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SUMMARY

Doxylamine, a first-generation histamine H1
receptor antagonist widely used as an over-the-
counter sedative, has poorly-characterized long-
term neurobiological effects. This study investi-
gated the impact of chronic doxylamine exposure
on cognitive behavior, oxidative status, choliner-
gic signaling, and neuroinflammatory responses
in the hippocampus and prefrontal cortex (PFC)
of male and female Wistar rats. Adult rats were
administered oral doses of doxylamine 2 mg/kg,
4 mg/kg and phosphate-buffered saline daily for
28 days. Behavioral performance was assessed
using the Y-maze, Open field test, and Morris
water maze. Biochemical assays evaluated anti-
oxidant enzyme activity, lipid peroxidation, cho-
linergic markers, and bioenergetic indices, while
histological and immunohistochemical analyses
examined cytoarchitecture and the expression
of Glial Fibrillary Acidic Protein (GFAP), Ionized
Calcium-Binding Adapter Molecule 1 (IBA-1), Bcl-
2—Associated X protein (BAX), and Nuclear factor
erythroid 2-related factor 2 (NRF2).

Chronic doxylamine exposure resulted in
dose-dependent increases in body weight and
significant alterations in brain weight. Behavioral
findings demonstrated impaired spatial learning
and memory, alongside increased anxiety-like
behavior, without significant changes in loco-
motor activity. These deficits were accompanied
by oxidative imbalance, elevated lipid peroxida-
tion, disrupted cholinergic signaling, and altered
energy metabolism in both brain regions. Fur-
thermore, doxylamine administration induced
marked astrocytic and microglial activation, en-
hanced pro-apoptotic signaling, and pronounced
neuroinflammatory responses, particularly at the

higher dose.

In conclusion, prolonged doxylamine exposure
induces dose-dependent cognitive impairment
mediated by oxidative stress, cholinergic dys-
function, and neuroinflammation in brain regions
critical for memory and executive function. These
findings suggest potential neurobiological risks
associated with chronic doxylamine use.
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INTRODUCTION

Doxylamine is a first-generation histamine re-
ceptor H1 antagonist class of medications. In the
USA, it is available as an over-the-counter medi-
cation (Brott and Reddivari, 2023). Doxylamine is
amember of pyridines and a tertiary amine. It has
arole as a histamine antagonist, a cholinergic an-
tagonist, a sedative, an antiemetic, a H1-receptor
antagonist, an anti-allergic agent and an antitus-
sive (National Center for Biotechnology Informa-
tion, 2025). Due to its relatively long half-life (10-
15 hours) and moderate sedative effect, it may
lead to morning drowsiness (Yasar et al., 2021).
Over time, tolerance to sedative effects may devel-
op. Due to its anticholinergic activity, it may cause
confusion, blurred vision, and urinary retention.
Its prolonged use for more than two weeks is not
recommended (Yetkin 2016). It is a medication
used to manage and treat nausea and vomiting of
pregnancy (NVP), allergic rhinitis, and insomnia
(Brott and Reddivari, 2023).

As a member of the first-generation class of
antihistamines, doxylamine exerts its effects by
competitively antagonizing the binding of free
histamine at the H1-receptor binding sites. It an-
tagonizes the effects of histamine in the uterus, GI
tract, large blood vessels, and bronchial muscles.
Doxylamine binds non-selectively to H1-recep-
tors, both centrally and peripherally, contributing
to the sedative effects that also make it an effec-
tive sleeping aid. However, due to their interac-
tions with receptor residues that remain highly
conserved across the aminergic receptors, H1 re-
ceptor antagonists can produce several off-target
effects that are anticholinergic (Brott and Reddi-
vari, 2023). This activity also depresses labyrin-
thine function, blocks the chemoreceptor trigger
zone, and diminishes vestibular stimulation (Shi-
roishi and Kobayashi, 2017).

Furthermore, doxylamine reduces nausea and
vomiting by inhibiting histaminergic signaling to
the vomiting center in the medulla (Simons and
Simons, 2008). The drug undergoes extensive he-

patic metabolism and is excreted primarily in the
urine. It has a half-life of approximately 10 hours,
which increases to 12 to 15 hours in the elderly
(Brott and Reddivari, 2023).

Doxylamine tablets are available as an over-the-
counter drug, approved as a sleep aid for insom-
nia in the USA (Allison and Hale, 2018). Due to its
availability over the counter, the risk of abuse is
of concern (Derinoz-Gileryiiz, 2018). Common
adverse effects include impaired vigilance, at-
ropine-like effects, impaired coordination, and
drowsiness during the day all of which could pose
problems (Rial et al., 2018). Other common reac-
tions to doxylamine include constipation, dysuria,
urinary retention, blurred vision, and diplopia.
Many of these can be attributed to the drug’s an-
ticholinergic effects (Brott and Reddivari, 2023).
Doxylamine and other first-generation histamine
H1 receptor antagonists can bind to and inhib-
it muscarinic receptor signaling in other organ
systems, resulting in systemic anticholinergic
effects. This non-selective receptor binding can
lead to various adverse effects such as flushing
of the skin, anhidrosis, hyperthermia, hallucina-
tions, mydriasis, delirium, and urinary retention
(Borowy and Mumbherji, 2023).

Doxylamine is useful for treating acute insom-
nia because of its central sedative action. It is rec-
ommended as a secure and efficient option for
everyday use, especially in nations where access
to other contemporary hypnotics is restricted. Re-
markably, it is still among the few drugs that are
authorized to treat pregnant women’s insomnia
(Burchakov and Tardov, 2020). When used prop-
erly, doxylamine is usually harmless, but misuse
or overdose can have serious neurological effects.
Due to its anticholinergic effects on both the pe-
ripheral and central nervous systems, abuse
could cause symptoms of the central nervous sys-
tem, such as slurred speech and visual hallucina-
tions (Derin6z-Gilleryliz, 2018). Doxylamine can
have major central effects even in the absence of
typical overdose symptoms (Bhattacharjee et al.,
2021).

The availability of Doxylamine over-the-count-
er and its frequent use for insomnia and allergy
management raises concerns on unsupervised,
prolonged exposure and abuse. Due to its non-se-



lective antagonism of histaminergic and musca-
rinic receptors, doxylamine can produce central
nervous system effects, including sedation and
cognitive impairment. Its relatively long half-life
and potential for cumulative effects raises con-
cerns regarding repeated or prolonged use, given
reports of neurological disturbances even in the
absence of overt overdose. Although its acute ef-
fects are well documented, the impact of repeat-
ed sub-chronic exposure remains poorly under-
stood. Following this background, we investigated
the neurobehavioral and neurobiological effects
of repeated sub-chronic exposure to doxylamine
administration.

MATERIALS AND METHODS

Ethical approval and animal maintenance

All experiments were performed in strict
compliance with the NIH guide for the care and
use of laboratory animals (NRC Publication No.
13:978-0-309-15,401-7, 2011) and the ARRIVE
guidelines, and as approved by the Ekiti State
University Teaching Hospital Ethical Committee
(EKSUTHEC; Approval Number: ORD/AD/EAC/
A9/050). Twelve-week-old male and female Wis-
tar rats (218-238 g) were maintained under stan-
dard laboratory conditions, with free access to
pelletized feed (normal diet) and water.

