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Abstract

Drug withdrawal is recognized as a global health issue. Abuse of dextromethorphan (DXM), an over-the-counter
antitussive, leads to addiction and withdrawal symptoms by acting on glutamate N-methyl-D-aspartate (NMDA)
receptors. Nonetheless, effective agents for alleviating withdrawal symptoms remain limited, underlining the crucial need
for novel treatments which ideally would include natural, acceptable and accessible preparations derived from functional
foods. This study aimed to explore the effects of treatment with pre-germinated brown rice (PGBR), considered a
functional food due to its bioactive components, on behaviors and hippocampal NMDA glutamate receptor subunit 1
(NMDARTI1) protein in a rat model of drug withdrawal from DXM administration. Locomotor activity, anxiety-like
behavior, and NMDAR-1 protein levels in the hippocampus were assessed after PGBR treatment in DXM-induced
withdrawal rats compared with diazepam, a drug commonly used to treat withdrawal symptoms, and gamma-
aminobutyric acid (GABA), a compound enriched in PGBR for 30 and 60 days. PGBR treatment, starting from 30 days,
effectively prevented the increase in locomotor activity, anxiogenic-like behavior, and the decrease of NMDARI protein
in the hippocampus during DXM-induced withdrawal. GABA treatment partially restored locomotor activity and
NMDARI protein levels at 60 days. Diazepam showed only partial recovery in the anxiety test after 30 days, whereas
anxiety-like behavior re-emerged following 60 days of treatment. Our results indicate that PGBR impacts drug withdrawal
symptoms and influences glutamate neurotransmission through modulation of glutamate NMDARI receptor, possibly
due to the complex actions of various bioactive compounds. Furthermore, long-term PGBR treatment showed no adverse
effect on behavior and NMDARI protein. These findings suggest that PGBR may serve as a natural agent to mitigate
behavioral and molecular alterations associated with drug withdrawal in rodent models, thereby endorsing its potential

for further translational research beyond the current preclinical phase.

Keywords: Pre-germinated brown rice, Drug withdrawal, Dextromethorphan, N-methyl-D-aspartate glutamate receptor,

Hippocampus, Gamma aminobutyric acid-enriched food
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Introduction

Drug abuse is widely recognized as a substantial
worldwide health problem leading to drug dependence,
while cessation of drug abuse causes the emergence of
withdrawal symptoms. Drug withdrawal symptoms can
appear in several forms, and evidence indicates anxiety-
like behaviors [1,2] and restlessness, expressed as
increased locomotion [3], are common symptoms.
Repeated exposure to abused drugs disrupts glutamate
homeostasis in the hippocampus, a region critically
involved in the development of drug dependence [4] and
withdrawal [5].

Dextromethorphan (DXM) is a psychoactive drug
commonly found in cough suppressants and cold
remedies that is frequently abused, leading to
dependence and withdrawal syndromes with significant
adverse health consequences [6,7]. Mechanistically,
glutamate N-methyl-D-aspartate (NMDA) receptors are
excitatory glutamate-gated ion channels that play
critical roles in neural plasticity, development, and
neuropathology. DXM acts as an uncompetitive NMDA
receptor antagonist [8]. Preclinical studies have shown
that high-dose exposure induces anxiogenic-like effects
and long-lasting behavioral alterations, including
increased locomotor activity during withdrawal [9,10].
These effects are associated with neurotoxicity in the
hippocampus [11], a region rich in NMDA receptors and
critical for neuronal plasticity [12]. As the hippocampus
integrates dopaminergic, serotonergic, and
glucocorticoid signals, it plays a key role in anxiety-like
behaviors and withdrawal-induced hyperactivity [13].
Glutamate dysregulation in this region is implicated in
drug dependence and withdrawal [4,5]. Given that
NMDARI is essential for NMDA receptor function
[14], we focused on hippocampal NMDARI1 alterations
to elucidate molecular mechanisms underlying
withdrawal-related behavioral phenotypes.

Considering the involvement of hippocampal
glutamatergic  dysfunction in withdrawal-related
behaviors, this study investigates the neuroprotective
potential of pre-germinated brown rice (PGBR) in a
DXM withdrawal model. PGBR is a food supplement
containing active components such as oryzanol, gamma-
aminobutyric acid (GABA), Vitamin B1, Vitamin B6,

and Vitamin E [15]. It has been reported that germinated
rice is effective against oxidative stress [16] and beta-
amyloid protein-induced impairments in learning and
memory [17]. PGBR has also been shown to improve
depression-like behaviors and increase brain serotonin
levels in mice [18].

We previously found that treatment with PGBR
can restore abnormalities in testicular structure, sperm
quality, and androgen receptors in DXM-dependent rats
[19], suggesting that PGBR may benefit higher-order
brain regions involved in reproductive system regulation
after prolonged drug abuse. Therefore, we aim to
evaluate the effects of PGBR on behavior and the
NMDARI protein in the hippocampus during DXM

withdrawal in rats.

Materials and methods

Animals

Male Sprague-Dawley rats aged 6 - 8 weeks and
weighing 200 - 250 g (n = 82), obtained from the
National Animal Center in Salaya, Nakorn Pathom,
Thailand, were utilized in the tests. Rats were housed at
a temperature of 24 + 1 °C with a 12-hour light/dark
cycle at the Center for Animal Research of Naresuan
University. This study was approved by the Animal
Research Committee of Naresuan University, Thailand
(approval number: 55 04 0001). All animal procedures
were carried out in accordance with the ARRIVE
guidelines, and the animal procedures adhered to the
Guide for the Care and Use of Laboratory Animals (The
Guide), US National Research Council (2011).

