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ABSTRACT

Pentazocine is an opioid used as an analgesic for treating moderate or severe pain. Its abusive use can trigger numer-
ous deleterious effects. We examined the impact of pentazocine administration on the cerebellum of juvenile male
mice, focusing on motor-social behaviours, lipid peroxidation, reduced glutathione, superoxide dismutase, catalase,
myeloperoxidase, nitric oxide, cyclooxygenase-2, tumour necrosis factor alpha, and sodium-potassium pump (Na*/K'-
ATPase), serotonin, dopamine, acetylcholinesterase, and butyrylcholinesterase, as well as mitochondrial functions in
the cerebellum of juvenile male mice. The mice were administered 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg of pentazo-
cine dissolved in sterile water for injection s.c. twice daily for 14 days. The results of this study revealed that exposure
to pentazocine triggers upregulated activities of increased respective levels of lipid peroxidation, reduced glutathione,
superoxide dismutase, catalase, myeloperoxidase, nitric oxide, cyclooxygenase-2, and tumour necrosis factor-alpha,
respectively. Our data also showed that exposure to graded doses of pentazocine altered the respective levels of sero-
tonin, dopamine, acetylcholinesterase, and butyrylcholinesterase, with a reduction in the activity of Na‘/K*-ATPase. Our
experiment further showed that exposure to pentazocine is linked to mitochondrial dysfunctions as well as neuronal
degeneration in the cerebellum. Conclusively, our study reveals the significant neurotoxic effects of pentazocine, par-
ticularly on motor and social behaviour, along with notable biochemical and neuropathological changes in the cerebel-
lar cortex. These findings suggest that the abusive use of pentazocine causes critical cellular and molecular alterations
that contribute to neurotoxicity.
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INTRODUCTION

The unprescribed and recreational use of opioids is often
associated with brain injuries and cognitive deficits, with
corresponding impaired regulation of impulses as well as
problem-solving abilities, which may increase drug use and
risk-taking (Winstanley et al., 2021). According to Falade
et al. (2023), with reference to clinical pharmacology, pen-
tazocine, a known benzodiazepine derivative, is an opioid
that has the clinical features of both an agonist and a par-
tial or weak antagonist, and its uncontrolled use can result
in marked addiction and withdrawal symptoms.
Inflammation and oxidation are important in the multi-
systemic toxicity seen in substance use disorders, as not-
ed by Bachi et al. (2017). Reactive oxygen species (ROS)
and reactive nitrogen species are aggravated during oxy-
gen catabolism and play pivotal roles in several functional
processes in the cell (Ye et al., 2015). While important in
regulatory processes, their balance is sustained by antiox-
idant enzymes like superoxide dismutase (SOD), catalase,
and glutathione peroxidase (GSH-Px), which inhibit oxida-
tive dysfunction (Zhang et al., 2011).

Addiction to opioids disturbs the functional integrity of the
mitochondria and calcium signalling, resulting in adverse
effects on neuroadaptation. This detrimental disturbance
alters energy production and aggravates oxidative stress,
which impairs neuronal functions. Mitochondria are im-
portant for energy generation, the release of neurotrans-
mitters, and sustaining calcium balance. The disturbances
in the functional integrity of mitochondrial kinetics can pro-
voke cellular dysfunctions, and the imbalances are con-
nected to diseases with increased neuronal cell death
(Howarth et al., 2012; Maniji et al., 2012; Baranov et al.,
2019).

Mitophagy involves mechanisms connected with the re-
lease of cytochrome c, which triggers apoptotic pathways,
mitochondrial dysfunction, and impaired signalling. Accu-
mulated ROS can destroy the morphology and functional
integrity of the mitochondrial components, activating mi-
tophagy, while mutations in mitochondrial DNA (mtDNA)
can hinder ATP production (Xu et al., 2025).

The administration of opioids disturbs mitochondrial func-
tion and increases oxidative stress, which impacts neu-
ronal signalling. Mitochondria are crucial for generating
ATP, and their dysfunction adversely influences energy-
demanding dopaminergic neurons (Norat et al., 2020; Gao
et al., 2022; Trigo et al., 2023).

The cerebellar cortex consists of more neurons than the
rest of the brain (Huang and Ricklefs, 2013), plays a pivot-
al role in opioid addiction but is often neglected due to its
association with the control and regulation of motor func-
tions and its involvement in reward pathways (Moulton et
al., 2014; Cheng et al., 2015; Miquel et al., 2016; Sun et
al., 2017; De Pirro et al., 2018). Wang and Lan (2023) em-
phasised the importance of understanding the complexities
of drug abuse and the non-motor functions of the cerebel-
lum. The effect of exposure to graded doses of pentazo-

cine on cerebellar-associated behaviour, oxidative stress,
inflammation, apoptosis, and mitochondrial function in ju-
venile models remains unknown.

Neurons are the basic units of the nervous system, com-
municating via neurotransmitters like dopamine. When
triggered, a neuron releases neurotransmitters into a syn-
apse, which links the presynaptic neuron to the postsynap-
tic neuron. These neurotransmitters fuse to the receptors
on the postsynaptic neuron, giving rise to heterogeneous
responses, which could either excite or inhibit the firing of
signal responses. This binding can exacerbate several
complex biochemical changes and alter cellular signalling
and metabolism. Several drugs interact with the neuro-
transmitter systems and affect intracellular molecules,
serving as "second messengers" that promote cellular pro-
cesses, including gene expression (Wang et al., 2024).
Neurons also control the levels of neurotransmitters
through reuptake, where neurotransmitters are reabsorbed
by the presynaptic neuron via transporters (Teleanu et al.,
2022). This mechanism prevents overstimulation of
postsynaptic neurons. The release of neurotransmitters is
linked to calcium ion (Ca?*) influx, which triggers release
while inhibiting ATPase activity (Sudhof, 2012). Some
agents can enhance or suppress this process, which illus-
trates complex signalling dynamics. Enkephalins, a class
of opioids, may inhibit neurotransmitter release by hy-
perpolarising the neuronal membrane. Studies have also
explored the effects of opioids on the sodium-potassium
pump (Na'/K*-ATPase), with contradictory reports (Maso-
cha et al., 2002; Masocha et al., 2016; El-Hamid Mohamed
Elwy and Tabl, 2017). According to Reeves et al. (2022),
morphine can provoke Na*/K*-ATPase activity in vivo,
suggesting a complex role in neurotransmission (Reeves
et al., 2022).

With the rising concerns over pentazocine misuse, under-
standing its impact on the cerebellum is important for hav-
ing a better understanding of its effect on the cerebellum
during juvenile life, hence, this study examines the effects
of exposure to graded doses of pentazocine on the cere-
bellar cortex of juvenile male BALB/c mice.

MATERIALS AND METHODS

Ethical Approval

This study was performed according to the protocols de-
scribed in the 1996 (No.80-23) regulations of the National
Institute of Health (NIH). The Osun State University Animal
Care and Use Ethical Committee approved the application
(UNIOSUNAC/2023/0133) for the experimental treatment
of mice based on the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guideline. The experimental
methods were ethically approved and adhered to ARRIVE
standards.
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Experimental Animal

This study utilised 40 F1 juvenile BALB/c mice (5 weeks
old, 15-20 g) for the investigation. The mice were obtained
from Dem-Fayo Research Animal's Breeding Facility in
Ede (Osun State, Nigeria). During the 7-day acclimatisa-
tion and experimental phases, the mice were maintained
under standard temperature (22 + 2°C) and humidity (45-
55%), with a natural light and dark cycle in the rodent col-
ony facility of the Animal House of the Faculty of Basic
Medical Sciences, Osun State University (Osogbo, Nige-
ria), with unlimited access to rodent food and clean water.

Animal Groupings, Dosage, and Drug Administration
The mice (N = 40) were randomly divided into four groups
(n = 10): the control group (sterile water-injected) and three
other groups exposed to intraperitoneal injections of pen-
tazocine 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg s.c. The
dosage of pentazocine used in this study was picked from
an unpublished behavioural study performed on mice ex-
posed to pentazocine and a published report from our la-
boratory (Adekomi et al., 2017). The graded doses of pen-
tazocine were administered to the mice twice daily (6
hours apart) for 14 days. The pentazocine injection (2
mg/ml ampoule) was purchased from Tazowin (New Delhi,
India). The pentazocine injection was reconstituted with 2
mL of sterile water for injection.

Behavioural Assays

The mice in each experimental group underwent a series
of behavioural assessments, including the three-chamber
test, the open-field test, and the rotarod test. The first be-
havioural test we performed was the 3-chamber test; it was
performed for two consecutive days (days 7 and 8 of the
study). This behavioural test allows researchers to evalu-
ate the animals' general sociability and interest in social
novelty. Following this, the open-field test was conducted
on days 10 and 11, and it revealed the mice's anxiety-
related behaviours by measuring their willingness to ex-
plore the open chamber. Lastly, on days 13 and 14, the
Rotarod test was administered, a task designed to assess
motor coordination in mice. Each of the behavioural para-
digms was completed 30 min after administering the re-
spective doses of the experimental drug (Paul et al., 2021).