Experimental grouping and drug treatment

A total of fifteen (15) adult male Wistar rats
and fifteen (15) adult female Wistar rats weigh-
ing 218g-238¢g were obtained. The male animals
were divided into three groups, i.e. five male rats
each in each group (n = 5) were housed in three
cages, five male rats per cage, and the female an-
imals were also divided into three groups, five fe-
male rats each in each group (n = 5) were housed
in three cages, i.e. five female rats per cage. The
rats received either PBS (control) or low-and high-
dose Doxylamine. The treatments were adminis-
tered as follows for male rats: (a) Low-dose group
of five male rats received daily oral treatment of 2
mg/kg BW/kg of Doxylamine; (b) High-dose of five
male rats received daily oral treatment of 4 mg/
kg BW/kg of Doxylamine; (c) Control group of five
male rats received daily oral treatment of 0.5 mL

of Phosphate Buffer Saline (PBS) to ensure consis-
tent handling procedure during the dosing peri-
od. The treatments were administered as follows
for female rats: (a) Low-dose group of five female
rats received daily oral treatment of 2 mg/kg BW/
kg of Doxylamine (Leybishkis et al., 2001); (b)
High-dose group of five female rats received daily
oral treatment of 4 mg/kg BW/kg of Doxylamine;
(c) Control group of five female rats received daily
oral treatment of 0.5 mL of PBS to ensure consis-
tent handling procedure during the dosing peri-
od.

Treatments were administered orally with a
cannula fitted to a calibrated syringe. Administra-
tion was done for four weeks (28 days). The rats
had consistent access to food and water and were
weighed daily until sacrifice. The selected doses
(2 mg/kg and 4 mg/kg) were based on prior work
by Leybishkis et al. (2001). This dose reflects in-
terspecies differences in pharmacokinetics. Us-
ing body surface area—based allometric scaling
(FDA) guidelines. Additionally, rodents exhibit
faster metabolic rates and drug clearance, often
necessitating higher mg/kg dosing to achieve
comparable systemic exposure. The 28-day oral
administration paradigm models sub-chronic ex-
posure, enabling assessment of both therapeutic
and elevated dose effects.

Behavioral assessments

Five (5) rats from each experimental group were
subjected to Y-maze, Open field Test and Morris
water maze. The animals were given rest days be-
tween tests to avoid stress and carryover effects,
ensuring the validity of each behavioral test. The
details of each behavioral assessment are briefly
described below:

The Y-maze Test

The Y-maze was used to evaluate working mem-
ory of the rats. (Hughes, 2004). The rats were
placed in a Y-maze with the arms measuring 15
cm in breadth and 75 cm in length, which formed
an angle of 120° between each arm. The rats
were allowed 5 minutes each to freely explore the
maze. While exploring the maze, their alternation
behavior was observed and carefully recorded.
The calculation of percentage correct alternation
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for each rat was done by determining the ratio of
correct alternations to the total number of alter-
nations done multiply by 100.

The Open Field Test

The Open Field test was used to assess rat ex-
ploratory behavior (Gould et al, 2009). Rats were
placed in a box measuring 100 cm by 100 cm with
walls measuring 50 cm and an open roof, with
the floors divided into 16 squares. A camera was
attached above the box and used to monitor the
rats for 5 minutes each. After each trial the floor
was wiped with ethanol. Video analysis included
Distance travelled, Number of lines crossed, Time
spent in Centre square, Stretch attend frequency,
and Rearing frequency.

The Morris Water maze

The Morris water maze test was applied to mea-
sure the cognitive functioning of the rats. The
water maze model was used in a circular tank (di-
ameter 1 m) filled with water. A platform was sub-
merged below the water’s surface in the center
of the target quadrant. Swimming activity of the
rats was monitored via a video camera mounted
overhead, and automatically recorded via a vid-
eo-tracking system. At the beginning of each tri-
al, the rats were placed into the water facing the
wall of the pool at one of the four quadrants. Each
rat was allowed 60 s to find, and mount the plat-
form. When the rat found the platform, it was kept
on the platform for 10 s. If the rat did not find the
platform within 60 s, it was gently placed on it,
and left there for 10 s. Training and acquisition
was performed for four days after which the probe
trial was carried out. The latency to the platform,
number of platform crossings and the proportion
of time spent in the target quadrant were record-
ed.

Animal sacrifice for histological and immuno-
histochemical demonstration

The Administration of the drug for each group
was given for 4 weeks, during which body weight
was measured daily. The rats were sacrificed at
the end of 4 weeks after behavioral assessment.
The rats were anaesthetized with ketamine (30
mg/kg BW/kg, intra-peritoneal) (for histology, and

immunohistochemistry). Rats used for Biochem-
ical analysis were sacrificed by cervical disloca-
tion. Transcardial perfusion was performed with
a flush of 50ml of 0.1M phosphate-buffered saline
(PBS), followed by 500 ml of 4% paraformalde-
hyde (PFA), and fixatives use for the preservation
of the tissues after the sacrifice consisted of form-
aldehyde for histological tissues brains. Immuno-
histochemical and histology procedures were uti-
lized and they were kept at 4°C. PFA fixed tissues
were embedded in paraffin, and sections (15 pm)
were taken from each brain, to demonstrate the
hippocampus and prefrontal cortex (PFC). Sub-
sequently, obtained sections were processed for
haematoxylin and eosin (H and E) staining proce-
dure.

Procedure for hematoxylin and eosin staining

Histological staining of hippocampal and PFC
sections was carried out on paraffinized ultra-
thin sections obtained and stained with H and E
following the methods previously described by
Fischer et al. (2005). Briefly, sections were dep-
araffinized in xylene, rehydrated through graded
ethanol, stained with hematoxylin, differentiated
and blued, counterstained with eosin, then de-
hydrated, cleared, and mounted for microscopic
evaluation.

Immunohistochemical labelling

Hippocampal and prefrontal serial sections
were taken from paraffin blocks to charged glass
slides. Depending on each primary antibody man-
ufacturer’s instruction, protein cross-linkages
were removed by applying 0.1 % trypsin (20 min)
at room temperature or sodium citrate buffer (10-
mM sodium citrate, 0.05 % Tween 20, pH 6.0) at
98°C for 20 min to activate tissue antigens. Subse-
quently, non-specific protein re-action blocking
was performed in 10 % normal goat serum (Vec-
tor Labs), prepared in 10-mMPBS +0.03 %Tri-
ton-X 100 and 1 % bovine serum albumin (BSA)
for 2 h at room temperature, following which 0.3
% hydrogen peroxide in TBS (15 min) was used
to block endogenous peroxidase. All primary an-
tibodies used in this study have been character-
ized through target protein immunoblotting (to
ascertain specificity) by the manufacturers and



in previous reports as referenced. In addition, we
carried out positive and negative controls in the
immunohistochemical protocol to validate the
specificity of all the antibodies used in this study
per standards as Hewitt et al. (2014) described.
Antibodies were solubilized (0.5-1 mg/kg BW/mL)
by manufacturers in buffered saline or culture su-
pernatant containing 0.02 % — 0.1 % sodium azide
(pH 7.2-7.6). Sections were incubated in 500 uL
of primary antibody solution including Rabbit
anti-GFAP (1:1000; Abcam-ab7260; Bellut et al.,
2023), Rabbit anti-BAX (1:1000; Abcam, catalog
number not specified; Imbabi et al., 2021), Rab-
bit anti-IBA1 (1:3000; Abcam-ab178846; Bellut
et al., 2023) and Rabbit anti-TNF alpha (1:2500;
Abcam-ab307164; Yifan et al., 2023) diluted in
blocking buffer (10 % goat serum with 1 % BSA
and 0.1 % Triton X-100 in 10 mM PBS) overnight
at 4°C. After adequate washing, appropriate HRP
conjugated secondary antibodies were diluted
in TBS + 1 % BSA and applied to slides for an in-
cubation period of 1 h at room temperature. All
incubations after antigen retrieval were done in
a humidity chamber to avoid drying of sections.
The immuno-genic reaction was developed using
3'3'diaminobenzidine tetrachloride (DAB) and in-
tensified using methenamine silver kit. Sections
were then counterstained in hematoxylin and
treated in 1% acid alcohol to reduce the counter-
stain intensity.