Drugs and reagents

Dextromethorphan hydrobromide was obtained
from Sigma-Aldrich® (Lot#090M1298V), and gamma
aminobutyric acid was bought from Sigma Chemical
Company, St. Louis, USA. Diazepam was acquired
from Naresuan University Hospital. The PGBR utilized
in this investigation was provided by the Faculty of
Agriculture, Natural Resources and Environment at
Naresuan University. The PGBR was prepared
according to a petty patent method (Petty Patent No.
6985., TH, issued on February 18, 2012). In brief,
PGBR was produced by immersing brown rice (Oryza
sativa var. glutinosa) from KhekNoi, KhaoKho,
Phetchabun, Thailand, in a pH 4 solution containing 1%
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sodium glutamate, 0.2% a-enzyme-amylase, and 100
uM Ca?' for eleven days. Following germination, the
PGBR was cooked, dehydrated, pulverized, and
dissolved in distilled water before being utilized. The
GABA content of PGBR was assessed by the Faculty of
Agriculture, Natural Resources and Environment
Laboratory, Naresuan University. Other components of
PGBR were investigated by the Central Laboratory
(Thailand) Co., Ltd. The active PGBR ingredients
evaluated in the total volume of 100 g were oryzanol
29.61 mg, GABA 16.51 mg, tocopherol (vitamin E) 0.91
mg, vitamin B6 0.11 mg, and vitamin B1 0.05 mg [15].

Experimental design

Experiment 1: Effect of dextromethorphan
administration

Animals received either a daily intraperitoneal
injection (i.p.) of 30 mg/kg DXM (n = 5) or normal
saline (i.p.) (n = 7) for 15 consecutive days. This model
closely mimics clinical drug dependence and
withdrawal by using DXM, an over-the-counter
antitussive with abuse potential that acts on NMDA
receptors, making it a clinically relevant agent for
modeling withdrawal [7]. The chosen dose was based on
previous animal studies that showed that a variety of
dose regimes effectively produce psychotoxic behaviors
and impair the brain reward circuit [20].

After the last administration on day 15, all rats
were subjected to locomotor activity and elevated plus
maze tests. In order to minimize the utilization of
animals, rats in the control group were administered
distilled water for 30 and 60 days, respectively, as
controls for subsequent investigations. Our model
allows for a comprehensive evaluation of both
behavioral outcomes and molecular changes (NMDARI1
expression) over defined withdrawal periods of 30 and
60 days. The 30-day assessment determines initial
neuroadaptations and immediate therapeutic effects, and
the 60-day assessment emphasizes long-term efficacy
and safety, which is essential for the clinical utilization
of PGBR.

Experiment 2: Effect of 30-day
dextromethorphan withdrawal and treatments

Animals were categorized into 6 groups, each
consisting of 7 rats: DXM withdrawal with various
treatments including PGBR, GABA and diazepam,

DXM withdrawal without treatment, normal control,
and PGBR control. DXM withdrawal without treatment
(DW30) rats were administered DXM (30 mg/kg, i.p.)
for 15 days and subsequently received distilled water for
30 days.

The 30-day PGBR treatment group (DP30)
involved rats receiving DXM (30 mg/kg, i.p.) for 15
days, followed by an oral administration of 5 mg/kg
PGBR for 30 days. This dosage was determined to be
optimal, as it effectively reduced increased locomotor
activity in a preliminary study conducted by our
research group. In the GABA-treated group (DG30), 0.8
mg/kg of synthetic GABA, a dose equivalent to that
found in the PGBR, was administered orally for a
duration of 30 days following a 15-day administration
of DXM (30 mg/kg, i.p.) to the rats. Diazepam,
administered at 10 mg/kg, was used as a positive control
based on its established role in drug withdrawal
management [21,22]. In the DD30 group, rats received
a 15-day administration of DXM (30 mg/kg, i.p.)
followed by 30 days of diazepam (10 mg/kg). Rats in the
normal control group received normal saline (i.p.) for 15
days, followed by 30 days of distilled water as a vehicle
control under the same conditions. To verify the safety
of PGBR, we established a control PGBR group in
which rats were administered saline (i.p.) for 15 days,
followed by oral administration of 5 mg/kg PGBR for
30 days.

Experiment 3: Effect of 60-day
dextromethorphan withdrawal and treatments

Six groups with 7 animals in each group were
used. Control rats were administered distilled water
orally for 60 days after receiving normal saline injection
(i.p.) for 15 days. In the DXM withdrawal 60-day group
(DW60), rats received distilled water for 60 days after a
15-day DXM injection (30 mg/kg, i.p.), while the
remaining 3 groups received the 60-day treatment orally
either 10 mg/kg diazepam (DD60), 0.8 mg/kg synthetic
GABA (DG60), or 5 mg/kg PGBR (DP60). Control
PGBR rats were given PGBR (5 mg/kg) orally for 60
days after receiving normal saline (i.p.) for 15 days.

Locomotor activity

Following the last dose, rats were placed in an
open field arena (76x76x42 cm?), which was divided
into 25 equal squares. The horizontal locomotor activity
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was monitored by video recording, and the number of
squares crossed by all 4 paws was counted for 5 min.
Locomotor activity was prioritized in this study due to
its established sensitivity to substance-induced motor
alterations in drug dependence research [23]. This
method also enables repeated assessments throughout
the study period [24].

