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Abstract

The efficacy of stigmasterol (STG) has not been previously evaluated in post-traumatic stress
disorder (PTSD) models. Mice exposed to single prolonged stress with foot shock (SPS + FS)
received oral STG (25 or 50 mg/kg) for 14 days. Serum corticosterone and serotonin levels
were measured, anxiety and cognition were assessed, synaptic plasticity-related proteins
and genes were quantified, and neuronal nitric oxide synthase (nNOS), nitric oxide (NO)
accumulation, nNOS-postsynaptic density protein 95 (PSD95), and nNOS-carboxy-terminal
PDZ ligand of nNOS (CAPON) interactions were evaluated. STG significantly reduced
serum corticosterone levels and increased serotonin levels altered by SPS+FS exposure.
Behavioral analyses revealed attenuation of anxiety-like behavior and cognitive deficits.
STG increased hippocampal synaptic plasticity-related proteins and genes and increased
the number and maturation of doublecortin+ cells. Additionally, STG suppressed the
PTSD-induced nNOS overactivation and NO accumulation in the hippocampus and serum,
and altered nNOS-PSD95 and nNOS-CAPON associations in the hippocampus. Together,
these findings provide integrated in vivo evidence suggesting that STG may influence
stress-related neurobiological pathways relevant to PTSD.

Keywords: post-traumatic disorder; stigmasterol; synaptic plasticity; neuronal nitric oxide
synthase; postsynaptic density protein 95

1. Introduction
Post-traumatic stress disorder (PTSD) is a severe mental health disorder that develops

after exposure to traumatic experiences and is marked by enduring anxiety, impairments
in cognitive function, and recurrent intrusive memories. Although dysregulation of the
hypothalamic–pituitary–adrenal (HPA) axis and monoaminergic neurotransmission has
long been implicated in PTSD, accumulating evidence identifies oxidative stress as a central
mechanism underlying its pathophysiology [1,2]. In particular, excessive production of
reactive oxygen species (ROS) and nitric oxide (NO) in the hippocampus disrupts synaptic
integrity and neuroplasticity [3–7]. Among brain regions affected by oxidative stress, the
hippocampus is particularly vulnerable due to its high metabolic demand and dense gluta-
matergic synapses. Chronic stress impairs dendritic arborization, reduces neurogenesis,
and compromises synaptic integrity, resulting in cognitive and affective disturbances [8,9].
Neuronal nitric oxide synthase (nNOS) plays a key role in this process, as its stress-induced
overactivation leads to excessive NO production and synaptic dysfunction. Under physio-
logical conditions, nNOS-derived NO modulates synaptic signaling and plasticity. How-
ever, excessive activation of nNOS leads to excessive production of NO, which reacts with
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ROS to form peroxynitrite, triggering oxidative damage, synaptic dysfunction, and deficits
in hippocampus-dependent memory [7,10,11]. Preclinical studies have demonstrated that
PTSD increases hippocampal nNOS expression and activity, resulting in excessive NO
production, synaptic impairments, and memory deficits [7,12]. Pharmacological or ge-
netic modulation of nNOS attenuates oxidative stress, restore dendritic complexity, and
improve behavioral outcomes in stress-exposed animals, highlighting its critical role in the
pathophysiology of PTSD [12,13]. Importantly, nNOS activity is regulated through interac-
tions with synaptic adaptor proteins, including postsynaptic density protein 95 (PSD95)
and carboxy-terminal PDZ ligand of nNOS (CAPON), which attenuate nNOS signaling.
Dysregulation of this nNOS signaling axis has been implicated in stress-related cognitive
and affective disturbances [14]. Accordingly, changes in nNOS-PSD95 and nNOS-CAPON
associations may represent molecular pathways relevant to synaptic alterations observed
under stress conditions.

Given the pivotal role of oxidative stress and nNOS dysregulation in PTSD, com-
pounds with potent antioxidant and neuroprotective activities may offer therapeutic poten-
tial. Stigmasterol (STG) is a plant-derived phytosterol commonly found in medicinal herbs
and various dietary sources and has been reported to exert anti-inflammatory, antioxidant,
and neuroprotective activities [15–17]. Previous studies have demonstrated that STG allevi-
ates oxidative stress and neuroinflammation in both in vitro oxidative stress models and
in vivo ischemia/reperfusion injury models, while promoting neuronal survival by regulat-
ing apoptosis and autophagy [16,18]. However, despite its well-known neuroprotective and
antidepressant-like properties, the potential efficacy and molecular mechanisms of STG in
PTSD remain unstudied. Therefore, this study investigated whether STG could ameliorate
anxiety and cognitive impairments and neurobiological abnormalities and elucidated the
underlying molecular pathways, particularly focusing on hippocampal synaptic plasticity
and nNOS signaling.

