnight at
4 °C with primary antibodies against IL-6, IL-10, and GR.
After washing with Tris-buffered saline containing Tween-20,
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (90 min, room temperature).
Protein bands were visualized using the conventional
autoradiography method. PVDF membranes were incubated
with ECL detection reagents (Parstous, Iran), exposed to X-ray
film (FujiFilm, Japan) in a cassette, and developed and fixed in
a darkroom using photographic developer and fixer solutions
(Tetenal, Germany). Protein band densities were quantified
using Image] software (NIH, USA).

Enzyme-linked immunosorbent assay (ELISA)

The ELISA was employed to quantify the concentrations
of MAO-A and MAO-B in the amygdala and hippocampus
(three samples per group), and corticosterone in serum.
The measurements and procedures were carried out in
accordance with the manufacturer’s instructions for the
corticosterone, MAO-A, and MAO-B ELISA kits. ELISA
absorbance was measured using a microplate reader
(DANA-3200, Garni Medical Engineering Co., Iran).

Statistical analysis

The normality of data for each group was assessed by the
Kolmogorov-Smirnov test, and using the mean and standard
deviation (SD), the results were presented. The graphs were
analyzed and created using GraphPad Prism 9.0 (GraphPad,
CA, United States). Two-way analysis of variance (two-way
ANOVA) was utilized for statistical comparisons. To compare
means, the Tukey test for multiple comparisons was used.
P<0.05 served as the statistical significance threshold.

Results
tBHQ effects on anxiety-like behavior

The results of the anxiety index were illustrated in Figure
2A. The main effects of PTSD were found [F (1,36) = 5.19;
P<0.05] and tBHQ [F (1,36) = 14.95; P<0.001], in addition
to their interaction [F (1,36) = 14.95; P<0.001] and [F (1,36)
= 10.83; P<0.01]. It was discovered that tBHQ treatment
significantly decreased the anxiety index in rats with PTSD
(P<0.01).

tBHQ effects on depression-like behavior

Figure 2B illustrates the time spent immobilized in four
groups. It demonstrated the main effects of PTSD [F (1,36)
= 5.541; P<0.05] and tBHQ [F (1,36) = 6.040; P<0.05] in
addition to their interaction [F (1,36) = 10.93; P<0.01].
Treatment with tBHQ significantly reduced immobility
time in rats with PTSD (P<0.01). The swimming duration
is depicted in Figure 2C. It discovered the main effects of
PTSD [F (1,36) = 1.799; P>0.05] and tBHQ [F (1,36) =
2.279; P>0.05], as well as their interaction [F (1,36) = 4.442;
P<0.05]. The administration of tBHQ did not affect the
swimming time in rats with PTSD (P>0.05).
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Figure 2. Effects of tBHQ on rat Anxiety Index, immobility time, swimming
time and corticosterone

A. Effects of tBHQ on rat Anxiety Index in the EPM. B and C. Effects of tBHQ on B)
immobility time and C) swimming time in the FST

The data were expressed as means + SD (n = 10 rats per group). D. Effects of tBHQ on
the concentration of corticosterone in serum. The data were expressed as means + SD
(n = 3 rats per group). **P< 0.01, ***P<0.001.

tBHQ effects on the concentration of corticosterone in
serum

Figure 2D illustrates the corticosterone concentration in
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Figure 3. Effects of tBHQ on the concentration of MAOs in rats
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serum. It showed the interaction between PTSD and tBHQ
[F (1,8) = 5.425; P<0.05], in addition to their respective
main effects [F (1,8) = 30.03; P<0.001] and [F (1,8) =
49.23; P<0.001]. The treatment with tBHQ was found to
significantly reduce corticosterone levels in the serum of
rats with PTSD.

tBHQ effects on the expression level of MAOs (MAO-A and
MAO-B) in the amygdala

PTSD increased the expression of MAO-A
and MAO-B, as shown in Figure 3a, b
[F (1,8) = 11.45; P<0.01] and [F (1,8) = 37.72; P<0.01],
respectively. The concentrations of MAO-A and MAO-B
decreased in response to tBHQ, with respective values of
[F (1,8) = 58.47; P<0.001] and [F (1,8) = 149.4; P<0.001].
tBHQ significantly decreased the expression of MAO-A and
MAO-B in rats with PTSD, as indicated by the interaction
between these variables [F (1,8) = 2.709; P>0.05 and [F (1,8)
=9.787; P<0.05], respectively.