Elevated plus-maze test

The elevated plus-maze, an apparatus raised 50 cm
above the ground, consists of 2 open arms and 2
enclosed arms positioned around a small central
platform in a plus shape. Initially, animals were placed
on the central platform where they were allowed to
move freely. The number of entries onto, and the time

spent on, closed and open arms were observed for 5 min.

Western blotting

After completion of the behavioral tests, all rats
were euthanized by carbon dioxide inhalation. Brains
were removed, and the hippocampus was carefully
dissected for further NMDARI protein analysis. The
immunoreactivity (IR) of NMDARI1 was examined
using previously described methodology [25]. In brief,
hippocampal samples were homogenized in a Tris-HCI
buffer solution, pH 8.0 (5 mM Tris-HCl and 20 mM
NaCl), and the homogenate was centrifuged at 48,000
g for 10 min. The pellet was mixed well in lysis solution
with 1% protease inhibitor cocktail. The quantification
of protein in the brain tissue lysate was measured using
a bicinchoninic acid assay (Pierce, Ill, USA). After that,
the lysate was boiled for 5 min in an equivalent amount
of 2x sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer. The
supernatants were then separated using 7.5% SDS-
PAGE with aBio-Rad Mini-PROTEAN Tetra Cell
System and power supply using Bio-Rad PowerPac™
and electrotransferred onto polyvinylidene fluoride
membranes using a Bio-Rad Mini Trans-Blot Module.
Following incubation in blocking reagent, the
membrane was incubated with NMDAR1 antibody (Cell
Signaling Technology, MA, USA). The membranes
underwent treatment with a biotinylated secondary
antibody and then with avidin-biotinylated horseradish
peroxidase complexes (Vector Laboratories, CA, USA).

The proteins on each membrane were seen by

exposing them to 3,3’,5,5-tetramethylbenzidine

(Vector Laboratories, CA, USA) for 10 min. The
reaction was terminated by submerging it in distilled
water for 5 min. Immunoblotting of B-actin (Sigma-
Aldrich, Mo, USA) was performed as an internal
standard for equal sample load and protein transfer. The
NMDARI1 protein was normalized relative to that of B-
actin. The immunoblotted membranes were digitized
using a computer scanner, and the Scion Image software
(version Alpha 4.0.3.2; http://www.scioncorp.com;
2000 - 2001) was employed to quantify the integrated
optical density (IOD). The value represents the
cumulative optical densities of all pixels within the
selected area. All average density values of the proteins
were further subtracted from their own mean density of
background noise, defined as IOD. The B-actin bands
were obtained from the same membrane and lane as each
animal’s protein sample and used as the internal control.
The NMDARI expression was quantified by calculating
the I0OD ratio of NMDARI1 to B-actin to minimize
variation from protein loading and transfer. Because of
the large sample size, proteins from different
experimental groups were run on separate gels. To
address potential cross-gel variation, all gels were
processed under identical conditions, and densitometric
values of NMDARI were normalized to the
corresponding B-actin signal within the same lane. Data
analysis encompassed comparisons between control and
treatment groups and between treated and untreated

samples at the same time point.

Statistical analysis

Statistical analysis was performed using SPSS
software (version 26.0. IBM Corp., Armonk, NY, USA).
Analyses of group differences were conducted utilizing
Student’s t-test or one-way analysis of variance
(ANOVA) with Dunnett’s post hoc test and LSD post
hoc test. The data were reported as mean = SEM. A p-
value of less than 0.05 was employed to define statistical

significance.

Results and discussion

Locomotor activity

An increase in the number of squares crossed
compared to control [t (5.331) = —4.504; p < 0.01], as
determined by an independent t-test, was found after
receiving DXM for 15 days, which is defined as
withdrawal baseline day 0 (DWO). Similarly, a
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significant increase in the number of squares crossed
above control was also observed after both 30-day [t

(12) = —2.567; p < 0.05] and 60-day [t (12) =—4.903; p
< 0.001] withdrawal (Figure 1).

Locomotor activity

180.0

160.0 4
140.0 A
120.0 4
100.0 4
80.0 4
60.0
40.0 4
20.0 4

0.0 L -
DWO

*%

Crossing number

DW30

QControl

|DwW
*kkk

DW60

Withdrawal period

Figure 1 Effects of dextromethorphan (DXM) withdrawal on locomotor activity. Data are the number of squares crossed
in the open field apparatus; DXM withdrawal for 0 day (DWO0), 30 days (DW30) and 60 days (DW60) after receiving a
15-day DXM, expressed as mean = SEM (n = 5 - 7). Statistical significance is determined using Student’s t-test. * p <

0.05, ** p <0.01, and **** p <0.001 in comparison with control group, respectively.

ANOVA
locomotor activity among 30-day
treatment groups [F (5, 36) = 5.456; p <0.001] as shown
in Figure 2. According to the LSD post hoc test, PGBR

treatment prevented increased locomotor activity, as

One-way revealed  significant

differences in

indicated by a significantly lower crossing number than

that of the withdrawal group (p < 0.005), whereas this
number did not differ significantly from controls.
Neither the diazepam nor the GABA groups prevented
increased locomotor activity, with significantly higher

crossing numbers than in the control group (p < 0.005).