We therefore hypothesized that STG would ameliorate anxiety and cognitive im-
pairments and neurobiological abnormalities by regulating the nNOS-PSD95 and nNOS-
CAPON pathways, thereby regulating hippocampal synaptic plasticity. To test this hy-
pothesis, mice exposed to the single prolonged stress with foot shock (SPS+FS) received
STG for 14 days, followed by evaluation of behavioral performance, serum stress hor-
mone levels, expression of synaptic plasticity-related proteins and genes, and molecular
interactions. Our findings demonstrate that STG shows significant anxiolytic effects and
attenuates stress-induced synaptic and neurobiological impairments by suppressing nNOS
pathway activation and enhancing synaptic plasticity–associated factors. These results
provide exploratory suggestions into molecular pathways that may be associated with the
effects of STG in this stress model and suggest that its potential relevance to stress-related
neurobiological processes warrants further investigation.

2. Materials and Methods
2.1. PTSD Mouse Model

Male C57BL/6J mice (6 weeks of old; body weight 22–23 g) were supplied by Daehan
BioLink (Eumseong, Chungcheongbuk-do, Republic of Korea). Mice were allowed to accli-
mate for one week before the initiation of experiments and were housed under controlled
environmental conditions (20–23 ◦C, 12 h light/dark cycle), with unrestricted access to
food and water. Five mice were housed per cage. All procedures were approved by the
Institutional Animal Care and Use Committee of the Korea Institute of Oriental Medicine
(KIOM) (IACUC no. 24-025; 28 March 2024) and conducted in compliance with National
Institutes of Health (NIH) and KIOM animal welfare guidelines. To induce PTSD pheno-
types, a modified single prolonged stress (SPS) protocol was employed [19]. Mice were
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sequentially subjected to 4 h of restraint stress, followed immediately by forced swimming
for 20 min in a cylindrical tank (24 cm diameter, 50 cm height) filled with water maintained
at 24 ◦C. After a 15 min recovery interval, animals were exposed to diethyl ether until loss
of consciousness. After an additional 1 h resting period, mice were subjected to electric
foot shocks (1 mA for 5 s, administered twice at 2-day intervals) by shock chamber (Startle
and Fear Combined System; Harvard Apparatus). In vivo experimental scheme is outlined
in Figure 1.

 

Figure 1. In vivo experimental scheme. Mice were established on the SPS+FS-induced PTSD model.
Mice were orally administered vehicle solution (0.5% Tween-80 in 0.9% saline) and STG (25 and
50 mg/kg) for 14 days. On day 15 and 16, mice were subjected to behavior tests (open field test and
Y-maze test). CON, control mice; PTSD, post-traumatic stress disorder; STG, stigmasterol.

2.2. STG Administration

A total of eighty mice were randomly allocated into four groups (n = 20 per group):
unstressed control (CON), PTSD (SPS+FS-exposed mice receiving vehicle solution), PTSD
treated with STG at 25 mg/kg, and PTSD treated with STG at 50 mg/kg. STG was prepared
in 0.5% Tween-80 dissolved in 0.9% saline and administered by oral once daily for 14 days.
Mice in the CON and PTSD groups received equivalent volumes of vehicle solution.

2.3. Exclusion Criteria and Sample Retention

No animals met the predefined exclusion criteria (health abnormalities, technical mal-
function, failure to complete behavioral tasks, or compromised tissue integrity). Accord-
ingly, no behavioral or molecular samples were excluded, and the final n values reported for
each assay correspond to the full number of animals assigned to each experimental group.

2.4. Behavior Test

All behavioral testing was performed during the light phase (09:00–17:00) to minimize
circadian variability, as corticosterone exhibits strong diurnal fluctuations.

2.4.1. Open Field Test (OFT)

Spontaneous locomotion and anxiety-related behaviors were evaluated using the OFT.
The test was conducted in a square acrylic chamber (100 × 100 × 40 cm) featuring a white
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floor and black side walls. Each mouse was placed individually at the center of the arena
and permitted to explore the environment freely for 20 min, consistent with commonly
used for assessing locomotor and anxiety-like behavior in mouse [20,21]. Movement-
related parameters, including total distance, duration in the center zone, and the number of
center zone entries, were quantified using EthoVision XT software (Version XT 8.5, Noldus,
Wageningen, The Netherlands). To eliminate olfactory cues, the arena was thoroughly
wiped with 70% ethanol between successive trials.

2.4.2. Y-Maze Test

Cognitive function was evaluated using a Y-shaped maze composed of three identical
arms (40 cm length, 3 cm width, 15 cm height) positioned at 120◦ angles. Each mouse
was placed at to the center of the maze and allowed to explore for 8 min, consistent with
commonly used to provide sufficient opportunity for arm entries and reliable alternation
measurement while minimizing fatigue or stress [22,23]. Spontaneous alternation behav-
ior was defined as consecutive entries into three different arms without repetition. The
alternation percentage was calculated as:

Spontaneous alternation (%) = [Number of alternations/(Total arm entries − 2)] × 100

The maze was thoroughly cleaned with 70% ethanol between sessions.