tBHQ effects on the expression level of MAOs (MAO-A and
MAO-B) in the hippocampus

As shown in Figure 3c, d, PTSD increased the
concentrations of MAO-A and MAO-B, [F (1,8) = 106.6;
P<0.001] and [F (1,8) =15.25; P<0.01], respectively. MAO-A
and MAO-B concentrations were reduced by tBHQ, [F (1,8)
=435.8; P<0.001] and [F (1,8) = 18.63; P<0.01], respectively.
Treatment with tBHQ significantly decreased MAO-A and
MAO-B concentration in rats with PTSD, [F (1,8) = 111.1;
P<0.001] and [F (1,8) = 1.084; P>0.05], respectively.

tBHQ effects on the expression level of GR in the amygdala
As shown in Figure 4a, PTSD induced a decrease in
GR expression [F (1,8) = 0.7351; P>0.05], whereas tBHQ
induced an increase in GR expression [F (1,8) = 311.8;
P<0.001]. The results of the interaction between these two
factors revealed that the treatment with tBHQ markedly
increased GR expression [F (1,8) = 149.7; P<0.001].

tBHQ effects on the expression level of GR in the
hippocampus
As shown in Figure 4b, PTSD induced a decrease [F

e non-PTSD
A PTSD

Vehicle

tBHQ

A) MAO-A in amygdala, B) MAO-B in amygdala, C) MAO-A in hippocampus, D) MAO-B in hippocampus. The data were expressed as means + SD (n = 3 rats per group).

*P<0.05, ***P<0.001. tBHQ: Tert-butylhydroquinone; MAOs: MAO-A and MAO-B
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Figure 4. Effects of tBHQ on rat GR expression

A) in amygdala and B) in hippocampus. The data were expressed as means + SD
(n = 3 rats per group), **P<0.01, ***P<0.001. tBHQ: Tert—butylhydroquinone; GR:
glucocorticoid receptor

(1,8) = 16.94; P<0.01] and tBHQ induced an increase in
GR expression [F (1,8) = 117.4; P<0.001]. The results of
the interaction between these two factors revealed that the
treatment with tBHQ markedly increased GR expression [F
(1,8) = 18.72; P<0.01] in rats with PTSD.

tBHQ effects on the expression level of IL-6 and IL-10 in
the amygdala
The expression level of IL-6 was illustrated in Figure 5a.
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Figure 5. Effects of tBHQ on IL-6 and IL-10 expression in rats

A) IL-6 in amygdala, B) IL-6 in hippocampus, C) IL-10 in amygdala, D) IL-10 in
hippocampus. The data were expressed as means + SD (n = 3 rats per group). **P<0.01,
***P<0.001.tBHQ: Tert-butylhydroquinone; IL-6: Interleukin 6, IL-10: Interleukin 10

Iran J Basic Med Sci, 2026, Vol. 29, No. 1

=MS

Navabi et al.

The findings showed that PTSD and tBHQ had significant
main effects [F (1,8) = 27.22; P<0.001] and [F (1,8) = 178.9;
P<0.05], respectively, in addition to their interaction [F
(1,8) = 8.186; P<0.05]. tBHQ decreased the expression of
IL-6 that was induced by PTSD (P<0.01), according to the
findings. Figure 5c¢ illustrates the expression level of IL-
10. The results indicated that IL-10 expression played a
substantial role in both PTSD and tBHQ levels [F (1,8) =
14.90; P<0.01] and [F (1,8) = 139.9; P<0.001]. Additionally,
IL-10 expression influenced the interaction between these
variables [F (1,8) = 7.944; P<0.05]. The findings revealed
that the administration of tBHQ treatment mitigated the
reduction in IL-10 expression caused by PTSD (P<0.01).

tBHQ effects on the expression level of IL-6 and IL-10 in
the hippocampus

Figure 5b depicts the expression level of IL-6. The
findings demonstrated that PTSD [F (1,8) = 28.63; P<0.001]
and tBHQ [F (1,8) = 208.3; P<0.001] had significant
impacts, as did their interaction [F (1,8) = 26.96; P<0.001].
The results showed that tBHQ reduced the IL-6 expression
caused by PTSD (P<0.001). Figure 5d depicts the expression
level of IL-10. The findings demonstrated that PTSD [F (1,8)
= 20.14; P<0.01] and tBHQ [F (1,8) = 88.28; P<0.001], as
did their interaction [F (1,8) = 4.872; P>0.05]. The results
demonstrated that tBHQ treatment compensated for the
PTSD-induced decrease in IL-10 expression (P<0.01).