Locomotor activity

1200 -
*edkek k%
.. 100.0 = 2 *¥¥a
3
£ 800 4 dekkp
=3
s
o 60.0
£
@ 400
o
© 200
0.0 L=
Control DW30 DP30 DD30 DG30 cp

30-day treatments

Figure 2 Effects of 30-day treatments on locomotor activity during the dextromethorphan (DXM) withdrawal period:
Saline + Distilled water (Control), DXM + Distilled water (DW30), DXM + pre-germinated brown rice (PGBR) (DP30),
DXM + Diazepam (DD30), DXM + GABA (DG30), Saline + PGBR (CP). Values are mean + SEM. (n = 7). Statistical
significance is determined using one-way ANOVA with LSD post hoc test. ***2p < 0.005 vs Control comparison, ***°

p <0.005 vs DW30 comparison.

There was a significant effect of the 60-day
treatment period [F (5, 36) = 7.348; p < 0.0001] as
shown in Figure 3. The LSD post hoc analysis

demonstrated that the PGBR group continued to prevent
increased locomotor activity, with the crossing number
lower than DW60 (p < 0.001) and not significantly

different from the control group. Moreover, rats treated
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with diazepam (p < 0.01) and GABA (p < 0.05) also
showed a reduction in crossing number compared to the

DW60 group. However, a significant difference in

crossing number was observed in the GABA-treated and
diazepam-treated groups (p < 0.05) compared to the

normal control.

Locomotor activity

120.0 1

* %k kk
100.0 - 4

80.0 4

60.0 -
40.0 -
20.0 A
0.0 -

Crossing number

*g%%p  *a*b

Control DW60

DD60 DG60 cpP

60-day treatments

Figure 3 Effects of 60-day treatments on locomotor activity during the dextromethorphan (DXM) withdrawal period:
Saline + Distilled water (Control), DXM+Distilled water (DW60), DXM + pre-germinated brown rice (PGBR) (DP60),
DXM + Diazepam (DD60), DXM + GABA (DG60), Saline + PGBR (CP). Values are mean + SEM (n = 7). Statistical
significance is determined using one-way ANOVA with LSD post hoc test. **p < 0.05 and *****p < 0.001 vs Control

comparison, respectively. *°p < 0.05, **®p < 0.01, and *****p < 0.001 vs DW60 comparison, respectively.

Elevated plus-maze test

The elevated plus-maze model was used to
determine an anxiety-like state based on the natural fear
of open and elevated space; consequently, rodents tend
to avoid open arms and instead tend to stay in closed
arms. Following a 5-minute exposure to an elevated
plus-maze, withdrawal rats showed anxiety-like
behavior, as indicated by their preference for the closed

Table 1 Effects of DXM withdrawal on elevated plus-maze test.

arm portion. Independent Student’s t-tests confirmed
significant preferences for the closed arms in both the
30-day [t (12) = —2.588; p < 0.05] and 60-day [t (12) =
—3.165; p < 0.01] withdrawal groups (Table 1).
Nevertheless, there was a statistically insignificant
tendency towards an increase in DXM exposure without
withdrawal (p > 0.05). There was no change in the

exploration of open arms and central arena.

Withdrawal period
Parameter
Control DWO Control DW30 Control DW60
Open arm
number of entries 9.1+1.0 104+1.9 6.1+£1.1 7.0+£0.7 6.7+t1.5 54+£0.6
time spent (s) 84.0+9.0 68.6+12.2 65.1+13.7 527+24 503+ 11.7 46.1+£6.3
Closed arm
number of entries 11.9+0.7 152+1.8 11.6£09 *15.0+1.0 106 £1.2 124+0.9
time spent (s) 78.7+82 84.8+144 73.0£82 90.6+7.9 62.1+3.9 *%9(.9 £ 8.2

Central

time spent (s) 137.3+4.3 146.6+3.1

161.9+8.7 156.7+8.3

187.6+12.6  163.0+6.1
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The groups included
dextromethorphan (DXM) withdrawal 0 day (DWO0), 30
days (DW30), and 60 days (DW60), after receiving 15
days of DXM. Values are mean + SEM (n = 5 - 7).
Statistical significance is determined using Student's t-

experimental

test. *p < 0.05 and **p < 0.0l in comparison with
control group.

To compare treatment efficacy on anxiety-like
behavior at the 30-day withdrawal phase, the DW30
group, administered only water during the 30-day
withdrawal period, was included to minimize variability
and enhance the reliability of intergroup comparisons
under standardized experimental conditions. One-way
ANOVA revealed significant differences among the 30-
day treatment groups for both the number of entries [F
(5, 36) = 2.636; p < 0.05] and time spent [F (5, 36) =

2.632; p < 0.05] in the closed arms of the elevated plus
maze. The LSD post hoc analysis indicated that rats that
received PGBR for 30 days (DP30) demonstrated a
significant anxiolytic effect, as evidenced by a decrease
in closed-arm preference with number of entries (Figure
4(A), p < 0.01) and with time spent (Figure 4(B), p <
0.005) compared to DXM-withdrawal rats treated with
distilled water for 30 days (DW30). There were no
significant differences when DP30 was compared with
either the normal control or the PGBR control. Neither
diazepam nor GABA treatment demonstrated a
significant anxiolytic effect. In contrast, the GABA
treatment group had a significantly higher number of
entries in the closed-arm portion than the control group

(p < 0.05).