2.5. Tissue Preparation

On day 17 of the experimental protocol, mice were anesthetized with 2,2,2-tribromoethanol
(Avertin; 250 mg/kg). Blood was collected during the light phase between 09:00 and 17:00,
matching the time window used for behavior tests to ensure consistency with respect to
circadian influences. Blood was collected for hormonal measurements and centrifuged at
3000 rpm for 15 min at 4 ◦C to obtain serum samples. For Western blotting, hippocampal
tissues were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor
cocktails, followed by centrifugation at 12,000 rpm for 15 min at 4 ◦C. The resulting
supernatants, along with serum samples, were preserved at −80 ◦C until further analysis.
For histological procedures, animals under deep anesthesia were transcardially perfused
with 4% paraformaldehyde prepared in phosphate-buffered saline (PBS). Extracted brains
were post-fixed overnight, cryoprotected in 30% sucrose solution, and coronally sectioned
at a thickness of 40 µm using a freezing microtome. Sections spanning −2.80 to −5.80 mm
from the bregma were collected according to the Franklin and Paxinos mouse brain atlas.
Every sixth serial section was selected for immunostaining.

2.6. Serum Corticosterone and Serotonin Assay

Serum corticosterone and serotonin concentrations were determined using commer-
cially available ELISA kits (Thermo Scientific, Waltham, MA, USA and MyBioSource,
San Diego, CA, USA, respectively). Assays were conducted in duplicate according to the
manufacturer’s protocols. Absorbance values were measured at 450 nm by microplate
reader (SpectraMax i3, Molecular Devices, San Jose, CA, USA), and corticosterone and
serotonin concentrations were calculated from standard curves.

2.7. Western Blot Analysis

Protein concentrations were determined using the bicinchoninic acid (BCA) method.
Equivalent quantities of protein (20 µg per sample) were resolved by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and subsequently transferred onto polyvinyli-
dene difluoride membranes. The membranes were then blocked with a skim milk-
based blocking solution and incubated with primary antibodies at 4 ◦C overnight. HRP-
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conjugated secondary antibodies were applied, and signals were detected using enhanced
chemiluminescence (SuperSignalTM West Femto, Thermo Scientific). The intensities were
quantified using software (Image Lab software version 6.1.0, Bio-Rad, Hercules, CA, USA).
Membranes were stripped and re-probed as necessary (Thermo Scientific), and molecular
weight markers were used for band verification. All proteins analyzed in this study were
pre-specified a priori based on their established roles in hippocampal synaptic plasticity
and nNOS-associated signaling. Primary antibodies employed in this study included post-
synaptic density protein 95 (PSD95; mouse, 1:1000; #sc-32290, Santa Cruz Biotechnology,
Dallas, TX, USA), brain-derived neurotrophic factor (BDNF; rabbit, 1:1000; #PA5-85730,
Invitrogen, Waltham, MA, USA), phosphorylated extracellular signal–regulated kinase (p-
ERK, Thr202/Tyr204; rabbit, 1:1000; #4370, Cell Signaling Technology, Danvers, MA, USA),
total ERK (t-ERK; rabbit, 1:1000; #9102, Cell Signaling Technology), phosphorylated cAMP
response element–binding protein (p-CREB, Ser133; rabbit, 1:1000; #ab32096, Abcam, Cam-
bridge, UK), total CREB (t-CREB; rabbit, 1:1000; #9197, Cell Signaling Technology), neuronal
nitric oxide synthase (nNOS; mouse, 1:1000; #sc-5302, Santa Cruz Biotechnology), phospho-
rylated Ca2+/calmodulin-dependent protein kinase II (p-CaMKII; rabbit, 1:1000; #12716,
Cell Signaling Technology), total CaMKII (t-CaMKII; rabbit, 1:1000; #3357, Cell Signaling
Technology), carboxy-terminal PDZ ligand of nNOS (CAPON; mouse, 1:1000; #sc-374504,
Santa Cruz Biotechnology), and α-tubulin (mouse, 1:5000; #MA5-31466, Invitrogen), which
served as a loading control.

2.8. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

RNA was isolated from hippocampus and reverse-transcribed into complementary de-
oxyribonucleic acid (cDNA). Quantitative PCR was performed using SYBR Green chemistry
on a QuantStudio™ 6 Flex system (Life Technologies, Carlsbad, CA, USA). Amplification
conditions consisted of an initial denaturation step followed by 40 cycles of denaturation
at 95 ◦C for 30 s and combined annealing/extension at 60 ◦C for 60 s. Gene expression
data were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an
internal reference using the comparative Ct (2−∆∆Ct) approach. All genes analyzed in this
study were pre-specified a priori based on their established roles in hippocampal synaptic
plasticity and nNOS-associated signaling. Primer sequences are provided in Table 1.

Table 1. Primer sequences used for RT-qPCR.

Name Primer and Sequence (5′-3′) Amplicon Size (bp)

PSD95
Forward-GCTCCCTGGAGAATGTGCTA 20
Reverse-TGAGAAGCACTCCGTGAACT 20

BDNF
Forward-TTACTCTCCTGGGTTCCTGA 20
Reverse-ACGTCCACTTCTGTTTCCTT 20

SYP
Forward-GCCTACCTTCTCCACCCTTT 20

Reverse-GCACTACCAACGTCACAGAC 20

NeuroD2
Forward-AAGCCAGTGTCTCTTCGTGG 20
Reverse-TTGGACAGCTTCTGCGTCTT 20

NeuroD6
Forward-ATGCGACACTCAGCCTGAAA 20
Reverse-CTGGGATTCGGGCATTACGA 20

Calb1
Forward-TCTGGCTTCATTTCGACGCTG 21

Reverse-ACAAAGGATTTCATTTCCGGTGA 23

CCK
Forward-ATACATCCAGCAGGTCCGCAA 21
Reverse-CAGACATTAGAGGCGAGGGGT 21

TAC1
Forward-CTAAATTATTGGTCCGACTG 20
Reverse-TTCTGCATTGCGCTTCTTTC 20

Stx1a
Forward-CCGAACCCCGATGAGAAGAC 20

Reverse-TGCTCTTTAGCTTGGAGCGA 20
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Table 1. Cont.