Discussion

Anxietyand depressive-likebehaviorare the primary signs
and symptoms of PTSD (32). A growing body of evidence
from blood biomarkers, genetic associations, and studies on
DNA methylation indicates that inflammatory mechanisms
are fundamental to the pathogenesis of PTSD. Numerous
fundamental and clinical studies have investigated the
mechanisms by which elevated inflammation leads to the
onset of PTSD (33, 34). A number of anti-inflammatory
medications have also been investigated for their therapeutic
potential in PTSD (35, 36). Cumulative evidence from the
extant body of literature supports the anti-inflammatory
properties of tBHQ (21). The therapeutic potential of tBHQ
in mitigating depression induced by lipopolysaccharide
(LPS) was examined in mice in a recent study (37).

To the best of our knowledge, this is the initial
investigation into the efficacy of tBHQ as an anxiety-
reducing agent and antidepressant in an animal model of
PTSD. We utilized behavioral and molecular evidence to
investigate these effects. Our behavioral and molecular data
demonstrated that tBHQ is a viable treatment option for
depression and anxiety behaviors induced by PTSD in rats.

We adopted the “anxiety index” as a suitable metric for
measuring anxiety based on a number of studies conducted
in this field. Its values range from 0 to 1, and as the index
rises, so does anxious behavior (31). We found that rats
with PTSD are more anxious than healthy rats, which is
consistent with previous research on the behaviors induced
by PTSD-induced anxiety, and tBHQ reduced the elevated
anxiety index in rats with PTSD.

Immobility and swimming time are two practical criteria
for researching depression-like behaviors caused by PTSD
(38). Similarly, we found that rats with PTSD exhibit
depression-like behavior through an increase in immobility,
despite the fact that swimming time was unaffected.
Numerous studies have shown that corticosterone levels rise
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during PTSD (32). The compulsory maintenance of elevated
cortisol levels is likely to contribute to anxiety-like behavior.
A comparable mechanism could potentially be accountable
for the advancement or intensification of PTSD in human
individuals (28). In spite of a notable elevation in serum
corticosterone levels in rats with PTSD, the administration
of tBHQ leads to a significant reduction in corticosterone
concentration. This positive effect of tBHQ for the treatment
of anxiety-like behavior in the animal model of PTSD in rats
can be confirmed by the significant association between the
anxiety index and the molecular data. It appears that tBHQ
normalizes behavioral and neurochemical responses by
lowering blood corticosterone levels, thereby preventing
HPA axis-related psychological dysfunction.

Extensive research has been conducted on depressive
symptoms induced by PTSD utilizing the MAO
assessment (22). MAO-A and MAO-B concentrations
in the hippocampus and amygdala were determined.
The administration of tBHQ decreased their elevated
concentrations due to PTSD. These results indicate that
tBHQ can alleviate depressive-like behavior.

The GRs play essential roles in regulating the negative
feedback loop of the HPA axis and are widely distributed
throughout the hippocampus and amygdala. Consistently
elevated levels of glucocorticoids (corticosterone in
rodents) contribute to the malfunction of the HPA axis by
causing desensitization and down-regulation of GRs (39).
The term “glucocorticoid resistance” refers to the reduced
glucocorticoid response that has been repeatedly observed
in depressive disorders and PTSD-related behaviors (40).
Multiple studies indicate that antidepressants tend to
enhance GR function in humans, animals, and cells. The
administration of tBHQ reversed a significant decrease in
GR levels in the amygdala and hippocampus of rats with
PTSD, suggesting that this medication may be capable of
restoring the negative feedback control of the HPA axis. The
findings presented here align with the conclusions drawn
from a multitude of studies that antidepressants induce the
upregulation of GR (41).