Elevated plus maze test

e Y
*,
=16.0 8

Closed arm ent

Control DW30

120.0

Time closed arm (sec)
s o ® 2
S © © oS
o o o o

4

N
o
=)

o
=)

Control DW30

*kp

DP30

skkpy

DP30

*a

DG30 cP

DD30
DD30 DG30 cP

30-day treatments

Figure 4 Effects of 30-day treatments on elevated plus-maze test during the dextromethorphan (DXM) withdrawal period:
Saline + Distilled water (Control), DXM + Distilled water (DW30), DXM + pre-germinated brown rice (PGBR) (DP30),
DXM + Diazepam (DD30), DXM + GABA (DG30), Saline + PGBR (CP). (A) Number of entries in the closed arm
portion within 5 min. (B) Time spent in the closed arm portion within 5 min. Values are mean + SEM (n = 7). Statistical

significance is determined using one-way ANOVA with LSD post hoc test. **p < 0.05 vs Control comparison. **°p <
0.01 vs DW30 comparison. ***p < (0.005 vs DW30 comparison.

Following the 60-day treatments, the DW60
group, which received only water during the 60-day
withdrawal phase, was also included under identical
conditions to ensure reliable intergroup comparisons.
Following a significant treatment effect observed by
one-way ANOVA [F (5, 36) = 5.617; p < 0.005], LSD

post hoc analysis confirmed that the PGBR group
(DP60)
demonstrated by a significant decrease in time spent in
the closed-arm portion (p < 0.01) compared to DXM-
withdrawal rats given distilled water (DW60), which
was not different from control and PGBR control

showed an anxiolytic effect. This was
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(Figure 5(B)). Treatment with diazepam or GABA did
not prevent anxiety, as the rats spent significantly more
time in the closed arm than the control rats (p < 0.005).
Additionally, GABA treatment resulted in a higher
number of entries in closed-arm portions than the

control group (Figure 5(A)), p < 0.05). There was no
statistically significant difference observed between the
control group and the PGBR control group in both the
number of entries (Figure 5(A)) and the time spent
(Figure 5(B)) in the closed arm portion (p > 0.05).

Elevated plus maze test

Closed arm entries (number)

Control DW60

120.0

Control

*hkg

DW60

o
o
=

@
S
o

Time closed arm (sec)
& o
s 8
o o

)
(o
=)

o
=]

DP60

%l

DP60

B E]

12.0

10.0

8.0

6.0

4.0

20

0.0 + —_—

DD60 DG60

*kk
*kkg a

DDGO DG60 cP

*
‘o

60-day treatments

Figure 5 Effects of 60-day treatments on elevated plus-maze test during the dextromethorphan (DXM) withdrawal period:
Saline + Distilled water (Control), DXM + Distilled water (DW60), DXM + pre-germinated brown rice (PGBR) (DP60),
DXM + Diazepam (DD60), DXM + GABA (DG60), Saline + PGBR (CP). (A) Number of entries in the closed arm
portion within 5 min. (B) Time spent in the closed arm portion within 5 min. Values are mean + SEM (n = 7). Statistical
significance is determined using one-way ANOVA with LSD post hoc test. **p < 0.05 vs Control comparison. ***? p <

0.005 vs Control comparison. *°p < 0.05 vs DW60 comparison. ***p < 0.01 vs DW60 comparison.

NMDARI protein in hippocampus

One-way ANOVA revealed that NMDAR protein
levels were significantly different among groups in the
hippocampus [F (3, 18) =18.930; p <0.001]. According
to the Dunnett post hoc test, a significant reduction of
NMDARI1 immunoreactivity (67.6%) was found after
exposure to DXM for 15 days, which was defined as

withdrawal day 0 (DWO0), compared to the control group
(»p < 0.001). In the period of drug abstinence, the
NMDARI protein was significantly decreased by 77.9%
in the 30-day withdrawal group (DW30) relative to the
control group (p < 0.001). Additionally, a decrease of
39.8% was detected in the 60-day withdrawal group
(DW60) (p <0.01), as depicted in Figure 6.
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NMDARH1 protein during withdrawal
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Figure 6 N-methyl-D-aspartate glutamate receptor subtype 1 (NMDAR1) immunoreactivity (IR) in the hippocampus
during the dextromethorphan (DXM) withdrawal period. DXM withdrawal 0 day (DW0). DXM withdrawal 30 days
(DW30), DXM withdrawal 60 days (DW60), Non-treated DXM (Control). Data represent the integrated optical density
(IOD) of NMDARI-IR, normalized to B-actin levels in the hippocampus, and expressed as mean + SEM (n =4 - 7).
Statistical significance is determined using one-way ANOV A with Dunnett’s post hoc test. ** p <0.01 and **** p <(.001

vs Control comparison.