Name Primer and Sequence (5′-3′) Amplicon Size (bp)

nNOS
Forward-CTGGTGAAGGAACGGGTCAG 20
Reverse-CCGATCATTGACGGCGAGAAT 21

GAPDH
Forward-CCTCGTCCCGTAGACAAA 18
Reverse-AATGAAGGGGTCGTTGATG 19

BDNF, brain-derived neurotrophic factor; Calb1, calbindin 1; CCK, cholecystokinin; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; nNOS, neuronal nitric oxide synthase; NeuroD2, neuronal differentiation factor 2;
NeuroD6, neuronal differentiation factor 6; PSD95, postsynaptic density protein 95; SYP, synaptophysin; Stx1a,
syntaxin 1a; TAC1, tachykinin precursor 1.

2.9. Immunostaining

Free-floating brain sections were blocked and incubated with primary antibodies
overnight at 4 ◦C, followed by incubation with fluorescent secondary antibodies. Confocal
images were acquired using an Olympus FV10i microscope (Olympus, Tokyo, Japan) under
identical acquisition settings. Immunopositive cells were quantified within the granule cell
layer in the hippocampus. The primary antibodies used were anti-doublecortin (DCX; 1:500,
rabbit, #40619, Cell Signaling Technology), anti-nNOS (1:500, mouse, #sc-5302, Santa Cruz
Biotechnology), and anti-PSD95 (1:500, rabbit, #ab18258, Abcam). DCX-positive (DCX+)
cells in the dentate gyrus were quantified from 10 coronal sections per mouse, with each
section spaced 240 µm apart, resulting in 30 sections per group (5 mice/group). Analyses
were performed by investigators blinded to experimental conditions. A DCX+ cell was
classified as one with a clearly defined soma within the granule cell layer in the dentate
gyrus of the hippocampus, exhibiting fluorescence intensity at least twice the background
standard deviation, and showing detectable cytoplasmic DCX labeling in a minimum
two consecutive z-stacks. To ensure consistency across samples, all confocal images were
acquired using identical laser power, gain, offset, and pinhole configurations. Quantitative
analyses were performed independently by blinded researchers.

2.10. NO Analysis

NO levels in serum and hippocampal samples were quantified using a Griess-based
assay kit (EZ-NO assay kit, DoGenBio, Seoul, Republic of Korea). Following protein
removal, samples and standards were incubated sequentially with Griess reagents, and
absorbance was measured at 540 nm using a microplate reader. NO concentrations were
calculated using standard curves.

2.11. Co-Immunoprecipitation (Co-IP)

Co-IP analysis was performed using a Pierce Co-IP Kit (Thermo Scientific) according
to the manufacturer’s instructions. Briefly, pooled hippocampal tissues from five mice per
group were homogenized in ice-cold IP lysis buffer supplemented with Halt protease and
phosphatase inhibitor cocktail (Thermo Scientific) to obtain sufficient protein yield and
relative interaction shifts. The lysates were centrifuged at 13,000× g for 15 min at 4 ◦C. Su-
pernatants were precleared by incubation with 25 µL of control agarose resin for 1 h at 4 ◦C,
and centrifuged to remove nonspecifically bound proteins. Subsequently, mouse anti-nNOS
antibody (#sc-5302, Santa Cruz Biotechnology) was added at a concentration of 2 µg per
100 µg of total protein and incubated overnight at 4 ◦C. The antibody–protein complexes
were then incubated with protein A/G agarose for 1 h at 4 ◦C. Immune complexes were
isolated by centrifugation, washed five times with lysis/wash buffer, and eluted by heating
at 100 ◦C for 5 min in loading buffer. Eluted proteins were analyzed by Western blot.

https://doi.org/10.3390/antiox15020238

https://doi.org/10.3390/antiox15020238


Antioxidants 2026, 15, 238 7 of 17

2.12. Statistical Analysis

All statistical analyses were performed using GraphPad Prism (version 9.5.1). Group differ-
ences were evaluated using one-way ANOVA followed by an appropriate Tukey’s test. Data are
expressed as mean ± SEM. Differences were considered statistically significant at p < 0.05, with
significance thresholds denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results
3.1. Effect of STG Treatment on Serum Corticosterone and Serotonin Levels in PTSD Mice

The PTSD model was established by subjecting mice to a combination of SPS and
FS. To examine the effect of STG in the PTSD group, STG (25 and 50 mg/kg) was orally
administered for 14 days. We investigated the effect of STG on the concentrations of the
corticosterone and serotonin in the SPS+FS-induced PTSD group. Serum analyses revealed
significantly higher serum corticosterone concentration in the PTSD group than in the CON
group, whereas STG treatment markedly suppressed serum corticosterone (Figure 2A).
Serum serotonin levels were significantly reduced in the PTSD group compared with
control animals, whereas administration of STG increased serotonin concentrations in the
serum (Figure 2B).