3-chamber Sociability Test

A three-chamber sociability test was conducted to evaluate
general sociability and interest in social novelty (Shoji and
Miyakawa, 2019; Bian et al., 2022). The test was per-
formed according to the methods described in the study of
Zhang et al. (2022). Briefly, the testing equipment was a
black box segmented into three chambers. Each chamber
measuring about 33 x 22 x 30 cm® had an opening meas-
uring 5 x 3 cm? in the partitioned wall, which permitted the
mice free access to all the chambers. During the test, the
subject mouse was placed in the central portion of the
chamber and permitted to explore freely for 5 min. Subse-
quently, for the social interaction test, one cylindrical iron
cage was randomly placed in each of the two side cham-
bers. One cage was empty (E), and the other contained a
sex- and age-matched stranger mouse (S1). The subject
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mouse was again placed in the central chamber and al-
lowed to freely explore the three chambers and interact
either with the empty cage or the S1 mouse for an addi-
tional 5 min. The time spent sniffing during this period was
recorded to calculate the social interaction index, which
was determined as follows:

Total sniffing time = time spent sniffing the cage containing
S1 + time spent sniffing the empty cage

Social interaction index = [(time spent sniffing the cage
containing S1) - (time spent sniffing the empty cage)] / total
sniffing time x 100%.

To measure interest in social novelty, a second stranger
mouse (S2) was exposed to the empty cage. The total
sniffing time and the social novelty preference index were
calculated as follows:

Total sniffing time = time spent sniffing the cage containing
S1 + time spent sniffing the cage containing S2

Social novelty preference index = [(time spent sniffing the
cage containing S2) - (time spent sniffing the cage contain-
ing S1)] / total sniffing time x 100%.

Throughout these tests, the empty cage and the cages
containing the stranger mice (S1 and S2) were randomly
orientated.

Open-Field Test

The open-field assay was conducted following the proce-
dure outlined by Alcott et al. (2020). The mice were accli-
matised to a room with illumination set to 200 lux and a
background ambient white noise level of 60 dB. Each
mouse from the experimental groups was placed in the
centre of the open field chamber measuring 40 cm x 40 cm
x 30 cm. This chamber was equipped with photobeams
programmed to automatically record movement. Each
mouse was tested for 15 min, during which activity was
recorded using Fusion software (Accuscan Instruments).
The standard movement segmentation settings were ap-
plied, and the data collected and statistically analysed in-
cluded movement time, the total distance travelled, the
number of horizontal movements, and the number of verti-
cal movements during the 15-min testing period.

Rotarod Test

A rotarod treadmill (Ugo Basile, Varese, Italy) was used to
assess motor coordination in mice (Pyatha et al., 2023).
On day 13 of the study, the mice in each of the experi-
mental groups participated in a training session on the ap-
paratus, becoming familiar with the equipment and the
tasks required before the actual trial began on day 14. The
rotarod increased speed from 4 to 40 rotations per minute
over 10 s, with a total test duration of 300 s. Mice were
placed on the rod, and the time taken for each to fall off
was recorded. Each trial was conducted three times, and
the mean time from all trials was calculated.

Collection of Cerebellum for Histological and Neuro-
chemical Assays and the Evaluation of Mitochondrial
Functions

Twenty-four hours after the administration of the last re-
spective doses, the mice were sacrificed by cervical dislo-
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cation under 2% halothane anaesthesia. The heads were
quickly removed from the body, the skulls were cracked
open with forceps, and the intact brains were removed.
The brains were sectioned, and the cerebellum was ex-
cised. The cerebellar tissues were rapidly rinsed in ice-cold
phosphate-buffered formalin. The cerebella of the mice in
the respective experimental groups were homogenised in
freshly prepared 0.1 M phosphate buffer (1:10 w/v; pH 7.4)
and centrifuged at 3,000 rpm. The obtained clear superna-
tants were used for neurochemical assays. For histological
investigation of the cerebellum, cerebellar tissues were
fixed in freshly prepared 10% neutral buffered formalin.

Neurochemical Assays

Levels of Malondialdehyde

The level of malondialdehyde (MDA) in the cerebellum of
mice from the respective experimental groups was deter-
mined using an MDA ELISA kit (MAKO85 Sigma-Aldrich).
The procedure followed was a competitive ELISA, and the
manufacturer's detailed specifications were adhered to.
Briefly, the cerebellar tissue samples were washed,
weighed, and then homogenised in phosphate-buffered
saline at a ratio of 1:9 using a glass homogeniser on ice.
The homogenates were subsequently centrifuged for 5 min
at 5,000x g to obtain the supernatant. This supernatant
was used to analyse MDA levels, which were measured
using a microplate reader (BIOTEK EL310, Burlington, VT)
at a wavelength of 450 nm. The results for MDA levels
were expressed in nanomoles of MDA per gram of wet
tissue.

Levels of Reduced GSH

The method described by Beutler et al. (1963) was em-
ployed to measure the levels of GSH in the cerebellar tis-
sue homogenates of mice from the respective experi-
mental groups. An equal volume of 4% sulfosalicylic acid
was added to an aliquot of the tissue, which was then cen-
trifuged at 4,000 rpm for 5 min to deproteinise the sample.
The resulting cerebellar supernatant was mixed with 4.5 ml
of Ellman’s reagent in a 0.5 ml to 4.5 ml ratio. A blank
sample was prepared using 0.5 ml of the diluted precipitat-
ing agent and 4.5 ml of Ellman’s reagent. GSH absorbs at
412 nm, which was measured using a microplate reader.
The results were expressed as micrograms of GSH per
milligram of protein.

Activities of SOD

SOD activity was measured in cerebellar homogenates
from mice using the method of Oberley and Spitz (1984).
The assay relies on the ability of SOD to prevent the re-
duction of nitro blue tetrazolium dye by phenazine meth-
osulfate. In the procedure, a 0.02 mL sample was mixed
with 0.2 mL of an experimental solution (50 mM/L phos-
phate buffer, pH 8.5, 1 mM/L) and a nitro blue tetrazolium
solution (1 mM/L NADH) in a 1:10:1 mL ratio. To initiate
the reaction, 0.02 ml of the enzyme working solution was
added to the mixture. Twenty minutes after incubating the
plates at 37°C, the absorption spectrum was recorded at
450 nm using a microplate reader, and the results obtained
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were expressed as units per milligram of protein (U/mg
protein).

Activities of Catalase

Catalase activity was measured in the cerebellar tissue
homogenate of mice in the respective experimental
groups. The activity of catalase was examined by observ-
ing the degradation of hydrogen peroxide into water and
oxygen in compliance with the method described in the
study of Maehly and Chance (1954). Briefly, the assay
mixture was composed of 0.30 mL of hydrogen peroxide in
50 mL of 0.05 M sodium phosphate buffer, pH 7.0. A 20 pL
aliquot of 10% (w/v) homogenate was added to 980 pL of
this substrate mixture. The initial absorbance was docu-
mented after 1 min, and the final absorbance was quanti-
fied after 6 minutes. The reactions were observed at a
wavelength of 230 nm. To establish a standard curve, puri-
fied catalase (Sigma-Aldrich) was used under identical
conditions. All samples were diluted with 0.1 mmol/L sodi-
um phosphate buffer (pH 7.0) to achieve a 50% inhibition
of the diluent rate (i.e., the uninhibited reaction). The re-
sults were expressed as units of catalase activity per milli-
gram of protein (U/mg protein).

Activities of Myeloperoxidase

The activity of myeloperoxidase (MPO) was measured in
cerebellar tissue samples from the mice in each experi-
mental group using the MPO ELISA Kit (EC 1.11.2.2) pur-
chased from Cusabio Life Sciences, Wuhan, China. MPO
activity was assessed following the manufacturer's protocol
for the assay kit. The enzymatic activity was measured at a
wavelength of 450 nm using a microplate reader. The re-
sults were expressed as units per milligram of protein
(U/mg protein).

Activities of Nitric Oxide

The activity of nitric oxide was measured in cerebellar tis-
sue homogenates from the mice in each experimental
group, using the nitric oxide assay kit (MAK454, Sigma-
Aldrich). Following the manufacturer's protocol for the as-
say kit, nitric oxide activity was assessed, and the absorb-
ance was read at 540 nm with a microplate reader. The
results were expressed as micromoles of nitrite content per
milligram of protein (umol nitrite/mg protein).

Activities of Cyclooxygenase-2

The activity of cyclooxygenase-2 (COX-2) was measured
in the cerebellar tissue homogenates from the mice in
each experimental group using the COX-2 assay ELISA kit
(CSB-E12910m, Cusabio Life Sciences, Wuhan, China).
Following the manufacturer's protocol for the assay, COX-
2 activity was assessed, and the absorbance was meas-
ured at 450 nm with a microplate reader. The results were
expressed in picograms per millilitre (pg/mL).