During the period of DXM abstinence, the rat was
subjected to each treatment regimen, and the results are
shown in Figure 7. One-way ANOVA revealed a
significant effect of 30-day treatment on NMDARI1
protein levels [F (5, 23) = 5.004; p < 0.005]. According
to LSD post hoc analysis, a recovery in NMDARI
protein was detected at 30 days of PGBR-treated group
in comparison 30-day withdrawal group (p < 0.001), in
which this NMDARI1 immunoreactivity did not
significantly differ (p > 0.05) from the control group.
There was no significant recovery effect in either the
diazepam or GABA group (p > 0.05) for 30 days of

treatment. Over the course of 60 days, a significant
difference in NMDARI1 expression was observed across
treatment conditions using one-way ANOVA [F (5, 23)
= 5.251; p < 0.005]. Based on LSD post hoc analysis,
both the PGBR (p < 0.005) and diazepam (p < 0.005)
groups had significantly greater NMDARI protein than
the withdrawal group (DW60). We observed an
elevation in NMDARI in the GABA group, but this
trend was not statistically significant (p = 0.051). There
was no significant difference in NMDARI in
comparison between the control group and the PGBR
control group (p > 0.05).
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Treatment effects on NMDAR1 protein
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Figure 7 N-methyl-D-aspartate glutamate receptor subtype 1 (NMDAR1) immunoreactivity (IR) in the hippocampus
after treatments during the dextromethorphan (DXM) withdrawal period. DXM + Distilled water 30 days (DW30), DXM
+ Distilled water 60 days (DW60), DXM + pre-germinated brown rice (PGBR) 30 days (DP30), DXM + Diazepam 30
days (DD30), DXM + GABA 30 days (DG30), DXM + PGBR 60 days (DP60), DXM + Diazepam 60 days (DD60),
DXM + GABA 60 days (DG60), Saline + Distilled water 60 days (Control), Saline + PGBR 60 days (CP). Data represent
the integrated optical density (IOD) of NMDARI1-IR, normalized to B-actin levels in the hippocampus, and expressed as

mean £ SEM. (n =4 - 7). Statistical significance is determined using one-way ANOVA with LSD post hoc test. ****2 p
<0.001 vs DW30 comparison. ****p <0.005 vs DW60 comparison. *¢p < 0.05 and ***¢ p < 0.005 vs Control comparison.

The current findings identified adverse effects of
DXM. First, DXM produced increased locomotor
activity, which continued throughout drug withdrawal.
Second, DXM withdrawal revealed a negative effect on
the elevated plus-maze with increased closed-arm
exploration, indicating an anxiogenic effect. Third, a
decrease in NMDARI protein in the hippocampus was
found in DXM exposure and withdrawal rats.

The results regarding increased locomotor activity
are consistent with chronic exposures to a stimulant drug
[26] as well as drug abstinence [27], suggesting the
involvement of behavioral adaptations with addiction-
related profiles. In line with prior studies employing a
DXM regimen of identical dosage but for a briefer
period (30 mg/kg/day x7 times) [28], our research also
observed a persistent increase in locomotor activity after
15 days of exposure and throughout the 60 days of drug
cessation. The present finding of anxiogenic-like
responses is in line with a study reporting chronic high-
dose DXM [29], which showed an anxiogenic profile in
animals. Taken together with previous studies, the
present findings in rats indicate that DXM induced

dependence and relapse after chronic administration,
which agrees with the clinical observations [30].

The reduction of NMDARI protein found after
chronic DXM and drug withdrawal periods in this study
indicated that DXM causes a long-lasting glutamate
receptor adaptation in the hippocampus. The present
discovery aligns with a prior study that revealed a
decrease in NMDARI expression in the hippocampus as
a result of alcohol exposure [31]. As NMDARI is
necessary to form a functional NMDA receptor [14],
which is highly expressed in the hippocampus [12],
deficits in NMDARI in this region may contribute to the
negative consequences of drug withdrawal. The
hippocampus is closely related to anxiety modulation,
and damage has a significant impact on anxiety-related
functions [32]. In addition, the hypofunction of the
NMDA receptor is relevant to increased locomotor
activity [33]. Taken together, withdrawal from the
substance may induce behavioral abnormalities due to a
deficiency in the NMDARI protein in the hippocampus.
It has been reported that disruption of NMDARI

expression affects neuron viability [34,35]. Cytotoxicity
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and apoptosis also occurred in hippocampal neurons
associated with NMDAR [36]. A previous study showed
neurogenesis in the adult rat hippocampus was
suppressed by DXM administration [29]. Moreover, a
single high dose of DXM exposure can cause
mitochondrial dysfunction and the formation of
myelinoid bodies, indicating cellular damage in the
hippocampus, a hallmark of neurotoxicity [11].
Excessive glutamate release is one mechanism causing
neurotoxicity through NMDA dysfunction, potentially
leading to neuronal degeneration [37]. The results
indicate that maladaptive alterations in the NMDARI1
receptor protein within the hippocampus may play a role
in glutamatergic dysfunction during drug withdrawal.
The current study concentrated solely on the
hippocampus to analyse molecular changes in
NMDARI. Future research should explore additional
brain regions to gain a more comprehensive
understanding of the broader neurobiological
consequences caused by withdrawal.