Figure 2. STG treatment reduces serum corticosterone and serotonin levels, alleviates anxiety, and
improves cognitive function in PTSD mice. (A) Serum corticosterone levels across experimental
groups. (B) Serum serotonin concentrations across experimental groups. (C) Representative locomotor
trajectories of mice in the open field test (OFT). (D) Total distance traveled during the OFT. (E) Time
spent in the central zone of the OFT. (F) Number of entries into the central zone of the OFT. (G) Total
arm entry count in the Y-maze test. (H) Percentage of spontaneous alternation among the three
arms in the Y-maze test. Data are expressed as the mean ± SEM (n = 20 mice/group); * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. CON, control mice; PTSD, post-traumatic stress disorder;
STG, stigmasterol.

3.2. STG Treatment Ameliorates Anxiety and Cognitive Impairments

To investigate whether STG alleviates SPS+FS-induced anxiety and cognitive deficits,
mice were evaluated using the OFT and Y-maze test after 14 days of STG treatment. Relative
to control (CON) animals, mice subjected to PTSD exhibited diminished locomotor activity,
as evidenced by shorter durations spent in the central area and a reduced frequency of center
zone entries, reflecting an anxiety-like behavior (Figure 2C). Treatment with 50 mg/kg
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STG resulted in a total distance that was significantly higher than that of the PTSD group.
In the open field test, mice receiving STG at 50 mg/kg exhibited increased time spent in
the center zone and a higher frequency of center entries compared with the PTSD group,
whereas administration of STG at 25 mg/kg failed to ameliorate PTSD-associated anxiety-
like behavior (Figure 2C). In line with the hypoactivity detected in the open field test,
PTSD-exposed mice showed a marked reduction in the total number of entries across all
three arms in the Y-maze task (Figure 2D). In contrast, STG treatment markedly increased
total arm entries in the Y-maze. Moreover, PTSD mice showed a significantly lower rate of
spontaneous alternation, reflecting repeated re-entry into previously visited arms, relative
to control animals; this impairment was reversed following STG administration (Figure 2D).

3.3. STG Alleviates Synaptic Plasticity Impairment in PTSD Mice

To examine the effect of STG on PTSD-induced synaptic plasticity impairment, hip-
pocampal proteins and gene expression were analyzed using Western blot and RT-qPCR.
PTSD mice exhibited reduced expressions of PSD95, BDNF, ERK, and CREB in the PTSD
group compared to the CON group, whereas STG treatment significantly increased these
protein expressions (Figure 3A,B). Compared with the CON group, the PTSD group also
had significantly reduced synaptic plasticity-related gene expressions, including PSD95,
BDNF, SYP, NeuroD2, NeuroD6, Calb1, CCK, TAC1, and Stx1a, which were significantly
elevated by STG treatment (Figure 3C).

 

Figure 3. Cont.
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Figure 3. STG treatment protects the hippocampal synaptic plasticity impairment in PTSD mice.
(A) Representative bands of synaptic plasticity-related factors (PSD95, BDNF, p-ERK, t-ERK, p-CREB,
t-CREB), and α-tubulin proteins in the hippocampus. (B) Quantification of the ratio of PSD95/α-
tubulin, BDNF/α-tubulin, p-ERK/t-ERK, and p-CREB/t-CREB by densitometric analysis, data are
expressed as the mean ± SEM (n = 4 mice/group). (C) The quantification of mRNA expression of
synaptic plasticity-related genes (PSD95, BDNF, SYP, NeuroD2, NeuroD6, Calb1, CCK, TAC1, and
Stx1a) in the hippocampus. (D) Representative confocal images of the colocalization of DCX (red)
in the dentate gyrus of the hippocampus. Categories AB are indicated by an asterisk, CD by an
arrowhead, and EF by an arrow. Scale bar: 50 µm. (E) Quantification of total DCX+ cells in the dentate
gyrus of each group (n = 10 sections/5 mice/group). (F) Categorization of dendritic morphology from
DCX+ cells in the dentate gyrus of the hippocampus. Category A, No processes; Category B, Short
process; Category C, Medium process; Category D, Process reaching molecular layer; Category E, One
dendrite branching in the molecular layer; Category F, Delicate dendritic tree branching in the granule
cell layer (GCL) with quantification of the morphological distribution and number corresponding to
each category. (G) Quantification of the number of DCX+ cells in each category. Data are expressed
as the mean ± SEM (n = 10 sections/5 mice/group); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
BDNF, brain-derived neurotrophic factor; Calb1, calbindin 1; CCK, cholecystokinin; CON, control
mice; CREB, cAMP response element-binding protein; DCX, doublecortin; ERK, extracellular signal-
regulated kinase; NeuroD2, neurogenic differentiation factor 2; NeuroD6, neurogenic differentiation
factor 6; p-, phosphorylated-; PSD95, postsynaptic density protein 95; PTSD, post-traumatic stress
disorder; STG, stigmasterol; Stx1a, syntaxin 1a; SYP, synaptophysin; t-, total-; TAC1, tachykinin
precursor 1.