Procedures for enzymatic assays in hippocam-
pal and prefrontal cortex lysates

Colorimetric determination of superoxide dis-
mutase (SOD; ab65354; Hoque et al., 2022), nitric
oxide (NO; ab65328; Feng et al., 2022), catalase
(abh83464; Meng and Xu, 2022), glutathione per-
oxidase (GPX; ab102530; Ismaeel et al.,, 2022),
glutathione reductase (GR; ab83461; Tang et
al., 2021), malonaldehyde (MDA; ab118970; Di
Nisio et al., 2022), acetylcholinesterase (AChE;
ab138871; Zhang et al.,, 2022), acetylcholine
(ab65345; Fielding et al., 2022) and lactate dehy-
drogenase (LDH; ab102526; Chen et al., 2023) ac-
tivities were carried out in carefully dissected hip-
pocampi and PFC from behaviorally tested rats
(n =4; all harvested from the left hemispheres of
rats) using the specified assay kits. Tissues were

pulverized in 0.25 M sucrose (1:10) with the aid of
an automated homogenizer at 4°C. Lysates were
then centrifuged at C for 10 min in a microfuge
(IEC: CENTRA-GP8R, DJB Labcare, UK) at 16099
g to obtain supernatants containing organelle
fragments and synaptosomes. The supernatants
were aspirated into labelled glass cuvettes placed
in ice. All spectrophotometric activities were as-
sayed in triplicates according to the manufactur-
er’s instructions in the assay kit pack.

Light microscopy and cell count

Histological and immunohistochemical images
were captured using Olympus binocular research
microscope (Olympus, New Jersey, USA) that was
connected to a 5.0 MP Amscope Camera (Am-
scope Inc., USA). Quantification of protein immu-
nopositivity around the dentate gyrus (DG) from
captured hippocampal images and layers 2—4 of
PFC was done using the ICTN plugin (cell analyz-
er) option in Image J (NIH, USA). All cell counting
was conducted for 5 consecutive brain (serial) sec-
tions per animal. The average cell count around
the DG and PFC of each animal was determined
using cellular morphology and layer-dependent
cell densities. The obtained data were then com-
pared for all groups.

Data analysis

Results obtained from this study were analyzed
using the GraphPad Prism Software package (Ver-
sion 8.0.1; La Jolla, CA). Weight gain data, brain
weight data, biochemical quantification and im-
munohistochemical positivity were analyzed us-
ing two-way analysis of variance (ANOVA) with
factors of Doxylamine dosing (2-, 4- mg/kg BW/
kg), followed by Tukey’s multiple comparisons
post hoc test. Differences between group means
were compared as indicated using Tukey’s mul-
tiple comparisons post-hoc test. Significance was
considered at p < 0.05. Bar graphs indicate the
mean and standard error of the mean and include
plots showing values obtained from individual an-
imals.

RESULTS

Impact of doxylamine on body weights of rats
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Body weight of rats was monitored daily over
a 4-week period to evaluate the effects of low (2
mg/kg BW) and high (4 mg/kg BW) doses of doxyl-
amine, with PBS serving as the control. Two-way
ANOVA revealed a significant effect of doxylamine
treatment on body weight across the experimen-
tal groups. In female rats, no significant change
in body weight was observed in the low-dose (2
mg/kg BW) (Fig. 1A) group from week 1 to week
4 compared to the control. However, rats treated
with the high dose (4 mg/kg BW) (Fig. 1A) exhib-
ited a significant increase in body weight relative
to the PBS group. This increase became evident
from week 2 and persisted through weeks 3 and
4. Specifically, by week 2, female rats in the high-
dose group showed a significant elevation in body

weight compared to controls. This trend contin-
ued in week 3, with sustained weight gain in the
4 mg/kg BW group, while the low-dose group re-
mained comparable to control. By week 4, a signif-
icant effect of doxylamine exposure was observed,
with both low- and high-dose groups showing in-
creased body weight relative to PBS-treated rats,
although the effect was more pronounced in the
high-dose group.

In male rats, no significant change in body
weight was observed in the low-dose (2 mg/kg BW)
(Fig.1A) group from week 1 to week 4 compared to
the control. In contrast, rats treated with the high
dose (4 mg/kg BW) (Fig. 1A) exhibited a significant
increase in body weight relative to the PBS group.
This increase became evident from week 2 and

Fig. 1.- (A) Comparatively, there was no significant change in the body weight of rats treated 2 mg/kg of doxylamine. However, the
weight of rats increased significantly in rats treated doxylamine 4mg/kg relative to PBS control. (B) No significant group differences
in average brain weight across the treatment groups. However, a marked reduction in brain weight was observed at low and high
doses of doxylamine treated rats when compared to control. (C) Comparatively, there was no significant change in the body weight
of rats treated 2mg/kg of doxylamine. However, the weight of rats increased significantly in rats treated doxylamine 4mg/kg relative
to PBS control. (D) No significant group differences in average brain weight across the treatment groups. (E) Comparatively, there
was no significant change in the brain weight of rats treated 2 mg/kg of doxylamine. However, the brain weight of rats was perturbed
significantly in animals treated doxylamine 4mg/kg relative to PBS control.



persisted through weeks 3 and 4. Specifically, by
week 2, male rats in the high-dose group showed a
significant elevation in body weight compared to
the control. This trend continued in week 3, with
sustained weight gain in the 4 mg/kg BW group,
while the low-dose group remained comparable
to control. By week 4, a significant effect of doxyl-
amine exposure was observed, with both low- and
high-dose groups showing increased body weight
relative to PBS-treated rats, although the effect
was more pronounced in the high-dose group. At 2
mg/kg bw, doxylamine did not significantly affect
body weight in either sex, with weights remaining
stable from week 1 to week 4. In contrast, at 4 mg/
kg bw, both male and female rats showed a pro-
gressive increase in body weight over time, show-
ing that the key determinant of weight change is
the dose, not the sex of the rats.

Impact of doxylamine on brain weights of rat

Brain weights of rats were measured to assess
potential alterations following exposure to low (2
mg/kg BW) and high (4 mg/kg BW) doses of dox-
ylamine, with PBS serving as the control (Fig. 1B).
Analysis of the data revealed a significant effect of
doxylamine treatment on brain weight across the
experimental groups.

In female rats, administration of 2 mg/kg BW
doxylamine resulted in a slight, non-significant
reduction in brain weight compared to PBS-treat-
ed controls. However, exposure to the higher dose
(4 mg/kg BW) produced a significant decrease in
brain weight (p < 0.05). In male rats, treatment
with 2 mg/kg BW doxylamine led to a slight,
non-significant increase in brain weight relative
to control. In contrast, rats exposed to the high
dose (4 mg/kg BW) exhibited a marked increase
in brain weight compared to PBS-treated animals.

Overall, while the effect of doxylamine appears
to be dose-dependent in both sexes, the direction
of change differs markedly, with females showing
areduction and males an increase in brain weight
at higher doses. This indicates a clear sex-specific
response to doxylamine exposure.

Disruption of spatial memory and anxiety fol-
lowing doxylamine exposure

Rats were behaviorally characterized in the
Y-maze, Morris water maze and Open field test to
elucidate the possible correlation between Dox-
ylamine exposure and perturbations in spatial
memory and anxiety regulation.