Activities of Tumour Necrosis Factor-Alpha (TNF-a)

The activity of TNF-a was measured in the cerebellar tis-
sue homogenates from the mice in each experimental
group using the TNF-a assay ELISA kit (CSB-E04741m,
Cusabio Life Sciences, Wuhan, China). Following the
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manufacturer's protocol for the assay, TNF-a activity was
assessed, and the absorbance was measured at 450 nm
with a microplate reader. The results were expressed in
picograms per millilitre (pg/mL).

Levels of Serotonin

The serotonin levels were measured in the cerebellar tis-
sue homogenate of the mice from each experimental
group. The cerebellar tissues were first weighed and then
homogenised with appropriate volumes of phenylmethyl-
sulfonylfluoride (P7626, Sigma-Aldrich), which is a general
inhibitor of serine proteases. The concentration of seroto-
nin was determined using an ELISA kit (KA2518, Abnova,
Taipei, Taiwan), following the manufacturer's protocols.
The results were presented in ng/ml.

Levels of Dopamine

The dopamine levels in the cerebellar tissue of the mice
from each experimental group were determined through
rapid dissection of the cerebellar samples on ice. This
analysis utilised the mouse dopamine ELISA kit (CSB-
E08661m, Cusabio Life Sciences, Wuhan, China), accord-
ing to the manufacturer's instructions. The absorbance of
each well was measured at a wavelength of 450 nm using
a microplate reader, and the results were presented in
pg/g tissue.

Levels of Acetylcholinesterase (AChE)

The level of AChE enzyme in the cerebellar tissue homog-
enate of the mice from each experimental group was
measured using a quantification ELISA kit (CSB-E17521m,
Cusabio Life Sciences, Wuhan, China). The analysis of the
level of AChE was performed following adherence to the
method substantiated in the study of Ellman et al. (1961),
and the results were presented in umol/min/mg protein.

Level of Butyrylcholinesterase (BChE)

The level of BChE in the cerebellar tissue of the experi-
mental mice was quantified using the RayBio® Mouse
BChE ELISA kit (ELM-BCHE-1, China), in strict adherence
to the method described in the study of Ellman et al.
(1961), and the results were expressed in pmol/min/mg
protein.

Levels of Na'/K'-ATPase

The determination of the Na'/K'-ATPase assay was per-
formed according to the method described by Akagawa
and Tsukada (1979) and reported in the experiment by
Imam-Fulani et al. (2016). The reaction mixture, totalling 1
mL, contained 200 mM NaCl, 40 mM KCI, 60 mM Tris (pH
7.4), 80 mM MgCl,-6H,0, 20 mM ethylene glycol-bis (2-
aminoethyl ether), tetra-acetic acid, an enzyme source,
and 8 mM ATP. This mixture was incubated for 1 h at
37°C. To stop the reaction, 5% ice-cold sodium lauryl sul-
phate was added. The medium was thereafter spun at
1000 x g for 10 minutes. Inorganic phosphate produced in
the supernatant was measured using the method of Fiske
and Subbarow (1925), as cited in Imam-Fulani et al.
(2016).

Nig J Neurosci 16(3):98-115.2025

Isolation of Cerebellar Mitochondria and the Evalua-
tion of Mitochondrial Functions

Mitochondria were isolated from the cerebellum using a
glass handheld homogeniser followed by differential cen-
trifugation, as earlier documented in the published report of
Ghazi-Khansari et al. (2006) and Taghizadeh et al. (2020).
The suspensions of the final mitochondrial pellets in Tris
buffer (0.05 M Tris—HCI, 0.25 M sucrose, 20 mM KCI, 2.0
mMMgCI2, and 1.0 mM Na2HPO4 (pH 7.4) at 4°C, except
for the mitochondria that were used to determine swelling,
ROS level, and mitochondrial membrane potential (MMP),
which were incubated in swelling buffer (5 mM succinate,
70 mM sucrose, 1 yM of rotenone, 230 mM mannitol, 2
mM Tris—phosphate, and 3 mM HEPES), respiration buffer
(50 uM EGTA, 0.32 mM sucrose, 0.5 mM MgCI2, 0.1 mM
KH2PO4 10 mM Tris, 20 mM Mops, and 5 mM sodium
succinate), and MMP assay buffer (220 mM sucrose, 5
mM sodium succinate, 68 mM D-mannitol, 10 mM KCI, 2
UM rotenone, 5 mM KH2PO4, 50 uM EGTA, 2 mM MgCI2,
10 mM HEPES), respectively. Protein concentrations were
determined using the Coomassie blue method and bovine
serum albumin as the standard (Bradford, 1976). 500 ug
protein/ml mitochondrial samples were consistently em-
ployed for both normalisation and standardisation of exper-
imental conditions (Shaki et al. 2013). Protein concentra-
tion was measured using the Coomassie blue method with
bovine serum albumin (BSA) as the reference standard
(Bradford, 1976). Briefly, a total of 100 mg of Coomassie
Brilliant Blue (document number 1) was dissolved in 100
mL of 85% (v/v) phosphoric acid and 50 mL of 95% (v/v)
ethanol. Once the dye was fully dissolved, the solution's
volume was adjusted to 1 L with water. Next, a Bovine Se-
rum Albumin (BSA) protein standard was prepared at a
concentration of 1 mg/mL in duplicate. This protein stand-
ard was subsequently diluted in a volume of 20 pL to pro-
duce five different concentrations, spanning 10 to 50 pg of
protein. For the study, 20 pL of the protein solution was
added to 1 mL of the dye reagent, and the combination
was rigorously mixed and incubated for 120 seconds at
room temperature. Finally, the absorbance was measured
using a spectrophotometer at a wavelength of 595 nm.
Protein/mL mitochondrial samples (500 ug) were consist-
ently used across the experiments for normalisation and
standardisation purposes (Shaki et al., 2013).

Cerebellar Mitochondrial Swelling

The analysis of mitochondrial swelling in the cerebellum
was carried out using isolated mitochondria at a concentra-
tion of 0.5 mg protein/mL. This was accessed by observing
differences in light scattering spectrophotometrically at 540
nm and at a temperature of 30°C, using the method out-
lined by Hosseini et al. (2013). To prepare the samples,
the isolated mitochondria were suspended in a swelling
buffer consisting of 70 mM sucrose, 230 mM mannitol, 3
mM HEPES, 2 mM trisphosphate, 5 mM succinate, and 1
MM rotenone. Absorbance was calculated at 549 nm at 10-
minute intervals using a Biotek ELISA reader (model ELX-
800). A decrease in absorbance indicated an increase in
mitochondrial swelling, as shown by Shaki et al. (2013)
and Taghizadeh et al. (2020).
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Cerebellar Mitochondrial ROS Level

The cerebellar mitochondrial ROS level was determined
using a Shimadzu RF5000U fluorescence spectrophotom-
eter (excitation: 500 nm, emission), upon adding DCFH-DA
(final concentration: 10 yM) to the mitochondrial fractions
in respiration buffer. DCFH-DA is sequentially hydrolysed
to DCFH, which ultimately forms highly fluorescent DCF
upon reaction with ROS. The ROS level is directly propor-
tional to DCF fluorescence as measured using a spectro-
photometer according to Eskandari et al. (2012) and
Taghizadeh et al. (2020).

Cerebellar Mitochondrial Membrane Potential

Isolated brain mitochondria were incubated with Rh 123, a
cationic fluorescent dye, in MMP assay buffer. The Shi-
madzu RF5000U fluorescence spectrophotometer was
used at 490 nm excitation and 535 nm emission wave-
lengths to measure mitochondrial Rh 123 uptake in ac-
cordance with Shaki et al. (2013) and Taghizadeh et al.
(2020). Due to a high negative charge on the mitochondrial
inner membrane (-180 mV), positively charged Rh 123 can
pass through it. In intact mitochondria, the maximum Rh
123 uptake takes place, resulting in the least Rh 123 pres-
ence in the buffer and the minimum dye fluorescence.

Cerebellar Mitochondrial Outer Membrane Damage

The cytochrome C oxidase assay kit (Sigma, Taufkirchen,
Germany) was employed to assess cerebellar mitochon-
drial outer membrane damage. The colorimetric assay
measures the reduced absorbance of ferrocytochrome c at
550 nm, resulting from its oxidation to ferricytochrome C by
cytochrome C oxidase. The experiment was carried out
according to the manufacturer's instructions, using 20 yL
of the freshly isolated mitochondrial fraction (at a concen-
tration of 1000 mg/ml) for each reaction and performing
duplicates for each assay. The mitochondrial fraction was
diluted and incubated with 1 mM n-dodecyl B-d-maltoside
in the enzyme dilution buffer (10 mM Tris—HC, pH 7, con-
taining 250 mM sucrose) on ice for 30 min for measuring
the total mitochondrial cytochrome c oxidase activity. 0.22
mM ferrocytochrome C substrate solution was added to
initiate the reaction. The oxidation of ferrocytochrome C by
cytochrome C oxidase results in a decrease in absorbance
at 550 nm. Cytochrome C oxidase activity was normalised
per protein amount in the reaction. Mitochondrial cyto-
chrome c oxidase activity was measured to determine out-
er membrane integrity, with and without the addition of n-
dodecyl B-d-maltoside detergent. The activity ratio of cyto-
chrome C oxidase, measured with and without detergent,
was used to determine the damage to the mitochondrial
outer membrane (Taghizadeh et al., 2020).

