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Abstract

Diethylnitrosamine (DEN), a common dietary carcinogen, is associated with neurotoxicity in humans and animals.
This study investigated the neuroprotective effects of diphenyl diselenide (DPDS) against DEN-induced neurotoxic-
ity in male Albino Wistar rats (n =40). Rats were randomly distributed into cohorts and treated as follows: vehicle
control (corn oil 2 mL/kg; gavage), DPDS-only (5 mg/kg; gavage) and DEN-only (200 mg/kg; single dose i.p.). Also,
two other rat cohorts were pre-treated with DPDS (3 or 5 mg/kg) for 15 days (day: 0-15), subsequently adminis-

tered with DEN (200 mg/kg) and continuously treated with DPDS for another 7 days, (days:15-21). Behavioural tests
(OFT- using the open field test; NORT- novel object recognition test; FST- forced swimming test and Y-maze) were
conducted from days 19-21, followed by biochemical analysis of the hippocampus and prefrontal cortex for oxidative
stress, inflammation, neurotransmitter metabolic enzyme, and histopathology. DEN-treated rats exhibited decreased
locomotor activity, spatial memory function and antioxidant activity, increased oxidative and nitration stress, anxiety,
and depressive-like behaviour, causing histoarchitectural damage in prefrontal and hippocampal cortices. DPDS treat-
ment (pre- and post-DEN exposure) significantly alleviated these neurotoxic, oxidative, and nitration effects, reversed
DEN-induced histopathological alterations, and improved locomotive and cognitive functions. In conclusion, DPDS
demonstrates potent neuroprotective effects against DEN-induced toxicity, likely through enhanced endogenous
antioxidant capacity that mitigates oxido-nitrative damage. These findings suggest that the organo-selenium -DPDS-

is a promising chemotherapeutic agent potent in alleviating DEN-mediated neurotoxicity and maintaining brain
health.
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Introduction
Diphenyl diselenide (DPDS) is an organo-selenium com-
pound known for its antioxidant [1, 2], anti-inflamma-
tory [2, 3], chemoprotective [4, 5], antidepressant, and
memory-enhancing properties [6, 7]. DPDS increases
endogenous glutathione peroxidase-related activity by
mediating antioxidant signalling mechanisms involved
in the activation of nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) nuclear translocation, thereby promoting the
expression of heme oxygenase 1 (HO-1) and the thiore-
doxin antioxidant defence system [3, 8]. DPDS is known
to suppress the I kappa B kinase/Nuclear Factor-kappa B
(IxB/NF-xB) pathway and activate the nucleotide-binding
oligomerisation domain containing leucine-rich repeats
(NOD- LRR)- and pyrin domain-containing protein 3
(NLRP3) inflammasome in amyotrophic lateral sclerosis
(ALS) model [9], leading to the deactivation of micro-
glia and contributes to neuroprotective activity. Previous
studies have shown that DPDS exhibits neurobehavioral
benefits and enhances cholinergic transmission [10, 11].
The role of DPDS in suppressing Amyloid-f1 (Ap1)-42
and heat shock protein 16.2 (hsp-16.2) expression in the
Caenorhabditis elegans model has also been reported
[12]. DPDS has garnered attention for its ability to com-
bat oxidative stress, reduce neuronal damage and demon-
strate promising results in various experimental models
of neurodegenerative disorders [3, 9, 12, 13]. Moreover,
DPDS presents favourable pharmacokinetic profiles and
low toxicity, thus enhancing DPDS’s appeal as a candidate
for therapeutic intervention. DPDS offers potential thera-
peutic strategies to preserve neuronal function and miti-
gate the adverse effects of environmental and food-based
carcinogenic exposure on neurological health. Despite
the above-mentioned advantages, the exploration of
DPDS as a neuroprotective agent against Diethyl nitrosa-
mine (DEN)-induced neurotoxicity remains unknown.
DEN is a neurotoxin commonly found in various sub-
stances, such as pharmaceutical agents, cigarette smoke,
industrial waste, agricultural chemicals, cosmetics, and
fried and cured foods [14, 15]. Regrettably, it is chal-
lenging to avoid inadvertent exposure to DEN owing
to its ubiquity. Daily exposure to DEN at these doses of
0.04 and 2.2 pg/kg/day ultimately results in mutation
and the onset of cancer, respectively [16—18]. DEN-
induced neurodegeneration has been linked to either
direct neurotoxic injury, neural injury or hepatotoxicity
[15], incumbent on DEN’s metabolic biotransformation
by the cytochrome P,y (CYP,5,) enzymes, producing a
highly toxic reactive ethyl radicals (CH;CH,") metabo-
lite [15]. The generated ethyl radicals exacerbate reactive
oxygen species (ROS) and xanthine oxidase system while
covalently interacting with cellular macromolecules,
leading to deoxyribonucleic acid (DNA) damage, lipid
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peroxidation (LPO), protein damage, and downregulat-
ing antioxidant signalling pathways [15, 19]. Particularly,
DEN-caused AD-type neurodegeneration may be linked
to mutagenicity and carcinogenesis via the alkylation
mechanism, which increases oxide-nitrative and inflam-
matory stressors, furthering DNA damage [19, 20]. The
preceding biochemical derangement promotes a permis-
sive microenvironment implicated in neurobehavioral
deficits [19, 21-24], cognitive challenges [25] and dis-
ruption of normal neuronal integrity and function [26].
However, based on documented literature, DEN-induced
deficits in spatial working memory in animal models are
scanty, suggesting that the effect of DEN on cognition
and its mechanism is yet to be well explored.