Immunefunctionisnegativelycorrelated with dysfunction
of the HPA axis, which is prevalent in PTSD (11, 42, 43). In
general, glucocorticoids limit inflammation by preventing
the production and release of proinflammatory cytokines;
however, in cases of excitotoxicity, increased glucocorticoid
levels may cause the expression of proinflammatory
cytokines (44-46). In addition, the neuroprogression
associated with PTSD and other similar disorders has been
linked to the inhibition of neurogenesis and promotion of
neuronal mortality by microglial cytokines (47, 48).

Glucocorticoid resistance can be induced by pro-
inflammatory cytokines such as IL-1 e IL-6 (49, 50).
The heightened vulnerability to inflammation can be
ascribed to dysfunctions within the hypothalamic-pituitary-
adrenal (HPA) axis, occurring at various levels, including
the hypothalamic corticotropin-releasing hormone (CRH),
pituitary adrenocorticotropic hormone (ACTH), and
adrenal glucocorticoid secretion. These dysfunctions can
lead to a general deficiency in cortisol production or to a
reduction in local factors that influence glucocorticoid
availability (43).

To examine the potential anti-inflammatory effect
of tBHQ on the reduction of PTSD symptoms, pro-
inflammatory and anti-inflammatory cytokines were
assessed. In the two brain regions studied, rats with PTSD
had higher levels of the pro-inflammatory cytokine IL-6.
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Elevated levels of IL-6 have been identified in individuals
with PTSD (51, 52), which is consistent with the present
findings. Moreover, numerous studies show that anti-
inflammatory medications decrease IL-6 expression. Other
research groups have also found that the anti-inflammatory
cytokine IL-10 is diminished in PTSD (52). They concur
with our findings that PTSD significantly reduces the
expression of IL-10 in the amygdala and hippocampus. The
increased expression of IL-10 following tBHQ treatment is
intriguing, as previous research has demonstrated that anti-
inflammatory medications reduce neuroinflammation.

It has been demonstrated that the transcription factor
Nrf2, which is critical for defense against oxidative and
xenobiotic stressors, can reduce inflammation. Nrf2
insufficiency leads to the development of autoimmune
symptoms and inflammation. Furthermore, it is postulated
that NF-«kB signaling exerts a substantial influence on
the synthesis of pro-inflammatory cytokines. Inducers of
Nrf2 can modulate BDNF in order to stimulate the anti-
inflammatory phenotype of microglia and inhibit the pro-
inflammatory phenotype, according to recent research.

In order to induce peripheral inflammation, Ghosh et
al. injected LPS into the abdominal cavity of Swiss albino
mice. This resulted in the development of depression-like
symptoms, increased pro-inflammatory cytokine levels,
and microglia activation, and activation of the NF-xB-p65
pathway. However, the administration of tBHQ inhibited
alterations in the hippocampus’s autophagy and cell death
pathways and reversed symptoms resembling depression.
This was achieved by stimulating Nrf2-dependent gene
expression. Furthermore, through the activation of the
Nrf2/ARE pathway, tBHQ has the potential to mitigate
depressive and anxious behaviors in mice (37).

Conclusion

These antidepressant and anxiolytic effects were
correlated with serum corticosterone levels, MAO
concentrations, and GR expression in the amygdala and
hippocampus. Furthermore, the findings revealed that
tBHQ had a significant impact on the neuroinflammatory
response, which was related to IL-6 suppression and IL-10
activation in both the amygdala and the hippocampus. These
novel findings indicated that the anti-neuroinflammatory
function of tBHQ ameliorates PTSD-induced depression
and anxiety-like behaviors.

Acknowledgment

The Institute for Cognitive Science Studies (ICSS) in
Tehran, Iran, provided support for this doctoral thesis. We
acknowledge the deputy overseeing research.

Authors’ Contributions

The results presented in this paper were part of a student’s
thesis (Samaneh Nabavi). All authors designed the study. SN
performed, analyzed behavioral experiments, and drafted
the work. All authors revised, approved, and agreed to be
accountable for all aspects of the final manuscript.

Conflicts of Interest
The authors declare that they have no conflicts of interest.

Declaration
We have not used any Al tools or technologies to prepare

Iran ) Basic Med Sci, 2026, Vol. 29, No. 1



The role of tBHQ in attenuating PTSD symptoms

this manuscript.

Funding
This project received no financial support.