Obtained data indicate that overall explorato-
ry activity remained relatively unaffected across
experimental groups, as evidenced by compara-
ble total distance traveled and number of lines
crossed by the rats in the open field test (Figs. 2C
and 2D). However, spatial memory was signifi-
cantly altered following doxylamine exposure, as
evidenced by a reduction in the frequency of per-
centage spontaneous alternation in both female
and male rats (Fig. 2.A; p < 0.05). Similarly, the
data obtained from the Morris Water Maze also
give evidence of an altered spatial memory. Ani-
mals treated with Doxylamine showed a marked
increase in escape latencies across training ses-
sions when compared to the PBS control, indicat-
ing a slower learning curve in locating the hidden
platform (Latency period) both for female and
male rats (Figs. 2G and 2H). Doxylamine-treated
rats (female and male) spent significantly less
time in the target quadrant (Fig. 2J) and crossed
the former platform location fewer times than
controls (Fig. 2K), reflecting impaired spatial
memory retention. Doxylamine exposure pro-
duced significant impairment in spatial memory
in both female and male rats; the pattern is con-
sistent across sexes, indicating that the alteration
is not sex-specific, while administration of both
low and high doses elicited a dose-dependent
increase in latency to locate the platform, time
spent in target quadrant and Platform crossings.

Anxiety-like behavior, measured using the Open
field test, was also altered by Doxylamine expo-
sure. Open field testing showed no significant
differences in total distance travelled between
Doxylamine-treated and PBS control groups, in-
dicating that observed changes in memory and
anxiety were not confounded by motor impair-
ments. In both female and male rats, administra-
tion of both low and high dose Doxylamine result-
ed in a dose-dependent increase in Stretch attend
frequency (Fig. 2B), reduced center square entry
(Fig. 2E) and reduced rearing frequency (Fig. 2F),
all which are indicative of anxiety-like behavior.
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Fig. 2.- (A) Comparatively, a mild reduction in the %correct alternation was observed in rats exposed to doxylamine when com-
pared to PBS control. (B) A significant perturbation in the stretch attend frequency was observed in rats exposed to doxylamine
when compared to PBS control. (C) Comparatively, there was no significant change in the Total distance travel relative to PBS
control. (D) Comparatively, no significant perturbation was observed in number of lines crossed following doxylamine exposure - -
Anova test at p <0.05. (E) Relative to control, the time spent in the Centre square was perturbed by doxylamine in following Anova
test at p <0.05. (F) A marked reduction in the rearing frequency was observed in rats exposed to 2 mg/kg and 4 mg/kg doxylamine
when compared to PBS control. Results are expressed as mean + SEM and analyzed by Anova p <0.05.

Oxidative redox deregulation and lipid peroxi-
dation in the hippocampus and PFC of rats ex-
posed to doxylamine

In a follow-up investigation, we examined
whether the observed Doxylamine-induced spa-
tial memory impairment was associated with mi-
tochondrial redox imbalance and/or lipid peroxi-
dation. To explore this, we measured the activity
of key markers involved in oxidative stress regu-
lation including Glutathione (GSH), Nitric Oxide
(NO), Superoxide Dismutase (SOD), Catalase (CAT),
Gluthathione Peroxidase (GPx), and Malondialde-
hyde (MDA) in the Hippocampus and Prefrontal
Cortex (PFC) of behaviorally characterized rats.
Obtained results showed that Doxylamine (low
and high dose) treatment evoked a significant

main effect on GSH comparative activity in ly-
sates prepared from both the hippocampus and
prefrontal cortex across groups. Specifically, we
found in rats exposed to 2mg/kg BW Doxylamine
that GSH levels in hippocampal (Fig. 3B1) and
prefrontal cortex (Fig. 3B2) lysates across groups
were not significantly perturbed. However, GSH
decreased markedly both in the hippocampus
(Fig. 3B1) and in the PFC (Fig. 3B2) following Dox-
ylamine treatment at 4 mg/kg BW across groups.
In both female and male rats there was depletion
in GSH levels both in the Hippocampus and PFC,
but the depletion seems more pronounced in the
female rats. This depletion points to a higher sus-
ceptibility to oxidative stress-induced neuronal
dysfunction in the female rats.



Fig. 2.- (G, H) Relative to control, the escape latency in the Morris water was altered by doxylamine treatments following Anova test
at p<0.05. (I) Relative to control, the average time to located the platform was perturbed by doxylamine in Morris water maze follow-
ing Anova test at p <0.05. (J) The Time spent in target quadrant in the Morris water was altered by doxylamine treatments following
Anova test at p<0.05. (K) The platform crossings was altered by doxylamine treatments following Anova test at p <0.05. Results are

expressed as mean + SEM and analyzed by Anova p <0.05.

We also recorded a significant main effect of
Doxylamine treatment on NO activities within the
hippocampus (Fig. 3D1), although this is interest-
ingly not the case in PFC (Fig. 3D2) lysates. The
significant decrease in hippocampal nitric oxide
activity was observed in hippocampal lysates of
rats treated with low and high dose Doxylamine
(2mg/kg BW and 4 mg/kg BW), with marked
changesin hippocampal lysates of male rats treat-
ed 4mg/kg BW of Doxylamine, when compared
to PBS control. There was no difference across
groups in the prefrontal cortex both at low and
high dose when compared to PBS control. SOD
activities were significantly perturbed in both the
hippocampus (Fig. 3A1) and PFC (Fig. 3A2) treat-
ed groups. At 2 mg/kg BW there was a decrease in

SOD in the hippocampus and PFC across groups
when compared to PBS control. The same de-
crease was equally observed with 4mg/kg BW in
the hippocampus and PFC across groups when
compared to PBS control. In both female and
male rats there was depletion in SOD levels both
in the Hippocampus and PFC. Consequently, the
result shows that in both sexes there is no sex-de-
pendent difference in response to doxylamine re-
garding SOD. Similarly, the expression of the an-
tioxidant enzyme catalase reduced markedly in
both the hippocampus (Fig. 3E1) and prefrontal
cortex (Fig. 3E2) following Doxylamine exposure.
Relative to control, hippocampal catalase levels
reduced markedly both at low and high doses,
while PFC catalase levels reduced significantly in

Olawande Bamisi et al.

483



Doxylamine-induced cognitive decline

484

both the2 mg/kg BW and 4 mg/kg BW Doxylamine
treated rats. The reduction in catalase was strict-
ly dose-dependent both in the hippocampus and
PFC. The obtained data revealed that Doxylamine
treatment depleted GPX levels in both the hippo-
campus (Fig. 3C1) and PFC (Fig. 3C2). Relative to
control levels, GPX activities reduced markedly in
hippocampal lysates obtained from rats treated
with 2 mg/kg BW, and also in PFC lysates of rats
treated same dosage. We further found a dose-de-
pendent effect as evinced by decreased GPX activ-
ities in rats exposed to 4 mg/kg BW of Doxylamine
in both hippocampal and PFC lysates. We found
no noticeable difference in the reaction of both
sexes following doxylamine treatment at both
dosses, indicating a dose-dependent effect.