Cytochrome C Release from Cerebellar Mitochondria

The cytochrome C ELISA kit (M., R & D Systems, Abing-
don, UK) was employed to measure the amount of cyto-
chrome creleased from the cerebellar mitochondria into
the incubation buffer, according to the manufacturer's
guidelines. A monoclonal antibody that recognises
rat/mouse cytochrome C was bonded to the microplate. 75
pL of conjugate and 50 uL of standard and positive control
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were dispensed into respective microplate wells. 1.0 ug of
protein from each supernatant was added to the sample
wells. Into two wells of the microplate were added all the
standards, controls, and samples. 100 pl of substrate solu-
tion was added to each well after a 2-h incubation and fur-
ther incubated for 30 min. 100 pl of the stop solution was
pipetted into each of the wells, and the microplate spectro-
photometer recorded the optical density at 450 nm. The
standard curve, made with the provided kit standards, was
used for the quantification of cytochrome C (Taghizadeh et
al., 2020).

Histological Investigation

Samples of the cerebellum from the experimental mice
underwent histopathological evaluation. The cerebellum
was routinely processed, then fixed with 10% neutral buff-
ered formalin and embedded in paraffin wax. 5 pm-thick
cerebellar sections were obtained and stained with haema-
toxylin and eosin (H&E) on glass slides. 400x (scale bar of
20 ym) magnified images of the cerebellum were captured
using a light microscope. The International Harmonization
of Nomenclature and Diagnostic Criteria for Lesions (IN-
HAND) Terms (Bradley et al., 2020) were employed to
measure the cerebellar pathology seen in the H&E-stained
slides.

Statistical Analysis

The statistical values for each group were calculated by
averaging the results from ten mice, providing a definitive
and representative measure for analysis. Data were pre-
sented as mean + standard deviation (SD). The differ-
ences between groups were compared using a one-way
analysis of variance (ANOVA) followed by the Tukey post-
hoc test. The p-value of = 0.05 was considered statistically
significant.

RESULTS

Social Behaviour is Inhibited in the Mice Exposed to
Graded Doses of Pentazocine

To investigate whether exposure to graded doses of pen-
tazocine could trigger dysfunctional social interactions and
affect social novelty preference in experimental mice, we
conducted social interaction and social novelty preference
tests. The results of a one-way ANOVA revealed that ex-
posure to graded doses of pentazocine significantly im-
paired the social interaction index in the sociability test.
Post hoc analysis indicated that the social interaction index
was significantly lower in a dose-dependent manner com-
pared to the control group ([F (3, 16) = 1209, p < 0.0001],
Fig. 1a). Additionally, a one-way ANOVA demonstrated
that graded doses of pentazocine significantly affected to-
tal sniffing time. The post hoc analysis showed a signifi-
cant difference in total sniffing time between the control
group and the groups treated with 0.25 mL/kg, 0.5 mL/kg,
and 0.75 mL/kg of pentazocine ([F (3, 16) = 1575, p <
0.0001], Fig. 1b). Furthermore, the one-way ANOVA indi-
cated that exposure to graded doses of pentazocine signif-
icantly affected both the social novelty preference index
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and total sniffing time in the social novelty preference test
([F (3, 16) = 730.2, p < 0.0001], Fig. 1c). Mice in the 0.25
mL/kg, 0.5 mL/kg, and 0.75 mL/kg pentazocine-treated
groups exhibited significantly longer total sniffing durations
than those in the control group ([F (3, 16) = 539.6, p <
0.0001], Fig. 1d).

Motor Coordination Tests Revealed Significant Deficits
in the Mice Following Pentazocine Exposure

Using behavioural assays, we assessed the motor func-
tions of experimental mice with cerebellar dysfunctions
caused by pentazocine exposure. Considering that modifi-
cations in cerebellar circuit functions could impact ambula-
tory behaviour in an open field, we assessed the ambulato-
ry activities (Fig. 2a-d) of mice treated with pentazocine at
doses of 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg compared
to those in the control group.
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Fig. 1: The effects of pentazocine exposure on the mice in the
treated groups compared to those in the control group during the
3-chamber socialisation test. (a) Social interaction index in the
social interaction test (b), Total sniffing time in the social interac-
tion test (c), Social novelty preference index in the social novelty
preference test, and (d) Total sniffing time in the social novelty
preference test. The data is presented as mean + SD (n = 10 per
group). a = Significant difference (p<0.05) between control and
0.25 mL/kg pentazocine-treated; B = Significant difference
(p<0.05) between control and 0.5 mL/kg pentazocine-treated, 1 =
Significant difference (p<0.05) between control and 0.75 mL/kg
pentazocine-treated; y = Significant difference (p<0.05) between
0.25 mL/kg pentazocine-treated and 0.5 mL pentazocine-treated;
A = Significant difference (p<0.05) between 0.25 mL/kg pentazo-
cine-treated and 0.75 mL/kg pentazocine-treated; and y = Signifi-
cant difference (p<0.01) between 0.5 mL/kg pentazocine-treated
and 0.75 mL/kg pentazocine-treated.

We observed that the groups of mice exposed to 0.25
mL/kg, 0.5 mL/kg, and 0.75 mL/kg of pentazocine had sig-
nificantly reduced movement time [F (3, 16) = 3516,
p<0.0001] (Fig. 2a), significantly reduced total distance
travelled [F (3, 16) = 49294, p<0.0001] (Fig. 2b), and a
significantly reduced number of horizontal [F (3, 16) =
2575906, p<0.0001] and vertical [F (3, 16) = 13451,
p<0.0001] activities (Fig. 2c and 2d) compared to the con-
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trol group. The open field arena revealed significantly di-
minished spontaneous motor activities in response to
graded doses of pentazocine by the mice in 0.25 mL/kg,
0.5 mL/kg, and 0.75 mL/kg compared with those in the
control.
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Fig. 2: The open field test activities of the mice in the control and
the pentazocine-treated groups. (a) movement time, (b) total dis-
tance, (c) number of horizontal activities, and (d) number of verti-
cal activities between control and 0.25 mL/kg pentazocine-
treated, 0.5 mL/kg pentazocine-treated, and 0.75 mL/kg pentazo-
cine-treated, respectively. The data is presented as mean + SD
(n = 10 per group). a = Significant difference (p<0.01) between
control and 0.25 mL/kg pentazocine-treated, B = Significant dif-
ference (p<0.01) between control and 0.5 mL/kg pentazocine-
treated, ™ = Significant difference (p<0.05) between control and
0.75 mL/kg pentazocine-treated; y = Significant difference
(p<0.01) between 0.25 mL/kg pentazocine-treated and 0.5 mL/kg
pentazocine-treated; A = Significant difference (p<0.01) between
0.25 mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-
treated; and y = Significant difference (p<0.05) between 0.5
mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-treated.

To test motor performance and learning differences be-
tween pentazocine-treated (i.e., 0.25 mL/kg, 0.5 mL/kg,
and 0.75 mL/kg) and control mice, we used the latency to
fall on an accelerating rotarod as an indicator of cerebellar
dysfunction. In Figure 3, mice in 0.25 mL/kg, 0.5 mL/kg,
and 0.75 mL/kg display significant differences [F (3, 16) =
1777, p < 0.0001] in motor performance and motor learn-
ing compared to the mice in control.

Neurochemical Evaluations

Exposure to Graded Doses of Pentazocine Impaired
the Antioxidant Status in the Cerebellum of the Mice
From the statistical analysis of the data obtained as shown
in Figure 4, we show the effect of 14 days of exposure of
the mice in 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg to the
doses of pentazocine on the levels of MDA (Fig. 4a), GSH
(Fig. 4b), SOD (Fig. 4c), and catalase (Fig. 4d) in the cere-
bellum of the experimental mice compared to the mice in
control.
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Fig. 3: The effect of pentazocine-treated mice on the latency to
fall off the accelerating rotarod. The data is presented as mean +
SD (n = 10 per group). a = Significant difference (p<0.05) be-
tween control and 0.25 mL/kg pentazocine-treated; 3 = Signifi-
cant difference (p<0.05) between control and 0.5 mL/kg pentazo-
cine-treated; T = Significant difference (p<0.05) between control
and 0.75 mL/kg pentazocine-treated; p = Significant difference
(p<0.01) between 0.25 mL/kg pentazocine-treated and 0.5 mL/kg
pentazocine-treated; A = Significant difference (p<0.01) between
0.25 mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-
treated; and y = Significant difference (p<0.01) between 0.5
mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-treated.