Nevertheless, no study has shown the role of DPDS
on DEN-induced neurotoxicity in rats despite exten-
sive literature reports on oxidative stress- a hallmark of
DEN-induced neurotoxicity. We, therefore, hypothesised
and investigated a likely role for DPDS in abating DEN-
induced neuronal toxicity in albino Wistar rats. Sub-
sequently, we assessed rats’ neuro-behaviour, and the
brain’s prefrontal and hippocampal cortices by histopa-
thology. We also use biochemical toxicology approaches
to evaluate the experimental animals’ oxidative and
inflammatory status and acetylcholinesterase activity.
Finally, as we report here, this study deciphers the under-
lying mechanisms of DPDS as a likely neuroprotective-
enhancing agent.

Materials and methods

Chemicals

Diphenyl  diselenide = (C4HzSeSeC,Hy — 1666—13-
3,>98.0%), Diethyl nitrosamine ((C,H;),NNO, 55-18-5)
were obtained from Sigma-Aldrich, (St. Louis, MO, Co.
USA). All other chemicals used in this study were of ana-
lytical grade.

Experimental animals

Experimental male albino Wistar rats (170 +10 g; n=40,
age of 10 weeks) were used for this study. The rats were
procured from the University of Ibadan Central Animal
Facility and housed in polycarbonate cages in the Depart-
ment of Biochemistry Experimental Animal House. They
were subjected to a 12 h light/dark photoperiod and
standard room temperature to acclimatise. During this
period, the rats were fed a standard rodent diet (Breed-
well " Feeds, Ibadan, Nigeria) and free access to clean tap
water. All the experimental protocols followed the Guide
for the Care and Use of Laboratory Animals, United
States National Institute of Health” and were approved by
the University of Ibadan Experimental Animal Use Ethi-
cal Committee (UI-ACUREC/068-0524/06).
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Experimental design and treatments
After acclimatising the experimental animals for one
week, the rats were randomly assigned to five (5) groups
of eight rats each and treated as depicted below. Group
1 received the vehicle (corn oil only: 2 mL/kg/); Group
2 received a single intraperitoneal (i.p.) dose of DEN
(200 mg/kg bw) dispersed in the vehicle corn oil on
day 15, and Group 3 received DPDS 5 mg/kg bw orally.
Groups 4-5 received diphenyl diselenide (DPDS) orally
for 21 consecutive days and a single i.p. dose of DEN
(200 mg/kg) on day 15. This experiment’s experimental
dose for DEN [27] and DPDS [7, 10, 28] follows previ-
ously published doses. While corn oil served as the vehi-
cle for both DEN and DPDS, as depicted in Fig. 1 and
outlined below:

Group 1: Untreated Control (Corn Oil (vehicle) only
2 mL/kg; p.o).