DCX contributes to synaptic plasticity by regulating dendritic length and complexity,
both essential for long-term potentiation (LTP) and hippocampus-dependent memory [24].
Chronic stress and PTSD have been shown to alter DCX expression and distribution in the
hippocampus [25,26]. Compared with the CON group, the PTSD group exhibited a signifi-
cant reduction in ex-pression and number of DCX+ cells in the hippocampus (Figure 3D,E).
Treatment with 50 mg/kg STG significantly elevated the DCX expression and cell number
(Figure 3D,E). Dendritic morphologies of DCX+, reflecting neuronal differentiation, were
categorized and classified according to Plümpe’s report [27] into proliferative (AB; no or
minimal dendritic processes), intermediate (CD; moderate branching), and postmitotic
(EF; full maturation of dendritic branching), comprising 24.2%, 24.2%, and 51.6% of the
total population, respectively (Figure 3F,G). However, in the PTSD group, 52.1% of the
DCX+ cells are distributed within category AB compared to the CON group (Figure 3F,G).
Treatment with 50 mg/kg STG resulted in markedly increased DCX+ cells within category
EF, reaching 45.3%, compared to the PTSD group (Figure 3F,G). These results indicate that
STG ameliorates PTSD-induced impairment in hippocampal synaptic plasticity.
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3.4. STG Reduces PTSD-Induced Elevation of the nNOS Pathway in the Hippocampus

To explore the mechanisms underlying the anxiolytic and synaptic plasticity–
enhancing effects of STG, the expression of nNOS pathway-related factors in the hippocam-
pus was assessed. Western blot analysis revealed that PTSD mice exhibited significantly
elevated levels of hippocampal nNOS and phosphorylated CaMKII (p-CaMKII) compared
to the CON group (Figure 4A,B). Treatment with 50 mg/kg STG decreased both nNOS
and p-CaMKII levels, which are increased in the PTSD group (Figure 4A,B). Hippocampal
nNOS mRNA expression was elevated in the PTSD group relative to control animals,
whereas administration of STG at 50 mg/kg significantly reduced nNOS transcript levels
(Figure 4C). Next, we analyzed the relative NO levels in the hippocampus and serum of
each group. In both the hippocampus and serum, the PTSD group exhibited significantly
higher NO levels than the CON group (Figure 4D,E). However, STG treatment significantly
reduced the NO levels in the hippocampus and serum (Figure 4D,E).

Figure 4. STG treatment regulates the nNOS pathway and NO production in the hippocampus of
PTSD mice. (A) Representative immunoblot images of nNOS signaling-related proteins, including
nNOS, p-CaMKII, t-CaMKII, and α-tubulin, in hippocampal tissue. (B) Densitometric quantification
of nNOS normalized to α-tubulin and the ratio of p-CaMKII to t-CaMKII. Data are expressed
as the mean ± SEM (n = 4 mice/group). (C) Relative mRNA expression levels of nNOS in the
hippocampus. Data are expressed as the mean ± SEM (n = 5 mice/group). (D) Relative nitrite
concentrations in serum samples. (E) Relative nitrite concentrations in hippocampal tissue. Data are
expressed as the mean ± SEM (n =10 mice/group); * p < 0.05, ** p < 0.01, **** p < 0.0001. CaMKII,
calcium/calmodulin-dependent protein kinase II; CON, control mice; nNOS, neuronal nitric oxide
synthase; p-, phosphorylated-; PTSD, post-traumatic stress disorder; STG, stigmasterol; t-, total-.

3.5. STG Reduces PTSD-Induced nNOS-PSD95 Interaction

Co-IP analyses were performed using pooled hippocampal lysates to obtain sufficient
protein yield; therefore, these results do not represent independent biological replicates
and should be interpreted as supportive rather than standalone mechanistic evidence.
We explored whether STG-treated mice showed reduced nNOS-PSD95 association in the
hippocampus. In the PTSD group, the interaction between nNOS and PSD95 was higher
than in the CON group, and representative images showed greater colocalization of these
proteins in the hippocampus (Figure 5A,B). STG-treated mice showed lower nNOS-PSD95
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association compared with the PTSD group (Figure 5A,B). In contrast, PTSD exposure was
associated with reduced nNOS-CAPON interaction relative to CON, and STG treatment
was accompanied by an increase in this association (Figure 5A). Taken together, these
patterns suggest that PTSD is associated with opposite shifts in nNOS-PSD95 and nNOS-
CAPON interactions, and that STG treatment coincides with a mitigation of these alterations
of these protein-protein associations.

 

Figure 5. STG treatment is associated with altered nNOS-PSD95 and nNOS-CAPON associations
in the hippocampus of PTSD mice. (A) Co-IP was conducted on pooled hippocampal tissue; thus,
findings reflect pooled samples rather than independent biological replicates. Representative bands
indicate that pooled hippocampi of each group were immunoprecipitated with nNOS antibody and
immunoblotted with nNOS, PSD95, and CAPON antibodies. The intensity of each band is indicated.
(B) Representative confocal images of the colocalization of nNOS (red) and PSD95 (green) in the
dentate gyrus of the hippocampus. Scale bar: 50 µm. CAPON, carboxy-terminal PDZ ligand of nNOS;
CON, control mice; nNOS, neuronal nitric oxide synthase; PSD95, postsynaptic density protein 95;
PTSD, post-traumatic stress disorder; STG, stigmasterol.