We observed that exposure of the mice in 0.25 mL/kg, 0.5
mL/kg, and 0.75 mL/kg to the doses of pentazocine signifi-
cantly reduced the levels of GSH [F(3, 16) = 647.1, p <
0.0001], SOD [F(3, 16) = 1847, p < 0.0001], and catalase
[F(3, 16) = 2993, p < 0.0001] in a dose-dependent pattern
compared to the mice in control. Conversely, exposure to
graded doses of pentazocine significantly elevated [F(3,
16) = 2173, p < 0.0001] the levels of MDA in a dose-
dependent manner in the cerebellum of the experimental
mice relative to the control mice.

Pentazocine Triggered Neuroinflammation in the Cer-
ebellum

The effects of graded doses of pentazocine on the levels
of MPO, nitric oxide, COX-2, and TNF-a are respectively
presented in Figures 5a-d. Exposure to graded doses of
pentazocine elevated the levels of MPO [F (3, 16) = 79.42,
p < 0.0001], NO [F (3, 16) = 672.1, p < 0.0001], COX-2 [F
(3, 20) = 578.5, p <0.0001], and TNF-a [F (3, 16) = 1256,
p <0.0001] in the cerebellum of the mice in 0.25 mL/kg,
0.5 mL/kg, and 0.75 mL/kg relative to the mice in control.

Pentazocine Modulates the Activities of Serotonin,
Dopamine, AChE, and BChE

Figure 6a-d shows the respective activities of serotonin,
dopamine, AChE, and BChE. From the analysis of the data
obtained, we observed that the activities of serotonin (Fig.
6a) were significantly downregulated [F (3, 16) = 125.3, p <
0.0001] in the cerebellum of the mice exposed to graded
doses of pentazocine in a dose-dependent manner in 0.25
mL/kg, 0.5 mL/kg, and 0.75 mL/kg relative to control. On
the other hand, the activity of dopamine (Fig. 6b) was sig-
nificantly upregulated [F (3, 16) = 885.0, p < 0.0001] in a
dose-dependent manner in the cerebellum of the mice in
0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg compared with the
mice in control. Compared to the mice in control, the re-
spective activities of AChE [F (3, 16) = 694.0, p < 0.0001,
Fig. 6¢] and BChE [F (3, 16) = 437.2, p <0.0001, Fig.
6d] in the cerebellum of the mice in 0.25 mL/kg, 0.5 mL/kg,
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and 0.75 mL/kg were significantly reduced in a dose-
dependent manner.

The Effect of Pentazocine on Membrane-Bound
ATPases in the Cerebellum

The alteration in the activity of the ATPase enzyme in the
cerebellum of the mice in control, 0.25 mL/kg, 0.5 mL/kg,
and 0.75 mL/kg was presented in Figure 7. Relative to the
control, exposure to graded doses of pentazocine in the
mice at 025 mlL/kg, 05 ml/kg, and 0.75
mL/kg significantly decreased [F (3, 16) = 3175, p
< 0.0001] the activity of the ATPase enzyme in a dose-
dependent pattern in the cerebellum.
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Fig. 4: The levels of MDA and reduced GSH and the activities of
SOD and CAT in the cerebellar tissues of the control and the
pentazocine-treated groups. (a) MDA, (b) GSH, (c) SOD, and (d)
CAT activities between the control group and the pentazocine-
treated groups, respectively. The data is presented as mean +
SD (n = 10 per group). a = Significant difference (p<0.05) be-
tween control and 0.25 mL/kg pentazocine-treated, B = Signifi-
cant difference (p<0.05) between control and 0.5 mL/kg pentazo-
cine-treated, T = Significant difference (p<0.05) between control
and 0.75 mL/kg pentazocine-treated, y = Significant difference
(p<0.05) between 0.25 mL/kg pentazocine-treated and 0.5 mL/kg
pentazocine-treated, A = Significant difference (p<0.05) between
0.25 mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-
treated, and y = Significant difference (p<0.05) between 0.5
mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-treated.
CAT - Catalase, SOD - superoxide dismutase

The Effect of Pentazocine on Cerebellar Mitochondrial
Functions

Respectively, in mice in groups of 0.25 mL/kg, 0.5 mL/kg,
and 0.75 mL/kg that were exposed to graded doses of
pentazocine, a one-way statistical analysis revealed a
dose-dependent increase in mitochondrial swelling in cer-
ebellar mitochondria (Fig. 8). This The increase was signif-
icantly greater [F (3, 16) = 2324, p < 0.0001] compared to
the mice in the control group (Fig. 8a). observation sug-
gests that cerebellar mitochondria in mice in 0.25 mL/kg,
0.5 mL/kg, and 0.75 mL/kg are with increased swelling. In
Figure 8b, it was shown that exposure to graded doses of
pentazocine significantly elevated [F (3, 16) = 46537267, p
< 0.0001] cerebellar mitochondrial ROS levels in mice of
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0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg compared to those
in the control. The study found that exposure to graded
doses of pentazocine is associated with significantly in-
creased [F (3, 16) = 3980643, p < 0.0001] mitochondrial
membrane potential in the cerebellar mitochondria of mice
in 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg compared to
those in control (Fig. 8c). Furthermore, as indicated in Fig-
ure 8d, mice exposed to graded doses of pentazocine
(0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg) experienced sig-
nificantly higher [F (3, 16) = 5683, p<0.0001] mitochondrial
outer membrane damage compared to the control mice.
Additionally, the release of cytochrome ¢ was significantly
higher [F (3, 16) = 25013, p < 0.0001] in the cerebellar mi-
tochondria of mice in 0.25 mL/kg, 0.5 mL/kg, and 0.75
mL/kg following exposure to graded doses of pentazocine
compared to the mice in the control (Fig. 8e).
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Fig. 5: The effect of graded doses of pentazocine on the activity
of MPO and the levels of nitric oxide, COX-2, and TNF-a relative
to the control. The data is presented as mean + SD (n = 10 per
group). (@) MPO, (b) NO, (c) COX-2, and (d) TNF-alpha in the
cerebellar tissues of the control and the pentazocine-treated
groups. a = Significant difference (p<0.05) between control and
0.25 mL/kg pentazocine-treated, B = Significant difference
(p<0.05) between control and 0.5 mL/kg pentazocine-treated, 1 =
Significant difference (p<0.05) between control and 0.75 mL/kg
pentazocine-treated, y = Significant difference (p<0.05) between
0.25 mL/kg pentazocine-treated and 0.5 mlL/kg pentazocine-
treated, A = Significant difference (p<0.05) between 0.25 mL/kg
pentazocine-treated and 0.75 mL/kg pentazocine-treated, and y =
Significant difference (p<0.05) between 0.5 mL/kg pentazocine-
treated and 0.75 mL/kg pentazocine-treated. COX-2 - cyclooxy-
genase-2, MPO — myeloperoxidase, TNF-a - tumour necrosis
factor-alpha

Neurohistology of the Cerebellum

The neurohistological section of the cerebellar tissue from
the representative mice from each of the experimental
groups is presented in Figure 9. In the control group,
Purkinje cells (indicated by yellow arrows) display eosino-
philic cytoplasm and lightly stained, round to oval, centrally
placed nuclei. These Purkinje neurons have intact den-
drites (shown by black arrows). Additionally, the granular
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layer contains numerous neuronal nuclei that are centrally
located. Conversely, the cerebellar tissue of mice exposed
to 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg of pentazocine
shows vacuolation in the overlying molecular cell layer
(marked by golden arrows), which suggests swelling
and/or degeneration of the Purkinje neuron dendrites. The
Purkinje neurons in the cerebellum of these mice demon-
strate characteristics such as nuclear oedema and cellular
shrinkage (indicated by red arrows). Some of these
Purkinje cells have been displaced from the Purkinje layer,
and others appear spindle-shaped. Furthermore, the cere-
bellar sections from mice exposed to 0.25 mL/kg, 0.5
mL/kg, and 0.75 mL/kg of pentazocine also displayed neu-
ropil vacuolation.
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Fig. 6: The effect of pentazocine on the cerebellar level of neuro-
transmitters relative to the control. (a) serotonin, (b) dopamine,
(c) AChE, and (d) BChE in the cerebellar tissues of the control
and the pentazocine-treated groups. The data is presented as
mean £ SD (n = 10 per group). a = Significant difference (p<0.05)
between control and 0.25 mL/kg pentazocine-treated, = Signifi-
cant difference (p<0.05) between control and 0.5 mL/kg pentazo-
cine-treated, T = Significant difference (p<0.05) between control
and 0.75 mL/kg pentazocine-treated, y = Significant difference
(p<0.05) between 0.25 mL/kg pentazocine-treated and 0.5 mL/kg
pentazocine-treated, A = Significant difference (p<0.05) between
0.25 mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-
treated, and y = Significant difference (p<0.01) between 0.5
mL/kg pentazocine-treated and 0.75 mL/kg pentazocine-treated.