Finally, the effect of Doxylamine treatment on
MDA levels in the hippocampus (Fig. 3F1) and
PFC (Fig. 3F2) of rats across groups as assessed.
When compared to PBS control, MDA level in-
creased significantly in hippocampal lysates of
rats exposed to 2 mg/kg BW and 4 mg/kg BW Dox-
ylamine. In similarity to our findings in the hippo-
campus, prefrontal MDA activity was significant-
ly altered across treatment groups both in the 2
mg/kg BW and 4 mg/kg BW. MDA was markedly
increased in female rats treated both in low and
high doses of doxylamine, when compared to the
male rats. Although the product of lipid peroxi-
dation was exacerbated both in the low dose and
high dose of the hippocampus and PFC, compar-
ing the sexes showed that the females had more

Fig. 3.- (A) Profiles of oxidative stress and lipid peroxidation markers in hippocampal lysates of rats following exposure to Doxyl-
amine. Rats were exposed to either buffered saline (PBS) or Doxylamine (2 mg/kg or 4 mg/kg). (A1) Superoxide dismutase (SOD)
decreased significantly in rats exposed to doxylamine (2 mg/kg or 4 mg/kg) in the hippocampus when compared to PBS control.
(B1) Glutathione (GSH) reduced significantly in hippocampal across all groups of rats exposed to doxylamine versus PBS control.
(C1) Glutathione peroxidase (GPX) reduced significantly in hippocampal across all groups of rats exposed to doxylamine versus
PBS control. (D1) Hippocampal nitric oxide reduced significantly following (2 mg/kg or 4mg/kg) doxylamine treatment. (E1) Hippo-
campal catalase decreased markedly across all treatment groups compared to control. (F1) Hippocampal malondialdehyde (MDA;
lipid peroxidation) significantly increased across all treatment groups versus the control. Results are expressed as mean + SEM and

analyzed by One-way ANOVA - p <0.05.



Fig. 3.- (B) Profiles of oxidative stress and lipid peroxidation markers in Prefrontal cortex lysates of rats following exposure to Dox-
ylamine. Rats were exposed to either buffered saline (PBS) or Doxylamine (2 mg/kg or 4 mg/kg). (A2) Superoxide dismutase (SOD)
decreased significantly in rats exposed to doxylamine (2 mg/kg or 4 mg/kg) in the hippocampus when compared to PBS control.
(B2) Glutathione (GSH) reduced significantly in Prefrontal cortex across all groups of rats exposed to doxylamine versus PBS con-
trol. (C2) Glutathione peroxidase (GPX) reduced significantly in Prefrontal cortex across all groups of rats exposed to doxylamine
versus PBS control. (D2) Prefrontal cortex nitric oxide reduced significantly following (2 mg/kg or 4mg/kg) doxylamine treatment.
(E2) Prefrontal cortex catalase decreased markedly across all treatment groups compared to control. (F2) Prefrontal malondial-
dehyde (MDA; lipid peroxidation) significantly increased across all treatment groups versus the control. Results are expressed as

mean + SEM and analyzed by One-way ANOVA - p <0.05.

product of lipid peroxidation compared to males.
This shows that females are more weighed down
by oxidative stress.

Deregulated cholinergic and bioenergetics pro-
files in hippocampal and PFC of rats exposed to
doxylamine

To enhance the evaluation and interpretation of
mitochondrial oxidative redox changes following
Doxylamine exposure, we further analyzed the
expression of cholinergic (AChE and Acetylcho-
line) and energy metabolism (LDH) markers in
behaviorally characterized rats. We found a sig-
nificant main effect of treatment across groups

in hippocampal lysates; hippocampal AChE level
was perturbed in male rats administered 2 mg/kg
BW Doxylamine (Fig. 3(C) C1), with a significant
elevation in AChE activity observed in hippocam-
pal lysates of rats that received 4 mg/kg BW of
Doxylamine, compared to control. Furthermore,
hippocampal AChE in female rats treated 4 mg/
kg BW Doxylamine (Fig. 3(C) B1) was significant-
ly higher than in 2 mg/kg BW female treated rats,
spotlighting a dose-dependent effect of treatment.
Similarly, PFC AChE level was perturbed in female
and male (Fig. 3(C) B2) rats administered 2 mg/kg
BW and 4 mg/kg BW Doxylamine, when compared
to PBS control. Corroborating earlier results, hip-
pocampal acetylcholine levels both for female and
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male (Fig. 3(C) C1) were also only significantly de-
pleted by 4 mg/kg BW Doxylamine treatment, but
not in rats exposed to a lower dose of 2 mg/kg BW
of the compound, when compared to control. In
addition, prefrontal acetylcholine level in female
and male (Fig. 3(C) C2) rats decreased significant-
ly in rats treated 4 mg/kg BW Doxylamine, but not
in rats that received 2 mg/kg BW of the compound
when compared to control. When comparing the
female and male rats’ response to doxylamine
regarding acetycholinesterase and acetycholine,
there is no sex-dependent difference in response
to Doxylamine, although a dose-dependent effect
was seen as 4 mg/kg BW had a significant effect
both in female and male rats compared to 2 mg/kg
BW. It is also noteworthy that in female and male
(Fig. 3(C) A1) hippocampal lysates, LDH levels

were perturbed in rats treated with Doxylamine.
Both treatment doses significantly increased hip-
pocampal LDH levels, as shown by 2 mg/kg BW
and 4 mg/kg BW compared to PBS treated control.
Also, in female and male (Fig. 3(C) A2) prefrontal
lysates, LDH levels were perturbed in rats treated
with Doxylamine, both at 2 mg/kg BW and 4 mg/
kg BW when compared to PBS treated control.
Although we recorded a dose-dependent effect
of Doxylamine on cortical cholinergic profile, we
found no such effect associated with LDH enzy-
matic activity. There was also no sex-dependent
difference in their response, either at low or at
high dose.

Glial activation and neuro-inflammatory re-
sponses in the hippocampus and PFC of rats fol-

Fig. 3.- (C) Cholinergic and bioenergetic changes in hippocampal and prefrontal cortex (PFC) lysates of rats prenatally exposed to
doxylamine. Rats were exposed to either buffered saline (PBS) or doxylamine (2 mg/kg or 4 mg/kg). (B1, B2) Hippocampal acetyl-
cholinesterase (AChE) increased significantly following exposure of rats to 4 mg/kg doxylamine, also PFC AChE levels across treat-
ment groups were elevated significantly versus PBS control. (C1, C2) Hippocampal and prefrontal acetylcholine levels decreased
markedly in rats treated 4 mg/kg compared to control. (A1, A2) Lactate dehydrogenase (LDH) increased significantly in hippocam-
pal and prefrontal (lysates across groups of rats exposed to either 2 mg/kg or 4 mg/kg doxylamine versus PBS control. Results are
expressed as mean +SEM and analyzed by one-way ANOVA followed by Tukey’s comparison tests. p <0.05.



lowing exposure to doxylamine

We next assessed hippocampal and prefron-
tal cytoarchitecture alongside the expression of
key neuroinflammatory markers including GFAP,
IBA1, BAX and NRF 2 to further understand mech-
anisms associated with the earlier recorded im-
paired neurochemical functions and spontaneous
memory in Doxylamine-treated rats. Following
general cytoarchitectural demonstration of the
hippocampus by routine H and E staining, we
found that sections across the treatment groups
are mainly characterized by typical neuronal ar-
rangement across the Cornus Amonis (CA) re-
gions. The typical cellularity is mostly consistent
for CA 1-3, which are evinced by densely packed
and succinctly arranged pyramidal neurons and

associated fibers in the female (Fig. 4A) and male
(Fig. 4B) rats. On the other hand, we found some
morphological derangement around the hippo-
campal Dentate Gyrus (DG) area and followed up
on this using higher power magnification both in
the female and male rats. This revealed reduced
cellularity and spotlighted the presence of some
chromatolytic DG granule cells in rats (both male
and female) exposed to the higher dose (4 mg/kg
BW/kg) of Doxylamine. The deleterious changes,
however, appear to be quite minimal. Owing to the
observed sparsely distributed neurons around
the DG, we focused subsequent immunohisto-
chemical labelling in this area to further spotlight
possible ongoing molecular changes.