References

1. Koenen KC, Ratanatharathorn A, Ng L, McLaughlin KA,
Bromet EJ, Stein DJ, et al. Posttraumatic stress disorder in the
World Mental Health Surveys. Psychol Med 2017; 47:2260-2274.
2. Watson P. PTSD as a public mental health priority. Curr
Psychiatry Rep 2019; 21:61-72.

3. Koenen KC, Sumner JA, Gilsanz P, Glymour MM,
Ratanatharathorn A, Rimm EB, et al. Post-traumatic stress
disorder and cardiometabolic disease: improving causal inference
to inform practice. Psychol Med 2017; 47:209-225.

4. Ryder AL, Azcarate PM, Cohen BE. PTSD and physical health.
Curr Psychiatry Rep 2018; 20:116-123.

5. Spinhoven P, Penninx BW, van Hemert AM, de Rooij M, Elzinga
BM. Comorbidity of PTSD in anxiety and depressive disorders:
prevalence and shared risk factors. Child Abuse Negl 2014;
38:1320-1330.

6. de Kloet CS, Vermetten E, Geuze E, Kavelaars A, Heijnen CJ,
Westenberg HG. Assessment of HPA-axis function in posttraumatic
stress disorder: pharmacological and non-pharmacological
challenge tests, a review. J Psychiatr Res 2006; 40:550-567.

7. Michopoulos V, Norrholm SD, Jovanovic T. Diagnostic
biomarkers for posttraumatic stress disorder: Promising horizons
from translational neuroscience research. Biol Psychiatry 2015;
78:344-353.

8. Li ], Tong L, Schock BC, Ji L-L. Post-traumatic stress disorder:
Focus on neuroinflammation. Mol Neurobiol 2023; 60:3963-3978.
9. Katrinli S, Oliveira NCS, Felger JC, Michopoulos V, Smith AK.
The role of the immune system in posttraumatic stress disorder.
Transl Psychiatry 2022; 12:313-326.

10. Yehuda R. Neuroendocrine aspects of PTSD. Handb Exp
Pharmacol 2005; 15: 371-403.

11.Yehuda R, editor Status of glucocorticoid alterations in post-
traumatic stress disorder. Annals of the New York Academy of
Sciences; 2009 2009: Blackwell Publishing Inc.

12. Nasehi M, Davoudi K, Ebrahimi-Ghiri M, Zarrindast MR.
Interplay between serotonin and cannabinoid function in the
amygdala in fear conditioning. Brain Res 2016; 1636:142-151.

13. Nasehi M, Zamanparvar M, Ebrahimi-Ghiri M, Zarrindast
MR. Modulation of cannabinoid signaling by amygdala alpha2-
adrenergic system in fear conditioning. Behav Brain Res 2016;
300:114-122.

14. Kim MJ, Loucks RA, Palmer AL, Brown AC, Solomon KM,
Marchante AN, et al. The structural and functional connectivity of
the amygdala: from normal emotion to pathological anxiety. Behav
Brain Res 2011; 223:403-410.

15. Muscatell KA, Dedovic K, Slavich GM, Jarcho MR, Breen
EC, Bower JE, et al. Greater amygdala activity and dorsomedial
prefrontal-amygdala coupling are associated with enhanced
inflammatory responses to stress. Brain Behav Immun 2015;
43:46-53.

16. Ding L, Xu X, Li C, Wang Y, Xia X, Zheng JC. Glutaminase in
microglia: A novel regulator of neuroinflammation. Brain Behav
Immun 2021; 92:139-156.

17. Sumner JA, Nishimi KM, Koenen KC, Roberts AL, Kubzansky
LD. Posttraumatic stress disorder and inflammation: untangling
issues of bidirectionality. Biol Psychiatry 2020; 87:885-897.

18. O’Callaghan JP, Miller DB. Neuroinflammation disorders
exacerbated by environmental stressors. Metabolism 2019;
1008:153951.

19. Zheng Z-H, Tu J-L, Li X-H, Hua Q, Liu W-Z, Liu Y, et al.
Neuroinflammation induces anxiety- and depressive-like behavior
by modulating neuronal plasticity in the basolateral amygdala.
Brain Behav Immun 2021; 91:505-518.

20. Wang W, Wang L, Xu H, Cao C, Liu P, Luo S, et al

Iran J Basic Med Sci, 2026, Vol. 29, No. 1

N=MS

Navabi et al.