DISCUSSION

The behavioural assays used in this research evaluated
neural effects during a difficult-to-assess juvenile phase.
The examined behaviours were unbiased, non-invasive,
and did not require any specialised equipment (Chan and
Leung, 2022). In comparison to the control group, mice
exposed to graded doses of pentazocine showed impair-
ment in the three-chamber, open-field, and rotarod behav-
ioural tests. These findings indicate that the abusive use of
pentazocine can lead to a decline in motor-social behav-
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iours with worsened neurological deficits and circuit mal-
functions, which may alter the physical strength of the
mice. However, at the time of this study, the specific
mechanism behind these behavioural observations was
unknown. The observed alteration in the behaviour of the
experimental mice is inconsonant with the reports of Fujii
et al. (2019), who reported that chronic exposure to fenta-
nyl modifies behavioural responses in experimental ani-
mals, as well as Paul et al. (2021), who published that ex-
posure to morphine diminished motor behaviours in Spra-
gue—Dawley rats.

Pentazocine

=
I
z o -
E 2 1.5
<« oo
o £
=
+& E
% g E3a control
s S By o B3 025mL/ke
<2 i = 0.5 mL/kg
£ = o o 0.75 mL/kg
(=%
- [T
2

Fig. 7: The effect of graded doses of pentazocine on the activity
of membrane-bound ATPases relative to the control. The data is
presented as mean + SD (n = 10 per group). a = Significant dif-
ference (p<0.05) between control and 0.25 mL/kg pentazocine-
treated, B = Significant difference (p<0.05) between control and
0.5 mlL/kg pentazocine-treated, ™ = Significant difference
(p<0.05) between control and 0.75 mL/kg pentazocine-treated, p
= Significant difference (p<0.01) between 0.25 mL/kg pentazo-
cine-treated and 0.5 mL/kg pentazocine-treated, A = Significant
difference (p<0.05) between 0.25 mL/kg pentazocine-treated and
0.75 mL/kg pentazocine-treated, and y = Significant difference
(p<0.05) between 0.5 mL/kg pentazocine-treated and 0.75 mL/kg
pentazocine-treated.

The evident impaired sociability, demonstrated by a dose-
dependent reduced social interaction index and the exag-
gerated social preference index, may be an early sign of
neurological conditions connected with neurodevelopmen-
tal and neurodegenerative disorders, probably reflecting
deficiency in social cognition and memory, aggravated so-
cial anxiety, or behavioural restriction. The observed re-
duction in interest in the social interaction test can be ex-
plained by the lens of anxiety-like behaviours and social
anhedonia. Social anhedonia is defined by a reduced ca-
pability to derive pleasure or a sense of reward from taking
part in social activities (Wu et al., 2025). A dose-dependent
analysis has revealed a significant decrease in social in-
teraction indices alongside an increase in social prefer-
ence indices, suggesting that individuals may experience a
disconnection from typical social rewards. This phenome-
non has been documented in various studies, particularly
animal models that exhibit behaviours indicative of schizo-
phrenia and other psychiatric disorders (McKibben et al.,
2014; Shirenova et al., 2023). These conditions often arise
following exposure to opioid abuse, pointing to a disturbing
link between the non-prescribed use of opioids and the
deterioration of social functioning. The evidence suggests
that the harmful effects of substance misuse adversely
impact the central nervous system, resulting in notable
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impairments in social behaviour. These deficiencies may
become evident alongside numerous neurological and
mental health disorders, accentuating the general involve-
ment of opioid abuse in mental health.
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Fig. 8: The effect of exposure to graded doses of pentazocine on
different specifications of brain mitochondrial functions, including
mitochondrial swelling relative to the control. The data is present-
ed as mean = SD (n = 10 per group). a = Significant difference
(p<0.01) between control and 0.25 mL/kg pentazocine-treated,
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pentazocine-treated, 1 = significant difference (p<0.05) between
control and 0.75 mL/kg pentazocine-treated, y = Significant dif-
ference (p<0.01) between 0.25 mL/kg pentazocine-treated and
0.5 mL/kg pentazocine-treated; A = Significant difference (p<0.01)
between 0.25 mL/kg pentazocine-treated and 0.75 mL/kg penta-
zocine-treated; and y = Significant difference (p<0.05) between
0.5 mL/kg pentazocine-treated and 0.75 mlL/kg pentazocine-
treated.

Furthermore, the evaluation of an individual's preference
for social novelty is intrinsically connected to cognitive
functions associated with social recognition and memory
formation. A noted impairment in this preference indicates
potential deficits in processing social information and in the
retrieval of social memories (Chan et al., 2022). The ob-
servation from the social behaviour as seen in the 3-
chamber test provides substantive data suggesting a pro-
gressive decline in social behaviours among experimental
mice relative to the control. This decline is reflected in a
measurable reduction of the social interaction index, paral-
leled by an increase in the social preference index. Such
results underscore the complexity of social behaviours and

107



Pentazocine is toxic to the cerebellum

the potential impact of both physiological and psychologi-
cal factors in substance abuse.

Fig. 9: Cerebellar photomicrographs of experimental mice in vari-
ous treatment groups examined at a 20 ym magnification and
stained with H&E. The cerebellum in the control group displayed
normal cellular morphology, with yellow arrows indicating intact
Purkinje neurons and black arrows showing the dendrites of the-
se neurons. In contrast, the cerebellar tissue of mice exposed to
0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg of pentazocine exhibited
marked degeneration of the cerebellar cortex, characterised by
distorted Purkinje neurons (indicated by red arrows) and swollen
and vacuolized neurons (marked by golden arrows) within the
molecular layer.

Social interactions are enjoyable occurrences for both hu-
mans and rodents, and they activate the brain reward cir-
cuits (Borland et al., 2025). The prolonged sniffing time
seen in mice exposed to pentazocine indicates a sense of
aversion. Therefore, exposure to graded doses of penta-
zocine may impair social interactions by affecting the so-
cial seat in the cerebellum.

According to a study conducted by Zahmatkesh et al.
(2017), exposure to opioids reduces the functional integrity
of the brain's antioxidant defence mechanisms, resulting in
oxidative damage to cellular components. During oxidative
stress, redundant production of free radicals reduces the
levels of antioxidant enzymes, such as SOD and catalase
(Birben et al., 2012). The involvement of these enzymes in
the brain and related areas is pivotal for regulating the lev-
els of ROS (Kaygusuzoglu et al., 2018). Ojo et al. (2023)
reported that when ROS in the central nervous system bi-
osocialise with lipids, carbohydrates, proteins, and DNA,
they impede the physiology of the brain. In the cerebellum
of the mice exposed to graded doses of pentazocine for 14
days, the respective levels of GSH and activities of SOD
and catalase were simultaneously diminished due to en-
hanced products of lipid peroxidation and impeded func-
tions of the antioxidant enzymes. The depletion of the GSH
pool and the observed decrease in the levels of antioxidant
enzymes in the cerebellum, as seen in this study, may be
due to the action of pentazocine and its electrophilic me-
tabolites, which could have inhibited the activities and lev-
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els and the bio-effectiveness of the antioxidant enzymes.
The decreased levels of GSH (Asatiani et al., 2025), SOD
(Sadat-Shirazi et al., 2020), and catalase (Safarinejad et
al., 2013) have been reported as a consequence of acute
exposure to opioids. Studies have indicated an increase in
MDA (Atici et al., 2005) and a decrease in GSH levels in
the brain (Guzman et al., 2006; Ozmen et al., 2007) after
long-term administration of morphine in rats and rabbits,
respectively.

MPO is an enzyme known as the neutrophil infiltration in-
dex because it serves as a marker for neutrophil accumu-
lation in inflamed tissues. MPO is a secretion of activated
inflammatory cells that is mainly manufactured by mono-
cytes, macrophages, microglia, and neutrophils (Bradley et
al., 1982; Bilge et al., 2021). According to Chen et al.
(2020), oxidative stress-induced neuroinflammation can be
identified using MPO as a therapeutic marker. In human
neutrophils, MPO acts as part of the body's defence
against microbes, primarily generating hypochlorous acid,
a potent oxidant (Hoy et al., 2002; Bilge et al., 2021).
Among different neurotoxic oxidants in the brain, hypo-
chlorous acid is stable, highly reactive, and dominant. This
acid plays a role in several neurodegenerative disorders
(Ray and Katyal, 2016). In mice exposed to graded doses
of pentazocine, the cerebellum revealed down-regulated
antioxidant levels, heightened oxidative stress, and elevat-
ed levels of MPO, nitric oxide, COX-2, and TNF-a, thereby
suggesting that pentazocine is capable of escalating neu-
roinflammation in the cerebellum. Our result is in tandem
with the report of Salarian et al. (2018), who reported in-
creased oxidative stress and inflammation in patients with
opioid use disorder.