GFAP (reactive astrocytes) immunolocalization

Fig. 4.- (A) Representative photomicrographs of hippocampal microarchitecture in female rats exposed to either buffered saline
(PBS) or doxylamine (2 mg/kg or 4 mg/kg). General hippocampal and dentate gyrus (DG) morphology demonstrated by H&E stain-
ing revealed reduced and sparse cellularity in the DG area of rats exposed to doxylamine compared to PBS control. A few chro-
matolytic granule cells (GC) were particularly observed in the hippocampal DG area of rats exposed to doxylamine, although close
observation shows no conspicuous changes or alterations to the CA1, CA2 or CA3 layers across treatment groups. GFAP, IBA-1, BAX
and NRF 2 (respectively) immunohistochemistry shows increased target reactivity and antibody positivity in the DG areas of rats

treated doxylamine when compared to PBS control.
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in the hippocampus of rats within the DG area re-
vealed a significant increase in astrocyte activa-
tion or astrogliosis in rats treated Doxylamine. A
significant increase in activated astroglia expres-
sion is shown around DG of rats treated at 2 mg/
kg BW and 4 mg/kg BW when compared to PBS
treated control in female (Fig. 4A) and male (Fig.
4B) rats. We further observed a dose-dependent
effect shown by increased reactive astrocytes in
rats exposed to 4 mg/kg BW compared to 2 mg/
kg BW Doxylamine. Nonetheless, the magnitude
of reactive astroglial expression was more pro-
nounced in male rats compared to females at both
2 mg/kg and 4 mg/kg body weight (BW), with a
clear dose-dependent increase observed in each
sex relative to PBS-treated controls.

In a similar pattern, hippocampal IBA1 (reactive
or activated microglia) immunohistochemistry
and quantification within the DG area was signifi-
cantly perturbed by Doxylamine administration.
Relative to control rats, we found a significant in-
crease in microglia activation in the DG of female
(Fig. 4A) and male (Fig 4B) rats treated 4mg/kg
BW, with no significant difference in activated mi-
croglia expression in female and male rats treated
2 mg/kg BW Doxylamine. A dose-dependent in-
crease in microglia activation was also observed
in male and female rats exposed to 4 mg/kg BW
Doxylamine. However, male rats exhibited a more
pronounced increase in activated microglia com-
pared to females at 4 mg/kg body weight (BW),
while no significant sex-related difference was
observed at 2 mg/kg BW.

BAX immunohistochemistry in the hippocam-
pus of rats within the DG area was significantly
perturbed by Doxylamine administration. We
found a significant increase in pro-apoptotic ac-
tivation in the DG of rats treated 4 mg/kg BW in
both female (Fig. 4A) and male (Fig. 4B) rats, with
no significant difference in activated expression
in rats treated 2 mg/kg BW Doxylamine in both
sexes. A dose-dependent increase in BAX activa-
tion was also observed in male and female rats
exposed to 4 mg/kg BW Doxylamine, when com-
pared to control. Nevertheless, male rats exhib-
ited a greater magnitude of BAX activation com-
pared to females at 4 mg/kg body weight (BW),
whereas no significant sex-related difference was

observed at 2 mg/kg BW. Overall, a dose-depen-
dent increase in BAX activation was evident in
both male and female rats relative to controls.

In addition to these findings, hippocampal NRF2
immunolabeling revealed a marked increase in
the protein expression of the inflammatory factor
within the DG of Doxylamine treated rats. Where-
as 2 mg/kg BW Doxylamine exposure did not al-
ter NRF2 immunoexpression in both female (Fig.
4A) and male (Fig. 4B) rats, a significant increase
in the expression of the proinflammatory mark-
er was observed in the DG of rats exposed to the
higher dose, 4 mg/kg BW when compared to PBS
treated control. However, male rats exhibited a
greater magnitude of NRF2 activation compared
to females at 4 mg/kg body weight (BW), where-
as no significant sex-related difference was ob-
served at 2 mg/kg BW.

In line with our findings in the hippocampus,
characterization of prefrontal cortex morphology
demonstrated by H and E staining also revealed
mostly typical cytoarchitecture across treatment
groups with evenly layered molecular, granular,
and pyramidal neurons in normal arrays across
cortical layers (L1-L5 (Figs. 4C and 4D). Further
analysis by GFAP immunolabeling in the PFC and
quantification around L2-L4 revealed marked
dysregulation of reactive astrocytes immunoposi-
tivity resulting from Doxylamine treatment. GFAP
expression increased significantly in the PFC Of
rats treated at a low dose 2 mg/kg BW in both fe-
male and male rats. We further found a significant
increase in reactive astrocyte expression in the
PFC of rats exposed to 4 mg/kg BW Doxylamine
when compared to PBS control in both sexes. A
dose-dependent effect was further observed, with
increased reactive astrocytes seen in the PFC of
rats exposed to 4 mg/kg BW when compared to 2
mg/kg BW Doxylamine. However, there was no ob-
servable difference in both sexes when compared
together.

Prefrontal IBA1 immuno-labelling was similarly
significantly perturbed by Doxylamine treatment
in both female (Fig. 4C) and male (Fig. 4D) rats. In
relation to control, increased microglia activation
was observed in the PFC of rats treated at 4 mg/
kg BW in both female and male rats, with no sig-
nificant difference in microglia expression in rats



treated 2 mg/kg BW Doxylamine. Notably, male
and female groups did not differ significantly
when compared directly.

Prefrontal BAX immuno-labelling was similarly
significantly perturbed by Doxylamine treatment
in both female (Fig. 4C) and male (Fig. 4D) rats. In
relation to control, increased BAX activation was
observed in the PFC of rats treated at 4 mg/kg BW
(female and male), with no significant difference
in the expression in rats treated 2 mg/kg BW Dox-
ylamine (female and male). Importantly, no sig-
nificant differences were observed between sexes
upon direct comparison.

Prefrontal NRF2 immunolabeling revealed a
marked increase in the protein expression of the
proinflammatory protein in Doxylamine-treated

rats. Although exposure to 2 mg/kg BW Doxyl-
amine did not impact NRF2 expression signifi-
cantly in both sexes, we recorded a significant
increase in the expression of NRF2 in rats ex-
posed to 4 mg/kg BW Doxylamine in female and
male rats, when compared to PBS-treated control.
Taken together, these results strongly suggest
that induced neuroinflammatory responses in
the hippocampus and PFC contribute centrally to
neurochemical and memory dysfunction in rats
exposed to Doxylamine.

DISCUSSION

The potential neurotoxic and psychotic con-
sequences associated with Doxylamine are
well-documented (Dziuban et al., 2009; Marraffa
et al., 2023). Reports indicate that the compound

Fig. 4.- (B) Representative photomicrographs of hippocampal microarchitecture in male rats exposed to either buffered saline
(PBS) or doxylamine (2 mg/kg or 4 mg/kg). General hippocampal and dentate gyrus (DG) morphology demonstrated by H&E stain-
ing did not reveal significant changes in relation to female rats. A few chromatolytic granule cells (GC) were particularly observed
in the hippocampal DG area of rats exposed to doxylamine, although close observation shows no important changes or alterations
to the CA1, CA2 or CA3 layers across treatment groups. GFAP, IBA-1, BAX and NRF 2 immunohistochemistry also shows increased
target reactivity and antibody positivity in the DG areas of rats treated doxylamine when compared to PBS control.
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Fig. 4.- (C) Representative photomicrographs of prefrontal cortex (PFC) microarchitecture in female rats exposed to either buffered
saline (PBS) or doxylamine (2 mg/kg or 4 mg/kg). The molecular layer, external granular, pyramidal layers, internal granular and
pyramidal layers (layers 1-5; L1-5) in the PFC evidenced typical cellularity, normal structural delineation and characteristic his-
to-architecture across experimental groups. GFAP, IBA-1, BAX and NRF 2 (respectively) immunohistochemistry shows increased
target reactivity and antibody positivity in the PFC of rats treated doxylamine when compared to PBS control.

is recreationally abused in line with its mind-al-
tering properties (Kalayci, and Ozdemir, 2022),
and used for perceived therapeutic benefits (Coo-
per, 2013; Hughes and McElnay, 2016).