Characteristics of pro- and anti-inflammatory cytokines alteration
in PTSD patients exposed to a deadly earthquake. ] Affect Disord
2019; 248:52-58.

21. Liu X, Yang L, Zhang G, Ling J. Neuroprotective effects of
phenolic anti-oxidant tert-butylhydroquinone (tBHQ) in Brain
Diseases. Mol Neurobiol 2023; 60:4909-4923.

22.Repovecki S, Nedic Erjavec G, Uzun S, Tudor L, Nikolac
Perkovic M, Konjevod M, et al. Reduced platelet MAO-B activity
is associated with psychotic, positive, and depressive symptoms in
PTSD. Biomolecules 2022; 12:736-752.

23. Svob Strac D, Kovacic Petrovic Z, Nikolac Perkovic M, Umolac D,
Nedic Erjavec G, Pivac N. Platelet monoamine oxidase type B, MAOB
intron 13 and MAOA-uVNTR polymorphism and symptoms of post-
traumatic stress disorder. Stress 2016; 19:362-373.

24.Ziegler C, Wolf C, Schiele MA, Bojic EF, Kucukalic S, Dzananovic
ES, et al. Monoamine oxidase a gene methylation and its role
in posttraumatic stress disorder: First evidence from the South
Eastern Europe (SEE)-PTSD study. Int ] Neuropsychopharmacol
2018; 21:423-432.

25. Sardari M, Rezayof A, Khodagholi F, Zarrindast MR. Basolateral
amygdala GABA-A receptors mediate stress-induced memory
retrieval impairment in rats. Int ] Neuropsychopharmacol 2014;
17:603-612.

26. Zarrabian S, Farahizadeh M, Nasehi M, Zarrindast MR. The
role of CA3 GABAA receptors on anxi-olytic-like behaviors and
avoidance memory deficit induced by NMDA receptor antagonists.
J Psychopharmacol 2016; 30:215-223.

27.Ye E Li X, Li L, Yuan J, Chen J. t-BHQ provides protection
against lead neurotoxicity via Nrf2/HO-1 pathway. Oxid Med Cell
Longev 2016; 2016:2075915.

28. Serova LI, Laukova M, Alaluf LG, Pucillo L, Sabban EL.
Intranasal neuropeptide Y reverses anxiety and depressive-like
behavior impaired by single prolonged stress PTSD model. Eur
Neuropsychopharmacol 2014; 24:142-147.

29. Nahvi R]J, Tanelian A, Nwokafor C, Hollander CM, Peacock L,
Sabban EL. Intranasal neuropeptide Y as a potential therapeutic
for depressive behavior in the rodent single prolonged stress model
in females. Front Behav Neurosci 2021; 15:705579.

30. Bahaeddin Z, Khodagholi E Foolad F, Emadi F Alijaniha F,
Zareh Shahamati S, et al. Almond intake during pregnancy in rats
improved the cognitive performance of adult male offspring. Nutr
Neurosci 2023; 26:888-900.

31. Cohen H, Liu T, Kozlovsky N, Kaplan Z, Zohar ], Mathe AA. The
neuropeptide Y (NPY)-ergic system is associated with behavioral
resilience to stress exposure in an animal model of post-traumatic
stress disorder. Neuropsychopharmacology 2012; 37:350-363.

32. Patki G, Li L, Allam F Solanki N, Dao AT, Alkadhi K, et al.
Moderate treadmill exercise rescues anxiety and depression-
like behavior as well as memory impairment in a rat model of
posttraumatic stress disorder. Physiol Behav 2014; 130:47-53.

33. Daskalakis NP, Cohen H, Nievergelt CM, Baker DG, Buxbaum
JD, Russo §J, et al. New translational perspectives for blood-based
biomarkers of PTSD: From glucocorticoid to immune mediators
of stress susceptibility. Exp Neurol 2016; 284:133-140.

34. Kim TD, Lee S, Yoon S. Inflammation in post-traumatic stress
disorder (PTSD): A review of potential correlates of PTSD with
a neurological perspective. Antioxidants (Basel) 2020; 9: 107-129.
35. Galecki P, Mossakowska-Wojcik J, Talarowska M. The anti-
inflammatory mechanism of antidepressants - SSRIs, SNRIs. Prog
Neuropsychopharmacol Biol Psychiatry 2018; 80:291-294.