Following PGBR treatment, the rat behaviors in
both locomotor activity and elevated plus-maze tests
were different from those of untreated DXM-withdrawal
rats, and their behavior was similar to that of the control
group. This may reflect a recovery influence of PGBR
treatment in withdrawal rats, which was observed from
30 days to 60 days. Furthermore, the hippocampus
showed a reversal of the decrease in NMDARI after 30
days of PGBR treatment, and this increase was detected
after 60 days compared to the withdrawal group. Our
findings are supported by previous studies that PGBR
can attenuate oxidative stress-induced neurotoxicity and
maintain neuronal viability during a toxic insult [38] as
well as reduce abnormal behavior in an animal model of
depression [18]. A study has reported that excessive
excitatory neurotransmission contributes to symptoms
of withdrawal from substance use and is associated with
neurotoxicity [39]. PGBR contains abundant bioactive
compounds, including GABA, oryzanol, ferulic acid,
and Vitamins [15,40-42]. Oryzanol has been reported to
prevent serotonin reduction and partially prevent
dopamine reduction in the brains of animals chronically
exposed to stress [43], while ferulic acid-rich
germinated brown rice extracts has been shown to
attenuate oxidative stress in the frontal cortex and
hippocampus [44], and ferulic acid has been
demonstrated to suppress agent-induced glutamate

release from rat cortical nerve terminals, thereby
reducing excitotoxicity [45]. Additionally, GABA
exhibits cytoprotective effects against ethanol-induced
cytotoxicity in vitro [46]. Therefore, the observed
effects of PGBR may be attributed to its bioactive-rich
content, which could modulate neurotransmitter systems
and thereby contribute to alleviating behavioral changes
and alterations in NMDA receptor protein expression
during drug withdrawal. Moreover, rats administered 15
days of normal saline followed by PGBR, defined as the
control PGBR group, showed no significant differences
from the normal control group in any measure after a
prolonged 60 days of treatment. This finding suggests
that PGBR treatment has no negative impact on the rat.

Synthetic GABA treatment for 30 and 60 days
showed differences in behavioral profiles from controls.
Nevertheless, the 60-day treatment led to a significant
decrease in locomotor activity as compared to the
withdrawal rats treated with distilled water for 60 days,
although this trend deviated from that of the control
group. NMDARI1 protein increased when compared to
withdrawal rats; however, this increase did not differ
significantly from controls, especially after 60 days, but
not 30 days of GABA treatment. The results may
indicate a partial improvement from GABA treatment
with no adverse effects in rat withdrawal from DXM.
GABA-enriched food demonstrated a protective effect
against cell death caused by neurotoxicity [47] and
improved neuronal viability [48]. The administration of
GABA significantly reduced oxidant biomarkers and
enhanced the activity of antioxidant enzymes in the
hippocampus of acute epileptic state rats [49] and the
brain tissue of streptozotocin-treated rats [50].
Furthermore, GABA has been shown to elevate anti-
inflammatory cytokine levels in the prefrontal cortex
and to normalize levels of complement system proteins
(C3, C4b, Cth, and Cfi), key regulators of inflammation
and immune homeostasis, in the hippocampus in
chronically stressed mice [51]. In our previous study on
the reproductive system using 60-day GABA treatment
for the same animal model of DXM addiction, we found
only partial recovery effects, whereas PGBR exhibited a
positive impact on all parameters, including sperm
quality, sperm motility, and expression of androgen
receptors [19]. Considering the systemic impact of
prolonged PGBR treatment, the current GABA
treatment findings suggest that the high bioactive
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content of PGBR may contribute to reducing
impairment in NMDARI1 and behaviors. However, as
this study did not directly examine the combined effects
of its content, further investigation is necessary to
determine whether such interactions exist and to explore
their potential synergistic effects.

Our results show that PGBR surpasses diazepam
and synthetic GABA in anxiolytic effects, reduction of
hyperlocomotion, and modulation of glutamate
neurotransmission via the modulation of the NMDARI1
receptor. This aligns with a study indicating that PGBR
improves depressive symptoms and increases brain
serotonin levels [18]. PGBR encompasses various
bioactive compounds, such as y-oryzanol and ferulic
acid, which have been shown to influence
neurotransmission [43,45]. Ferulic acid exhibits
cytoprotective properties and has been shown to
mitigate hydrogen peroxide-induced cytotoxicity in a
human neuronal cell model by reducing reactive oxygen
species levels and inhibiting lipid peroxidation [52]. y-
Oryzanol may protect against glutamate excitotoxicity
in the hippocampal neuronal cells through 2
mechanisms. First, it acts as an antioxidant and
mitochondrial protection by decreasing oxidative stress,
maintaining mitochondrial membrane potential, and
decreasing calcium overload, thus preserving neural
integrity and functionality. Second, it suppresses
apoptotic signaling by inhibiting CaMKII activation,
which blocks the downstream apoptotic cascade (ASK-
1/c-Jun/AP-1), ultimately preventing glutamate-induced
neuronal death [53]. Additionally, GABA, a bioactive
compound highly abundant in PGBR [15,54,55],
exhibits antioxidant properties that may protect against
oxidative stress-induced neuronal damage [50].
Notably, GABA, a major inhibitory neurotransmitter,
plays a critical role in reducing neuronal excitability and
modulating synaptic plasticity. It also regulates
complement activation and inflammatory processes in
the brain, suggesting a role in maintaining neuroimmune
homeostasis [51]. This may contribute to the partial
restoration of NMDARI1 protein levels and locomotor
activity, which is observed only after 60 days of
treatment.