Group 2: DEN only (200 mg/kg; single dose i.p; on day
15).

Group 3: DPDS only (5 mg /kg; p.o; daily for 21 days).

Group 4: DPDS (3 mg /kg; p.o daily for 21 days)+ DEN
(200 mg/kg; single dose i.p; on day 15).

Group 5: DPDS (5 mg /kg; p.o daily for 21 days)+ DEN
(200 mg/kg; single dose i.p; on day 15).

All treatments were carried out daily between 9:00 am
and 10:30 am for 21 days.

Behavioural test
Behavioural tests were conducted using the Y-maze test,
elevated plus maze (EPM), open field test (OFT), NORT,

Start

Page 3 of 16

and FST on days 19, 20, and 21 h. after corn oil and DPDS
administration (Fig. 1).

Y-maze test

The Y-maze apparatus was used to evaluate the effects
of DPDS on spatial learning memory in rats [29, 30].
The apparatus consisted of three similarly spaced arms
labelled A, B, or C (41 longx10 widex 10 high c¢m) at
120° and elevated 50 cm above the ground. On day 19,
each rat was placed in one of the arm compartments and
allowed to move freely for 5 min using a video recorder.
An entry into all three arms consecutively defined the
sequence of arm entries and correct alternation (ABC,
ACB, BCA, CAB, CBA, and BAC). For accuracy, the total
number of arm entries, alternate entries, track plots, and
heat maps were measured using the ANY-maze version
7.4 tracking software. The frequency of alternate arm
entry (AAE) was recorded, and the percentage of spon-
taneous alternation (PSA) was calculated as the ratio of
correct alternations to the total number of arms entered
minus two, multiplied by one hundred. The apparatus
was cleaned with 70% alcohol and allowed to dry between
the sessions.

Elevated plus maze (EPM)

The elevated plus maze test was conducted to evaluate
the anxiety-like activity of DPDS in rats [31]. The EPM
apparatus consisted of two open arms (50X 10Xx40 cm)
and two closed arms (50X 10 cm) connected perpendicu-
larly with a centre zone (10X 10 cm) elevated 50 cm above
ground level. Briefly, on day nineteen, each animal was
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Fig. 1 Effect of DPDS pre-treatments on DEN intoxicated rats experimental protocol. DEN Diethyl nitrosamine; DPDS Diphenyl diselenide; YMT
Y-maze test; EPM elevated plus maze, OFT, open field test, NORT novel object recognition test, FST forced swiming test, AChE acetylcholinesterase,
SOD superoxide dismutase, CAT catalase, GPx glutathione peroxidase, GSH reduced glutathione, CAT catalase total sulfhydral, TSH xanthine oxidase,

XO nitric oxide, MPO myeloperoxidase
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placed in the centre zone and allowed to explore all arms
for approximately 5 min, and the video was recorded.
Two trained observers blinded to the experimental treat-
ment recorded the time spent in the open and closed
arms and were located away from the animal view. The
olfactory cues left by the previously tested animals were
cleaned using 70% alcohol after each investigation.

Open field test (OFT)

The open field test (OFT) assessed locomotive and
exploratory behaviours using a wooden open field area
(100x100x60 cm). On day twenty, each experimen-
tal animal was placed in the centre of the OFT area and
allowed to explore freely for approximately 10 min using
a video recorder. Pre-recorded videos were analysed
using ANY-maze software version 7.4, and the distance
travelled, mean speed, number of line crossings, path
efficiency, tract plot, and heat map were obtained. The
olfactory cues left by the previously tested animals were
cleaned using 70% alcohol after each investigation.