36. Walker FR. A critical review of the mechanism of action for
the selective serotonin reuptake inhibitors: Do these drugs possess
anti-inflammatory properties and how relevant is this in the
treatment of depression? Neuropharmacology 2013; 67:304-317.
37. Ghosh S, Choudhury S, Chowdhury O, Mukherjee S, Das A,
Sain A, et al. Inflammation-induced behavioral changes is driven by
alterations in Nrf2-dependent apoptosis and autophagy in mouse
hippocampus: Role of fluoxetine. Cell Signal 2020; 68:109521.

38. Nwokafor C, Navhi R], Serova L, Sabban E. Single prolonged
stress as a prospective model for posttraumatic stress disorder in

119



Navabi et al.

females. Front Behav Neurosci 2019:13:17-27.

39. McEwen BS. Central effects of stress hormones in health and
disease: Understanding the protective and damaging effects of
stress and stress mediators. Eur ] Pharmacol 2008; 583:174-185.
40. Pariante CM, Nemeroff CB, Miller AH. Glucocorticoid
receptors in depression. Isr ] Med Sci 1995; 31:705-712.

41.Zhang C,ZhuL,LuS,LiM, Bai M, LiY, et al. The antidepressant-
like effect of formononetin on chronic corticosterone-treated mice.
Brain Res 2022; 1783:147844.

42. Haroon E, Raison CL, Miller AH. Psychoneuroimmunology
meets neuropsychopharmacology: translational implications of the
impact of inflammation on behavior. Neuropsychopharmacology
2012; 37:137-162.

43. Silverman MN, Sternberg EM. Glucocorticoid regulation
of inflammation and its functional correlates: from HPA axis to
glucocorticoid receptor dysfunction. Ann N Y Acad Sci 2012;
1261:55-63.

44. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids
influence stress responses? Integrating permissive, suppressive,
stimulatory, and preparative actions. Endocr Rev 2000; 21:55-89.
45. Miller MW, Lin AP, Wolf EJ, Miller DR. Oxidative stress,
inflammation, and neuroprogression in chronic PTSD. Harv Rev
Psychiatry 2018; 26:57-69.

46. MacPherson A, Dinkel K, Sapolsky R. Glucocorticoids worsen
excitotoxin-induced expression of pro-inflammatory cytokines in

120

N=MS

The role of tBHQ in attenuating PTSD symptoms

hippocampal cultures. Exp Neurol 2005; 194:376-383.

47. Ekdahl CT, Claasen J-H, Bonde S, Kokaia Z, Lindvall O.
Inflammation is detrimental for neurogenesis in adult brain.
Proceedings of the National Academy of Sciences of the United
States of America 2003; 100:13632-13637.

48. Michopoulos V, Powers A, Gillespie CF, Ressler K], Jovanovic
T. Inflammation in fear- and anxiety-based disorders: PTSD, GAD,
and beyond. Neuropsychopharmacology 2017; 42:254-270.

49. Pariante CM, Pearce BD, Pisell TL, Sanchez CI, Po C, Su C,
et al. The proinflammatory cytokine, interleukin-la, reduces
glucocorticoid receptor translocation and function. Endocrinology
1999; 140:4359-4366.

50. Maddock C, Landau S, Barry K, Maulayah P, Hotopf M, Cleare
AJ, et al. Psychopathological symptoms during interferon-a and
ribavirin treatment: Effects on virologic response. Mol Psychiatry
2005; 10:332-333.

51. Uniyal A, Singh R, Akhtar A, Bansal Y, Kuhad A, Sah SP. Co-
treatment of piracetam with risperidone rescued extinction deficits
in experimental paradigms of post-traumatic stress disorder by
restoring the physiological alterations in cortex and hippocampus.
Pharmacol Biochem Behav 2019; 185:172763.

52. Shanazz K, Nalloor R, Lucas R, Vazdarjanova A.
Neuroinflammation is a susceptibility factor in developing a
PTSD-like phenotype. Front Behav Neurosci 2023; 17:1112837.

Iran ) Basic Med Sci, 2026, Vol. 29, No. 1



	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	_Hlk143778977
	_Hlk148049005
	_Hlk143775134
	_Hlk143779041
	_Hlk143779070
	_Hlk143779163
	_Hlk151498513
	_Hlk151543426
	_Hlk208481335
	_Hlk143775066
	_GoBack