Data from our study demonstrated a significant
increase in body weight, evident as early as the
second week of exposure. Such weight gain is a
well-established adverse effect of Hi receptor an-
tagonists. In both humans and rodents, antihista-
mine use has been consistently associated with
increased body weight and a higher risk of obesity
(Ratliff et al., 2010; Saad et al., 2020). Mechanisti-
cally, central antagonism of histamine Hi recep-

tors (H1R) is a key predictor of weight gain, given
the critical role of these receptors in the regulation
of energy homeostasis (Tabarean, 2016). Histami-
nergic signaling via H1R within hypothalamic nu-
clei is essential for the suppression of food intake
(Khoumaetal.,, 2023; Lianetal., 2014). Pharmaco-
logical blockade of these receptors by doxylamine
likely disrupts this anorexigenic pathway, there-
by promoting increased appetite and enhanced
feeding efficiency (Popov et al., 2023). This mech-
anism is consistent with the progressive weight
gain observed in our study, beginning at week 2
and persisting throughout the treatment period.



Fig. 4.- (D) Representative photomicrographs of prefrontal cortex (PFC) microarchitecture in male rats exposed to either buffered
saline (PBS) or doxylamine (2 mg/kg or 4 mg/kg). The molecular layer, external granular, pyramidal layers, internal granular and
pyramidal layers (layers 1-5; L1-5) in the PFC showed the same characteristics described for female rats in the previous figure.

Moreover, unlike other psychoactive agents that
may require prolonged exposure to elicit met-
abolic alterations, affinity for the Hi: histamine
receptor has been shown to predict rapid, short-
term weight gain (Kroeze et al., 2003), further
supporting the early onset of effects observed in
the present findings. The absence of a sex-depen-
dent difference in body weight response suggests
that, at a dose of 4 mg/kg body weight, the regula-
tory mechanisms underlying appetite and weight
gain exhibit comparable sensitivity in both male
and female rats.

Interestingly, Doxylamine exposure had
sex-specific and dose-dependent effects on brain
weight. The data reveals a clear dose-response
relationship, as significant alterations were only

observed at the higher dosage. This is consistent
with subchronic toxicity studies of Doxylamine in
Fischer 344 rats, where low-to-moderate doses
often show negligible clinical effects, while high-
er concentrations lead to significant physiolog-
ical changes (Jackson and Blackwell, 1988). The
significant decrease in female brain weights may
indicate neurotoxic-mediated atrophy or growth
retardation. Research has shown that females
can be more susceptible to the systemic effects of
doxylamine (Jackson and Blackwell, 1993). Con-
versely, the marked increase in male brain weight
is physiologically significant, as an increase in
brain weight following chemical exposure is of-
ten attributed to cerebral edema or inflammatory
responses that lead to fluid accumulation (Klatzo,
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1967; Levi et al., 2024).

Behavioral assessments using the Y-maze, Mor-
ris Water Maze, and Open Field Test demonstrated
that Doxylamine exposure at 2 mg/kg and 4 mg/
kg body weight produces significant impairments
in spatial memory and modulates anxiety-like
behavior, without adversely affecting gross mo-
tor function. These cognitive alterations exhibit
a dose-dependent profile and are not sex-depen-
dent, occurring to a comparable extent in both
male and female rats.

Behavioral alterations in spatial working mem-
ory were observed in the Y-maze paradigm. Both
female and male rats exhibited a significant re-
duction in percentage spontaneous alternation
following exposure to Doxylamine at 2 mg/kg and
4 mg/kg. Given that spontaneous alternation be-
havior reflects the animal’s ability to retain and
update spatial information over short intervals
(Dember and Richman, 2012), the observed de-
crease indicates a disruption in working memo-
ry processes and exploratory decision-making.
The consistency of this effect across sexes fur-
ther suggests that the underlying neurobiological
mechanisms are not sex-dependent within the
tested dose range. These findings were corrobo-
rated by performance in the Morris Water Maze,
a well-established assay of spatial learning. Dox-
ylamine-treated rats demonstrated prolonged es-
cape latencies across acquisition trials, indicative
of a slower learning rate in locating the hidden
platform. Furthermore, during probe trials, treat-
ed rats spent significantly less time in the target
quadrant and exhibited fewer platform crossings
relative to controls, reflecting impaired memory
retention (Vorhees and Williams, 2014). Notably,
these deficits displayed a dose-dependent pat-
tern, with the higher dose (4 mg/kg) producing
more pronounced impairments in both male and
female cohorts.

Doxylamine, a first-generation histamine Hi re-
ceptor antagonist, readily penetrates the blood-
brain barrier (Polnariev, 2015.). The central his-
taminergic system, particularly via Hi receptors
located in the hippocampus and prefrontal cor-
tex, plays a critical role in regulating arousal, at-
tention, and the consolidation of spatial memory
(Passani et al., 2017). Pharmacological blockade

of these receptors by doxylamine is therefore
likely to disrupt the neural activity required for
efficient cognitive processing. Comparable neu-
robehavioral impairments including reduced
spontaneous alternation and diminished perfor-
mance in the Morris Water Maze have been re-
ported in rodent models of neurotoxicity charac-
terized by compromised hippocampal integrity
(Vorhees and Williams, 2006).

An important observation in our data is the ab-
sence of a significant difference in total distance
travelled during the Open Field Test. This finding
indicates that the observed impairments in spa-
tial memory are unlikely to be secondary to motor
deficits or sedative effects. Although first-gener-
ation antihistamines are commonly associated
with sedation (Lisiecka, 2024), our results suggest
that, at doses of 2 mg/kg and 4 mg/kg body weight,
the cognitive effects particularly on spatial mem-
ory occur independently of, or precede, any mea-
surable impairment in gross locomotor activity.

Doxylamine administration elicited a dose-de-
pendent increase in stretch-attend postures in
both female and male rats. Stretch-attend fre-
quency is widely regarded as a risk assessment
behavior, typically exhibited when an animal is in
a state of heightened vigilance (Holly et al., 2016).
The increase observed here suggests that Doxyl-
amine enhances environmental apprehension
(Burman, et al., 2015). Concomitantly, treated an-
imals exhibited a reduction in center square en-
tries, a classical index of anxiety-like behavior in
the Open Field Test. Rodents naturally avoid the
center of an arena due to its perceived risk; thus,
decreased center exploration reflects increased
anxiety (Lezak et al., 2017). The observed reduc-
tion across both dose groups, with greater effects
at 4 mg/kg, further supports a dose-dependent
anxiogenic effect. In addition, rearing frequency
of an index of vertical exploration and environ-
mental curiosity (Lever et al., 2006) was signifi-
cantly reduced following Doxylamine exposure.
Decreased rearing behavior is often interpreted
as reduced exploratory drive and increased emo-
tional inhibition, both of which are consistent with
elevated anxiety levels (Lever et al., 2006). Impor-
tantly, these behavioral alterations were observed
in both female and male rats with a similar pat-



tern and magnitude, indicating that the anxiogen-
ic effects of Doxylamine are not sex-dependent
within the experimental conditions tested. The
dose-dependent nature of these effects further
strengthens the association between Doxylamine
exposure and anxiety-like phenotypes.