Nitric oxide is a functional free radical that controls several
physiological functions in the brain (Leong et al., 2002). A
significant level of nitric oxide activates vasodilation, hin-
ders apoptosis, and performs a crucial role in memory pro-
cesses. However, overproduction of nitric oxide can be
deleterious, especially under oxidative stress conditions,
because of the oxidation and nitrotyrosination of functional
proteins (Guix et al., 2005). Our results suggested that ex-
posure to graded doses of pentazocine gave rise to ele-
vated levels of nitric oxide in the cerebellum of the mice.
Our results indicated that exposure to varying doses of
pentazocine resulted in elevated levels of nitric oxide in the
cerebellum of the mice. Nitric oxide is among the reactive
nitrogen species and can be readily converted into peroxy-
nitrite anion, which is highly reactive and can initiate cyto-
toxic radical chain reactions (Zhang et al., 2008). Neuro-
degenerative process is associated with oxidative stress
generated by nitric oxide (Guix et al., 2005). Furthermore,
in addition to oxidative stress, overproduction and accumu-
lation of nitric oxide can trigger apoptosis, which is also
linked to nitric oxide-induced neurotoxicity (Wei et al.,
2000; Dash et al., 2025).

COX-2 is found in the perinuclear, dendritic, and axonal
regions of glutamatergic neurons, particularly in the cortex,
hippocampus, and amygdala (Hewett et al., 2006). Under
normal conditions, COX-2 is present and contributes to
important brain functions such as synaptic activity, memory
consolidation, and functional hyperaemia (Minghetti,

108



Pentazocine is toxic to the cerebellum

2004). The increase in COX-2 generated by oxidative
stress intensifies prostaglandin E2's (PGE2) role in stimu-
lating the release of glutamate and causing oxidative dam-
age through the production of reactive oxidant species
(Minghetti, 2004; Tian et al., 2008). In mice, the level of
COX-2 in the cerebellum was found to increase dose-
dependently upon exposure to pentazocine. Persistent
COX-2 expression in the CNS may result in neurodegen-
erative processes through the promotion of chronic in-
flammation. With the elevated level of COX-2 in the cere-
bellum as observed in this study, there are concerns about
the possible consequences of pentazocine on locomotion.
In the cerebellum of experimental mice, exposure to grad-
ed doses of pentazocine leads to a notable COX-2 expres-
sion, indicating that inflammation contributes to its neuro-
toxicity.

Misuse of opioids in numerous healthcare facilities has led
to imbalances between pro-infammatory and anti-
inflammatory cytokines due to non-prescribed use and
abuse (Zhang et al., 2020). These imbalances require the
involvement of pro-inflammatory cytokines like interleukin-
6, TNF-qa, and interferon gamma to elicit inflammatory re-
sponses (Chen et al., 2018). Significantly increased TNF-a
levels (p <0.05) were detected in the cerebellum of penta-
zocine-exposed mice. The release of the MOR-PKCe-Akt-
ERK1/2 signalling pathway, mediated by TNF-a, is linked
to morphine tolerance (Wang et al., 2022). Findings from
animal experiments show that inhibiting TNF-a signalling
could hinder the development of morphine tolerance (Tu et
al., 2021). Our results in this study revealed that exposure
to pentazocine enhances irregular alterations in cytokine
levels in a dose-dependent pattern. These observations
are interconnected with the up-regulation of TNF-a levels
and are closely related to previously reported findings on
the misuse of opioids. Activated glia cells have also been
shown to stimulate pain transmission and antagonise the
analgesic properties of opioids (Raghavendra et al., 2003;
Hutchinson et al., 2010; Eidson and Murphy, 2019). Opi-
oids activate glial cells by binding to the glycoprotein mye-
loid differentiation factor-2 (MD-2) on the innate immune
receptor TLR4 (Lewis et al., 2010), influencing increased
production and release of TNF-q, (interleukin-1 beta (IL-
18), and interleukin-6 (IL-6) pro-inflammatory cytokines
and neuro-excitotoxic free radicals such as nitric oxide,
NOS, and iNOS, and these signalling factors are connect-
ed with opioid tolerance (DelLeo et al., 2004; Wang et al.,
2012; Kaushik et al., 2020). The binding of TNF-a to their
target receptors on astrocytes and microglia results in fur-
ther release of IL-1B, IL-6, and TNF-a pro-inflammatory
cytokines, thereby creating a vicious cycle of neuro-
inflammation (Watkins et al., 2005; Watkins et al., 2009).
The upregulated level of TNF-a seen in this study could be
a synergistic effect of pentazocine, its metabolites and
neuroinflammation.

Serotonin (5-HT) is crucial for learning and memory in the
central nervous system (Afshar et al., 2023). In the hypo-
thalamus, midbrain, and limbic system of the brain, where
serotonin is comparably distributed, tryptophan hydrox-
ylase plays an important function in the synthesis of sero-
tonin (Ney et al., 2017). In our study, mice that were ex-
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posed to graded doses of pentazocine showed significantly
heightened levels of serotonin in their various cerebella.
Based on this finding, we suggest that exposure to penta-
zocine may adversely interfere with the reuptake of sero-
tonin by impeding the functional integrity of the serotonin
transporter, leading to exaggerated concentrations of sero-
tonin that trigger the serotonin receptors in the synaptic
cleft. According to Baldo and Rose (2020), opioids that
strongly inhibit serotonin transporters are frequently asso-
ciated with serotonin toxicity. Our results are in tandem
with those of Tzschentke et al. (2007) and Bloms-Funke et
al. (2011), who reported that tramadol and tapentadol
augment the levels of serotonin and noradrenaline, respec-
tively, in the rat brain via in vivo microdialysis.

We found that administering graded doses of pentazocine
to mice led to a dose-dependent reduction in dopamine
levels. Low dopamine levels in the central nervous system,
caused by oxidative damage, could result in harmful
changes to its neurochemistry. The respective levels of
dopamine in the cerebellum of the groups of mice exposed
to 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg of pentazocine
decreased in a dose-dependent manner in response to
pentazocine compared to the control. It is possible that the
reported observation could be due to altered dopamine
receptors arising from decreased dopamine receptor ex-
pression and impaired p-opioid receptor function in the
cerebellum (Teicher et al., 1995; Tarazi et al., 1998, 1999,
2000). To determine the effects of pentazocine on the cer-
ebellum, it is essential to investigate the activities of en-
zymes such as AChE and BChE. According to Tsakiris et
al. (2000), a decrease in the activity of AChE is connected
to the unbounded presence of free radicals and successive
acetylcholine upregulation, which eventually leads to cho-
linergic hyperactivity and neurological anomalies, such as
convulsions and status epilepticus. Opioid-induced CNS
injury could be recognised by the depletion of AChE levels
in the brain owing to its influence on behavioural process-
es. The inhibition of AChE and BChE varies in the cerebel-
lum of the mice, suggesting the build-up of acetylcholine
and butyrylcholine due to disturbed cholinergic transmis-
sion by pentazocine. Anatomical evidence shows an over-
lay between AChE and opioid receptors in the striatum
during rat development, which continues into and is pri-
marily involved with p-opioid receptors (Tien et al., 2004).
This topological interaction between AChE and opioid re-
ceptors is linked to their functional interactions. For exam-
ple, morphine has been discovered to increase acetylcho-
line levels in the central nervous system, and this modifica-
tion is region-specific (Green et al., 1976). Our results
show that the level of AChE was reduced in the cerebellum
of mice exposed to pentazocine, indicating a deleterious
action triggered by an imbalance in acetylcholine and bu-
tyrylcholine release through p-opioid receptors in the cere-
bellum. Indirectly, pentazocine could impair cholinesterase
metabolism with its neurotoxic effect, causing a decline in
the respective levels of AChE and BChE in the cerebel-
lum.The formation of cellular energy, the absorption and
release of catecholamines and serotonin, and neural excit-
ability are all controlled by the Na'/K*-ATPase (Bogdanski
et al., 1968; Mata et al., 1980). 14 days of exposure to
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graded doses of pentazocine potentiated and aggravated
the inhibition of the activity of Na'/K*-ATPase. Pentazocine
inhibits Na*/K'-ATPase activity, possibly by modifying in-
tracellular cyclic adenosine monophosphate (cAMP) con-
centration, thereby inducing changes in Na'/K'-ATPase
basal phosphorylation via the cAMP/protein kinase A
(PKA) signalling pathway (Wu et al., 2006). Previous ob-
servations suggest that phosphorylation of Na'/K'-
ATPase, which occurs in neurons and is concentrated in
the mammalian brain, inhibits the enzyme activity and is
mediated by the activation of opioid receptors and accu-
mulated intracellular cAMP (Wu et al., 2006). It restores
the Na* and K* gradient across the cell membrane after
periods of activity, contributing to the resting membrane
potential of the cell. This process similarly affects monova-
lent cation gradient-related processes, including Na'-
ca** exchangers, as discussed by Blaustein and Lederer
(1999). Due to the damage of the Na*/K" pump, intracellu-
lar K’ levels decrease, intracellular Na' levels increase,
and both membrane depolarisation and an increase in in-
tracellular free Ca®* occur through the activation of voltage-
gated Ca®* channels and the reversed operation of the
Na‘-Ca”" exchanger (Blaustein and Lederer, 1999).
Na‘/K*-ATPase participates in synaptic plasticity and learn-
ing/memory processes, according to Wyse et al. (2004).
Suppression of field excitatory postsynaptic potentials in
rat hippocampal CA1 cells by dihydroouabain results in
depotentiation of long-term potentiation (LTP), a neuronal
mechanism implicated in learning and memory (Reich et
al., 2004). Long-term opiate use is known to affect hippo-
campal long-term potentiation (Pu et al., 2002). Opioids
may cause maladaptive changes in hippocampal LTP by
diminishing Na'/K*-ATPase activity through up-regulation
of the cAMP/PKA signalling pathway.In our study, we no-
ticed heightened formation of mitochondrial ROS in the
cerebellum of the mice treated with pentazocine in groups
of 0.25 mL/kg, 0.5 mL/kg, and 0.75 mL/kg (Figure 8a-e).
The observed distortion in the development of mitochon-
drial ROS, mitochondrial swelling, disintegration of MMP,
impairment of mitochondrial outer membrane, and the lib-
eration of cytochrome c following exposure to graded dos-
es of pentazocine could arise from differences in the mo-
lecular activities of mitochondrial electron transport chain
complexes. In 2018, Bameri et al. stated that a single in-
travenous injection of tramadol at a dose of 25 mg/kg led
to a considerable increase in mitochondrial ROS produc-
tion, protein carbonyl, and lipid peroxidation, along with
diminished mitochondrial GSH levels in the brains of mice.
These observations indicated that opioid-induced oxidative
stress is associated with mitochondrial dysfunction. The
enhanced formation of mitochondrial ROS can bring about
peroxidation of cell membrane lipids, culminating in the
subsequent damage of DNA and proteins, bringing about
neuronal cell death in the cerebellum. ROS can also give
rise to inflammation by stimulating the redox-sensitive
transcription factor NF-kB and subsequently giving rise to
the release of multiple inflammatory mediators (Mohamed
and Mahmoud, 2019).In this study, exposure to graded
doses of pentazocine produced numerous neurodegenera-
tive changes in the cerebellum of mice exposed in compar-
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ison to the control group. The cerebellum of the control
group showed a normal histoarchitecture, with well-
preserved layers of molecular cells, granular cells, and
Purkinje cells. The folia of the cerebellar cortex appeared
normal, well-preserved, and well-separated in the control
group, with narrow grooves. On the other hand, the cere-
bellar histology of the mice exposed to 0.25 mL/kg, 0.5
mL/kg, and 0.75 mL/kg of pentazocine exhibited deviations
in the histoarchitecture of the Purkinje cells, which showed
irregular and distorted features. The granular and molecu-
lar cells exposed to 0.25 mL/kg, 0.5 mL/kg, and 0.75
mL/kg of pentazocine exhibited several perinuclear spac-
es. The Purkinje cells in 0.25 mL/kg, 0.5 mL/kg, and 0.75
mL/kg were deformed and shrunken, losing their charac-
teristic shape. These findings align with a previous report
by Hauser et al. (1994), who stated that morphine prevents
the survival and differentiation of Purkinje cells in mouse
cerebellar cultures. The authors reiterated that extended
exposure or higher doses of opioids may give rise to neu-
rotoxicity in Purkinje cells, possibly leading to cell loss
through apoptosis or necrosis.