4. Discussion
In the present study, we demonstrated that STG treatment improves anxiety and

cognitive impairments, synaptic plasticity-related markers, and the nNOS pathway in the
hippocampus. These observations indicate a close relationship between STG treatment and
reversal of stress-induced neurobiological alterations.

Emerging evidence indicates that STG confers broad neuroprotective benefits, includ-
ing the suppression of inflammatory responses, mitigation of neurotoxicity, preservation of
neuronal integrity, and enhancement of synaptic function, collectively supporting cognitive
and brain function [15,17,28]. Phytosterols, including STG, can penetrate the blood–brain
barrier and accumulate in the brain [29], further supporting their therapeutic potential for
central nervous system disorders. These properties suggest that STG may have relevance
for neurobiological pathways implicated in stress-related brain conditions, although further
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mechanistic and translational studies are required to determine its potential significance.
Although hippocampal concentrations of stigmasterol (STG) were not directly measured in
this study, previous evidence supports its central availability. In particular, dietary plant
sterols, including stigmasterol, have been shown to accumulate in the murine brain follow-
ing peripheral administration, indicating their ability to cross the blood–brain barrier [30].
Verena et al. reported the detection of STG in the brain using GC-MS quantitative analysis
of serum and brain STG after STG-enriched dietary uptake. Thus, STG may be able to
penetrate the brain and exert central effects. The doses used in this study were selected
based on prior in vivo reports demonstrating neuroprotective efficacy without overt toxi-
city. Nevertheless, future studies incorporating pharmacokinetic and target engagement
analyses will be required to establish precise dose–exposure relationships. The doses of
STG used in this study (25 and 50 mg/kg) were selected based on previous in vivo studies
demonstrating neuroprotective and anti-inflammatory effects at comparable concentrations
without overt toxicity, representing a pharmacologically relevant range for evaluating the
therapeutic potential of STG in a PTSD model [17,31–33].