For the diazepam treatments, an increase in
locomotor activity over control was detected in both 30
and 60 days. At 60 days of treatment, there was a

tendency to decrease locomotor activity in the diazepam

group compared to the withdrawal group, but this
remained different from the control group. There was no
difference in elevated plus-maze tests compared to the
control group after 30 days of treatment, while anxiety-
like behavior developed after 60 days of treatment. A
previous study has revealed that diazepam can cause
aberrant locomotor activity [56], which supports the
current finding of increased locomotor activity. Our
study found only partial recovery effects from 30 days
of diazepam treatment on the elevated plus-maze test.
This observation may indicate a sub-optimal effect of
the use of diazepam as an anxiolytic medication that
functions by binding to the benzodiazepine site on
GABA-A receptors [57]. Based on a prior study,
GABA-A

neurotransmission was reported after alcohol exposure

impaired receptor-mediated
and withdrawal [58]. Moreover, knockout mice lacking
the GABA-A receptor al subunit produced abnormal
movements in response to alcohol exposure [59].
However, our study found that diazepam is ineffective
in alleviating withdrawal symptoms, maybe because
there is a decrease in the interaction between diazepam
and its specific binding site, which may result from
neurotoxic-induced cell  degeneration in the
hippocampus. Although a partial recovery on the
elevated plus-maze tests and an increase in NMDARI1
protein were observed following 60 days of treatment,
diazepam had an adverse effect on behavior profiles
after 30 days. Diazepam is a prescribed medicine for the
treatment of withdrawal symptoms; however, prolonged
diazepam use may result in drug tolerance and
addiction. However, the clinical application of diazepam
in drug withdrawal management can be restricted in
specific situations, such as alcohol withdrawal with
hepatic insufficiency, because of the increased risk of
drug accumulation and adverse effects [60]. Our data
indicate that diazepam has a limited potential to alleviate
anxiety in rats undergoing DXM withdrawal after 30
days of treatment, while inducing increased locomotor
activity.

The present study indicates that diazepam does not
effectively alleviate withdrawal symptoms, probably
due to reduced interaction with its specific binding site.
Diazepam functions by binding to the benzodiazepine
site on GABA-A receptors; however, previous research
indicates that withdrawal from substances disrupts

GABA-A receptor-mediated neurotransmission [58].
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Furthermore, prolonged diazepam use can lead to drug
tolerance, potential addiction, and negative behavioral
consequences. Although partial recovery was found
after 60 days, its limited effectiveness and possible
adverse effects underscore the risks associated with
prolonged use. Given that excitotoxicity in the
hippocampus is induced by excessive glutamatergic
activity as well as alterations in ion channels induced by
drugs, such as 4-aminopyridine, it was expected that
GABAergic interventions would counteract these
effects. However, GABAergic interventions by directly
activating GABA-A receptors unexpectedly fail to
mitigate these effects and paradoxically exacerbate
seizures and neuronal damage. This suggests the
complex interplay between excitotoxicity, ion channel
alterations, and inhibitory neurotransmission that
requires further elucidation [61].

While  diazepam  remains a  standard
pharmacological option, its risks of dependency,
withdrawal symptoms, and sedation limit its long-term
use. Other pharmacological treatments have also been
utilized for withdrawal management, as supported by
comparative studies evaluating their efficacy, safety,
and dependency risks. Lorazepam, like diazepam, is a
classical benzodiazepine which acts as a positive
allosteric modulator of the GABA-A receptor. In
contrast, lorazepam typically necessitates high
beginning dosages requiring cautious monitoring,
whereas diazepam necessitates more frequent
administration due to its pronounced lipophilicity,
resulting in rapid tissue distribution and a shorter
duration of action [62]. Baclofen, a GABA-B receptor
agonist, has been proposed as a viable alternative with a
favorable safety profile and low addictive potential;
however, diazepam appears to be the preferred option
for rapid agitation control, despite its higher risk of
dependence [63]. Lofexidine, an a2-adrenergic receptor
agonist, is as effective as diazepam in managing
withdrawal symptoms but has the advantage of no
addiction potential and higher treatment retention rates.
However, it requires careful monitoring due to potential
side effects, including hypotension and bradycardia.
Diazepam, conversely, serves as a short-term solution
but is associated with considerable risks of addiction
[64].

Our findings suggest that PGBR may serve as a
potential alternative to diazepam and synthetic GABA,

showing comparable anxiolytic effects, reduction in
hyperlocomotion, and modulation of NMDARI1, while
also addressing some limitations observed with
diazepam and GABA in ameliorating withdrawal
symptoms. Moreover, its potential clinical applicability
in human withdrawal syndromes warrants further
investigation, particularly in the context of its bioactive
compounds and their influence on neurotransmission
and oxidative stress regulation. While the present
investigation offers significant preclinical evidence for
the neuroprotective potential of PGBR in reducing
withdrawal-induced neurobiological disturbances, the
pharmacokinetics, bioavailability, and safety of PGBR
in individuals who are withdrawing from DXM or other
substances should be evaluated in future clinical
investigations. Furthermore, controlled clinical trials are
necessary to ascertain the most effective dosage and
duration of PGBR administration for the reduction of
withdrawal-related anxiety, hyperlocomotion, and

cognitive deficits.

Conclusions

The present investigation demonstrated that
treatment with PGBR can prevent increased locomotor
activity, anxiogenic-like behavior, and a reduction in
NMDARI protein in the hippocampus in a rat model of
drug withdrawal. These findings suggest that PGBR
impacts drug withdrawal symptoms and influences
glutamate neurotransmission through modulation of
glutamate NMDARI1 receptors, possibly due to the
complex actions of various bioactive compounds.
Furthermore, long-term PGBR treatment showed no
adverse effect on behavior and NMDARI protein. These
findings indicate that PGBR may serve as a natural agent
to mitigate behavioral and molecular alterations
associated with drug withdrawal in rodent models,
thereby endorsing its potential for further translational
research beyond the preclinical phase.
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