The interplay between the impaired motor-social behav-
iour, increased level of oxidative stress markers, upregu-
lated levels of the studied markers of neuroinflammatory
and apoptotic cytokines, and mitochondrial dysfunction in
the cerebellum of the juvenile mice is a complex, intercon-
nected pathway that significantly impairs the functional
integrity of the cerebellum in abusive consumption of pen-
tazocine and can contribute to the development of neuro-
logical disorders. Mitochondrial dysfunction is a primary
source of ROS, which could trigger deleterious levels of
oxidative stress, which in turn damages cellular compo-
nents and disrupts energy production (Kowalczyk et al.,
2021). The brain's immune response during neuroinflam-
mation can be triggered by oxidative stress or mitochon-
drial dysfunction. Pro-inflammatory cytokines, expressed
during neuroinflammation, can promote oxidative stress,
producing a feedback loop. Inflammation could also inter-
rupt neuronal circuitry and undermine motor and social
behaviours. In addition, neuroinflammation can provoke
oxidative stress, further worsening the functional integrity
of mitochondria. This cycle can bring about a cascade of
neuronal damage, which can adversely affect motor and
social behaviours. The intricate interplay between these
factors can directly influence motor skills, social cognition,
and emotional responses. Oxidative stress, neuroinflam-
mation, and apoptosis are believed to play significant roles
in the neurological processes related to pentazocine abuse
and its accompanying behavioural changes. This suggests
that alterations in the biochemical and physiological bal-
ance of oxidative substances, along with compromised
mitochondrial function resulting from pentazocine expo-
sure, may contribute not only to the toxic effects of the
drug but also to the development of neurochemical and
molecular abnormalities. This association highlights the
intricate interplay between neurochemical modifications in
the cerebellum and the neurological and physiological
consequences of pentazocine misuse. Conclusionln con-
clusion, this study demonstrates that the misuse of penta-
zocine enhances impaired motor and social behaviour;
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elevated oxidative dysfunction, neuroinflammation, apop-
tosis, decreased levels of antioxidants, and altered neuro-
transmitters in the cerebellar cortex. Pentazocine elevated
the respective levels of lipid peroxidation, myeloperoxi-
dase, nitric oxide, COX-2, and TNF-a, and diminished lev-
els of GSH, SOD, and catalase. Additionally, there was a
reduction in the levels of serotonin, AChE, and butyrylcho-
line, with a corresponding increase in the levels of dopa-
mine in the cerebellum of the mice. Exposure to graded
doses of pentazocine further triggered a reduction in the
activity of Na'/K'-ATPase. Regarding the effect of penta-
zocine on cerebellar mitochondrial functions, exposure to
graded doses of pentazocine significantly impaired mito-
chondrial absorbance and led to an increase in the genera-
tion of reactive oxygen species, heightened mitochondrial
membrane potential, increased damage to the outer mito-
chondrial membrane, and elevated levels of cytochrome c.
In addition, considering the significance of the studied
pathway in pentazocine misuse, modifying the dynamics
and functional integrity of the pathway may be a beneficial
target for the pharmaco-therapeutic interference that can
inhibit pentazocine neurotoxicity. The research reveals that
exposure to pentazocine is connected with increased oxi-
dative stress, as shown by the elevated levels of lipid pe-
roxidation, a process that impairs the biochemical, mor-
phological, and physiological capability of the cell mem-
branes, and myeloperoxidase, an enzyme connected to
inflammation. Furthermore, there is a significant increase
in nitric oxide and COX-2 levels, both of which are markers
of inflammatory processes. TNF-a, a cytokine concerned
with systemic inflammation, is also significantly elevated,
corroborating the idea that pentazocine enhances the neu-
roinflammatory environment. Conversely, the study high-
lights a substantial decline in the levels of key antioxidants,
including reduced GSH, SOD, and catalase. These antiox-
idants play crucial roles in counteracting reactive oxygen
species (ROS) and protecting neuronal cells from oxidative
damage. The reduction of these protective agents sug-
gests that the balance between oxidative stress and anti-
oxidant defence is disturbed in the presence of pentazo-
cine. Furthermore, there are noticeable changes in the dy-
namics of the studied neurotransmitters within the cerebel-
lum of the experimental mice. The research revealed a
decline in serotonin, AChE, and butyrylcholine levels,
which are vital for the regulation of mood and cognitive
functions. In contrast, an increase in dopamine levels was
detected, which may be connected to the drug’s euphoric
effects and a potential long-term neurochemical imbalanc-
es. The study also reveals that graded doses of pentazo-
cine significantly impair the activity of the Na'/K*-ATPase
enzyme, required for maintaining neuronal excitability and
homeostasis. A reduction in the activity of this enzyme can
result in adversely modulated cellular ion balance, further
inhibiting normal cellular function. In terms of mitochondrial
function, the results indicate that exposure to pentazocine
down-regulates mitochondrial absorbance, an indication of
impaired mitochondrial respiration and energy production.
This impairment is coupled with increased formation of
reactive oxygen species, which disrupts mitochondrial
components and contributes to heightened mitochondrial
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membrane potential and outer membrane damage. The
release of cytochrome ¢ from the mitochondria is a primary
event indicating the activation of apoptotic pathways, signi-
fying further neuronal loss and dysfunction. Given these
insights, the study suggests that targeting the identified
pathways may provide a therapeutic route for mitigating
neurotoxicity associated with pentazocine. By modifying
the dynamics and functional integrity of these pathways, it
may be possible to develop therapeutic procedures that
prevent or alleviate the adverse neurochemical effects in-
duced by pentazocine, thus enhancing neuronal health
and functional recovery. Overall, this analysis provides
information on the mechanisms underlying pentazocine-
induced neurotoxicity, providing the groundwork for future
research aimed at therapeutic interventions or attenuating
neurotoxicity triggered by pentazocine.
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