Behaviorally, reduced locomotor activity, decreased time spent, and fewer entries into
the center zone are interpreted as indices of heightened anxiety and emotional withdrawal,
reflecting avoidance of potentially threatening environments. Mice were explored for
20 min OFT because increasing the OFT duration allowed for the assessment of both novel
stimulus-induced exploratory behavior in the early phase and the subsequent decline of
activity due to habituation in the later phase, thereby providing a more complete profile of
anxiety and hypoactivity in PTSD. Prolonged immobility or hypoactivity in the OFT has also
been associated with anxiety induced by chronic stress or trauma exposure [34,35]. PTSD-
exposed mice exhibited anxiety-like behavior and impaired cognitive function. Treatment
with STG, particularly at 50 mg/kg, significantly ameliorated these behavioral deficits,
as demonstrated by increased locomotor activity, more frequent entries, and longer time
spent in the center zone in the OFT. Although reduced locomotor activity in the OFT is
commonly interpreted as an index of anxiety-like behavior, it may also reflect hypoactivity,
emotional blunting or low motivation induced by PTSD [36–38]. Therefore, the behavior
alterations observed this study represent a composite of anxiety-related and motivational
changes rather than a single behavior dimension. The Y maze test evaluates the spatial
working memory and cognitive flexibility, which depend on hippocampal integrity and
synaptic plasticity [39]. The spontaneous alternation behavior, defined as consecutive
entries into all three arms without repetition, reflects the ability of mice to retain and update
spatial information over short time intervals [40]. Reduced alternation percentage and
total arm entries indicate impairments in exploratory motivation and cognitive function
including working memory commonly observed in PTSD and stress-induced cognitive
dysfunction models [41,42]. Our results suggest that mice exposed to PTSD showed
cognitive impairments, which were improved by STG treatment in the Y maze test. Because
spontaneous alternation depends on sufficient exploratory activity, reduced arm entries
in the PTSD group introduce an interpretational limitation, as lower alternation ratios
may partially reflect diminished locomotor/exploratory drive rather than cognitive deficits
alone. These behavioral improvements were accompanied by improvement of serum
corticosterone and serotonin levels [43,44], suggesting that STG may enhance behavior
improvement by reducing corticosterone and elevating serotonin. Together, these results
suggest that STG may influence neurochemical and synaptic alterations associated with
traumatic stress, in a manner consistent with the specific behavioral constructs assessed
in this study. Because we did not evaluate fear conditioning or extinction, the behavioral
conclusions are limited to anxiety-like behavior and recognition memory, and should not
be generalized to broader PTSD-related domains.
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nNOS is localized to the postsynaptic density through a canonical interaction between
its N-terminal PDZ domain and the PDZ2 domain of PSD95, facilitating N-methyl-D-
aspartate receptor (NMDAR)–dependent signaling [45]. CAPON binds to the PDZ domain
of nNOS via its C-terminal PDZ-binding motif [46], competitively disrupting this canonical
nNOS-PSD95 association and reducing nNOS synaptic localization and activity. Thus,
PSD95 promotes canonical synaptic anchoring of nNOS, whereas CAPON functions as
a negative regulator. At the molecular level, the interaction between nNOS and PSD95
plays a critical role in regulating synaptic signaling and neuronal survival under stress
conditions [47,48]. PSD95 anchors nNOS to NMDAR complexes at the postsynaptic mem-
brane, facilitating calcium-dependent activation of nNOS and subsequent NO production.
Under physiological conditions, this signaling cascade supports normal synaptic trans-
mission and plasticity. However, excessive or sustained activation of the nNOS-PSD95
complex under chronic stress or traumatic exposure leads to overproduction of NO and
reactive nitrogen species, resulting in oxidative and nitrosative stress, mitochondrial dys-
function, and synaptic degeneration [49,50]. Preclinical studies show that stress-induced
hyperactivation of the nNOS-PSD95 complex in the hippocampus and prefrontal cortex
contributes to neuronal atrophy, reduced dendritic complexity, and behavioral manifesta-
tions resembling anxiety and depression [47,51]. In rodent models of PTSD, elevated nNOS
expression and its enhanced coupling with PSD95 have been associated with impaired LTP
and memory deficits [47,52]. Pharmacological disruption of the nNOS-PSD95 interaction,
using selective small-molecule inhibitors such as ZL006 or IC87201, has been shown to
attenuate stress-induced neuronal loss, increasing NO signaling, and reverse depressive-
and anxiety-like behaviors [53–55]. In line with these findings, our study demonstrates
that STG treatment was associated with attenuation of PTSD-induced overactivation of the
nNOS-PSD95 interaction and a concurrent increase in nNOS-CAPON interaction, suggest-
ing a shift toward a neuroprotective interaction profile. STG treatment markedly reduced
nNOS-PSD95 interaction, while enhancing hippocampal nNOS-CAPON association. This
molecular shift was accompanied by a significant reduction in NO levels, increase in synap-
tic plasticity-related genes and proteins (PSD95, BDNF, ERK, and CREB), and increased
maturation of DCX+ neurons. These molecular and cellular findings were interpreted
within an integrated neuroplasticity framework, reflecting coordinated patterns rather
than isolated molecular effects. STG-treated mice showed changes consistent with partial
preservation of hippocampal structure and function, potentially involving alterations in
nNOS-associated signaling. Although the precise mechanisms underlying these protein–
protein interaction changes remain undetermined, STG treatment coincided with lower NO
metabolite levels and reduced nNOS-PSD95 association, suggesting a possible relationship.
Overall, the results indicate that a naturally occurring phytosterol can engage components
of a well-characterized synaptic signaling axis in vivo, yielding convergent behavioral,
molecular, and cellular patterns within this PTSD-like model. By considering upstream
protein associations alongside downstream signaling and neuroplasticity markers, these
findings broaden existing mechanistic hypotheses derived from synthetic nNOS-PSD95 dis-
ruptors and highlight the potential relevance of endogenous compounds for stress-related
neurobiological processes.

Some limitations should be acknowledged. First, future studies are needed to assess
the pro-neurogenic effects of STG on behavior or neurological parameters in healthy,
non-stressed mice. Second, only male mice were used; therefore, potential sex-specific
differences in STG efficacy or the nNOS pathway remain unexamined. Third, although
the hippocampus is central in PTSD pathophysiology, other relevant regions, such as
the amygdala and prefrontal cortex, were not examined, limiting conclusions regarding
regional specificity. Fourth, although STG-induced changes in nNOS-associated interactions
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were observed, potential off-target effects and alternative signaling pathways cannot be
excluded. Additionally, incorporating fear memory paradigms in future studies will be
necessary to fully characterize associative learning components of the stress response.
Finally, the lack of pharmacokinetic and target engagement analyses precludes definitive
conclusions regarding direct molecular mechanisms.

5. Conclusions
Collectively, these findings provide hypothesis-generating in vivo evidence that STG

is associated with reductions in stress-related anxiety-like behavior, cognitive deficits,
and accompanying molecular alterations, including changes in nNOS-PSD95/CAPON
associations and synaptic-related markers.
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Abbreviations

BDNF brain-derived neurotrophic factor
BSA bovine serum albumin
Calb1 calbindin 1
CaMKII calcium/calmodulin-dependent protein kinase II
CAPON carboxy-terminal PDZ ligand of nNOS
CCK cholecystokinin
Co-IP co-immunoprecipitation
CON control
CREB cAMP response element-binding protein
DCX doublecortin
ERK extracellular signal-regulated kinase
FS foot shock
HPA hypothalamic–pituitary–adrenal
NeuroD2 neuronal differentiation factor 2
NeuroD6 neuronal differentiation factor 6
nNOS neuronal nitric oxide synthase
NO nitric oxide
OD optical density
OFT open field test
PSD95 postsynaptic density protein 95
PTSD post-traumatic stress disorder
qPCR quantitative polymerase chain reaction
ROS reactive oxygen species
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SPS single prolonged stress
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STG stigmasterol
Stx1a syntaxin 1a
SYP synaptophysin
TAC1 tachykinin precursor 1
TBS tris-buffered saline
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