Doxylamine-induced dysregulation of spatial
working memory in this study can be partly at-
tributed to perturbations in the cholinergic sys-
tem, evidenced by altered AChE and acetylcho-
line levels in the hippocampus and prefrontal
cortex. This premise is supported by findings
linking cholinergic modifications to memory defi-
cits and cognitive decline (Schaeffer and Gattaz,
2008; Schliebs and Arendt, 2011). Additionally,
neurotransmission dysfunction combined with
perturbed glucose energetics has been associated
with behavioral dysfunction in neurodegenera-
tion (Kapogiannis and Mattson, 2011). Our obser-
vations of impaired cortical lactate dehydroge-
nase, a key glycolytic enzyme influencing brain
energetics and memory (Long et al., 2020), align
with such evidence.

The data from our biochemical study indicates
that doxylamine exposure induces a state of sig-
nificant oxidative-nitrosative stress in the rat
brain, which is characterized by the depletion
of antioxidant defenses and the accumulation of
lipid peroxidation products. These alterations
are dose-dependent and exhibit distinct regional
and sex-specific sensitivities. The significant re-
duction in the activities of Superoxide Dismutase,
Catalase, and Glutathione Peroxidase across both
the hippocampus and prefrontal cortex indicates
a generalized failure of the brain’s enzymatic pro-
tection (Bhat et al., 2015; Cobley et al., 2018). A
unique finding in our data is the selective reduc-
tion of NO activity in the hippocampus, which was
not observed in the PFC. Nitric oxide is a critical
neuromodulator involved in memory formation
and learning (Famitafreshi and Karimian, 2018).
The significant decrease in hippocampal NO, par-
ticularly at the 4 mg/kg dose, provides a biochem-
ical explanation for the impaired spatial memory
performance previously recorded in the Morris
Water Maze. A balance of oxidative stress and
signaling molecules like nitrites is necessary for
interconnected hippocampal-prefrontal function

during memory tasks (Fukui et al.,2001; Famita-
freshi and Karimian, 2018). While the enzymatic
changes were similar across sexes, the results for
Glutathione and Malondialdehyde reveal a high-
er vulnerability in female rats. While the 2 mg/kg
dose did not significantly perturb GSH levels, the
4 mg/kg dose caused a marked depletion. GSH is
the brain’s primary non-enzymatic antioxidant;
its exhaustion is a known correlate of cognitive
decline and neuronal dysfunction (Famitafreshi
and Karimian, 2018). The more pronounced de-
pletion in females suggests they have less meta-
bolic resilience. MDA, a marker of lipid peroxida-
tion, increased significantly in both regions and
both sexes. However, the finding that females had
more product of lipid peroxidation compared to
males might indicate that the female antioxidant
system is more readily overwhelmed. The height-
ened oxidative damage to neuronal membranes
observed at both low and high doses in females
indicates that they experience a greater oxidative
burden from doxylamine exposure (Vina et al.,
2005; Brunelli et al., 2014). Doxylamine-induced
spatial memory impairment seen in our study is
closely linked to mitochondrial redox imbalance.
The selective loss of hippocampal NO likely dis-
rupts the signaling required for learning, while
the collapse of the GSH system and the resulting
high levels of MDA indicate that females are at a
higher risk for structural and functional neuro-
nal damage. These biochemical changes explain
the behavioral phenotypes of memory loss and
increased anxiety observed in the experimental
groups.

Exposure to Doxylamine disrupted cholinergic
function and energy metabolism in a dose-depen-
dent manner. Increased Acetylcholinesterase ac-
tivity alongside reduced Acetylcholine levels, par-
ticularly at a higher dose, indicates progressive
cholinergic impairment. Concurrent elevations in
Lactate Dehydrogenase suggest metabolic stress
and cellular injury. These effects were observed
across brain regions and sexes, with no significant
sex-dependent differences. Notably, while cholin-
ergic alterations were dose-dependent, metabolic
disruption occurred at both low and high doses,
indicating that energy metabolism may be affect-
ed earlier than overt cholinergic dysfunction.
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Subsequently, exposure to Doxylamine induced
clear neuroinflammatory and pro-apoptotic re-
sponses in both the hippocampus and prefrontal
cortex, despite largely preserved overall tissue
architecture. While general cytoarchitecture re-
mained mostly intact, subtle degeneration par-
ticularly within the Dentate Gyrus was evident at
higher doses, including reduced cellularity and
chromatolytic changes. Immunohistochemical
analyses revealed marked activation of astrocytes
and increased microglia, especially at 4 mg/kg,
indicating robust neuroinflammatory activation
damage (Fischer et al., 2014; Heneka et al., 2010;
Olajide et al., 2021b; Zhang et al., 2010). Concur-
rent upregulation of the pro-apoptotic protein
Bcl-2-Associated X Protein and increased expres-
sion of Nuclear Factor Erythroid 2-Related Fac-
tor 2 further suggest enhanced oxidative stress
and apoptotic signaling (Janelsins et al., 2005;
Kwon and Koh, 2020). These effects were gener-
ally more pronounced in males, particularly in
the hippocampus, although both sexes exhibit-
ed similar vulnerability at higher doses. Parallel
inflammatory and apoptotic changes in the pre-
frontal cortex reinforce the view that doxylamine
exposure elicits widespread neuroinflammatory
and cell-stress responses, which likely contrib-
ute to the observed cognitive and neurochemical
impairments (Ben Haim et al., 2015; Rojo et al.,
2014; Sidoryk-Wegrzynowicz et al., 2011).

Our data showed Doxylamine exposure induces
neuroinflammation, evidenced by dose-depen-
dent increases in hippocampal and prefrontal
cortex astroglia and microglia reactivity. Although
gliamaintains neuronal integrity, toxicity-induced
activation causes a release of proinflammatory
cytokines and chemokines, exacerbating damage
(Fischer et al., 2014; Heneka et al., 2010; Olajide
etal., 2021b; Zhang et al., 2010). The interplay be-
tween glia-mediated neuroinflammation and re-
dox impairment is an established mechanism un-
derlying various neuropathologies (Ben Haim et
al., 2015; Rojo et al., 2014; Sidoryk-Wegrzynowicz
et al., 2011). We confirmed this notion by show-
ing increased hippocampal and prefrontal cortex
NRF2, a key proinflammatory cytokine (Janel-
sins et al., 2005; Kwon and Koh, 2020), following
Doxylamine exposure. Interestingly, despite the

observed conspicuous changes in key molecular
and morphological elements, histoarchitectural
observations in this investigation did not uncover
significant architectural disturbances in the hip-
pocampal and PFC sections of rats subjected to
Doxylamine exposure.

CONCLUSION

Our findings suggest that Doxylamine-induced
neurotoxicity involve a multifactorial and inter-
connected cascade of pathological events. Initial
exposure may trigger oxidative stress, character-
ized by increased reactive oxygen species gen-
eration and compromised antioxidant defenses,
which in turn activates neuroinflammatory path-
ways, including microglial activation. Concur-
rently, cholinergic dysfunction, as evidenced by
altered acetylcholinesterase activity, may arise
either as a downstream consequence of oxidative
and inflammatory damage or via direct pharma-
cological effects of Doxylamine. These processes
are likely interdependent, forming a self-amplify-
ing cycle in which oxidative stress, neuroinflam-
mation, and cholinergic dysregulation potentiate
one another, ultimately leading to neuronal injury
and activation of apoptotic pathways. Collectively,
this cascade culminates in neuronal loss and as-
sociated cognitive impairment, although the pre-
cise sequence of these events remains to be fully
elucidated.
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