Novel recognition test (NORT)

The novel object recognition test was used to assess rec-
ognition memory function, as previously described by
[32]. NORT was conducted briefly in a wooden open
field area (100 cmx 100 cmx60 cm) for 4 h. Following
the habituation of the animal in the open field for 10 min
without the objects, each rat was trained and placed
singly in the OFT apparatus with two identical objects
(object A) for 10 min for object familiarisation. Mean-
while, on day twenty-one, after object familiarisation,
the animals were exposed to two identical objects (object
A and object B) for a test period of 5 min using a video
recorder. Pre-recorded videos were analysed using ANY-
maze software version 7.4, and the time spent exploring
the novel object (B), the familiar object, the tract plot,
and the heatmap were obtained. The object recognition
memory function was calculated mathematically as an
explorative index: explorative index (EI)=(time spent
in novel object)/(total object exploration time) and dis-
crimination index (DI) as time exploring novel object (B)
minus time exploring familiar object (A) to total object
exploration time. The olfactory cues left by the previously
tested animals were cleaned using 70% alcohol after each
investigation.

Force swimming test (FST)

The FST was employed to indicate the anti-depressive-
like activity of DPDS, as described by [33]. On day 21,
after 4 hours, the NORT, FST was performed using clear
polyvinyl chloride (PVC) cylinders (50 cm tallX20 cm
diameter) containing %-filled water and a standard tem-
perature of 23-25 °C. Each rat was singly immersed in
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water and allowed to swim freely for 6 min. Immobil-
ity time was recorded for the last 4 min by two trained
researchers blinded to the treatment protocol when the
rat showed no further activity other than that required to
keep its head above water. The water was systematically
renewed at the end of each experiment.

Biochemical assay

Rats were sacrificed at the end of the experimental time-
line and behavioural tests, following 12—-13 h fasting by
decapitation under carbon dioxide asphyxiation. The
brain tissue of each experimental animal was removed,
rinsed in ice-cold potassium chloride (KCl) solution and
sectioned into the prefrontal cortex and hippocampus.
The brain sections were homogenised in 0.1 M Phosphate
buffer (1:9 w/v, pH 7.4) and centrifuged at 10,000 rpm for
15 min at 4 C to obtain supernatants for biochemical
assay, including acetylcholinesterase activity, oxidative
and nitrosative stress biomarkers.

Measurement of brain acetylcholinesterase (AChE)

The supernatant of the prefrontal and hippocampal cor-
tices was used to evaluate cholinergic function by meas-
uring AChE activity in the brain regions, as previously
reported by [34]. Briefly, 0.4 mL of brain supernatant
was combined with 2.6 mL of sodium phosphate buffer
(0.1 M, pH 7.4), 0.1 mL of DTNB (5,5’ -dithiobis-2-ni-
trobenzoic acid), and 0.1 mL of acetylthiocholine iodide.
The colour change indicates AChE activity resulting
from the reaction between thiocholine and DTNB. The
absorbance of the reaction mixture at 412 nm was meas-
ured using a UV spectrophotometer (752P UV-VIS).

Determination of brain antioxidant biomarkers

Following the sacrifice of the experimental animal under
light ether anaesthesia and CO, asphyxiation [35-37],
the brain was carefully excised and, under ice-cold condi-
tions, homogenised in 50 mM Tris—HCI buffer at a pH
of 7.4. The supernatant was obtained upon cold centrif-
ugation at 4 C and 12,000 g for 15 min and afterwards
used for biochemical analysis. Total protein concentra-
tion from the prefrontal and hippocampal was evaluated
according to Bradford’s previously reported method [38,
39]. Briefly, 50 pl of the prefrontal and hippocampal cor-
tex supernatant, 1.95 mL of distilled water, and 3 mL of
Bradford reagent were added to the test tube to obtain a
mixture incubated at room temperature for 30 min and
read at 540 nm and protein concentration was deter-
mined using the standard curve.

Reduced glutathione (GSH) estimated in 5, 5 -dith-
iobis-2-nitrobenzoic acid (DTNB; Ellman’s reagent) as
previously reported by Jollow et al. [40] by adding 80 pL
of sample was added into 80 pL of precipitate solution
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(sulfosalicylic acid, 4%) incubated at 4 °C for 10 min and
centrifuged at 4000 rpm, 4 °C for 5 min. Then, 50 pL
supernatant mixed with 150 puL of DTNB (0.1 M, pH
8.5) incubated for 5 min were read at 412 nm absorbance
against blank (GSH stock solution; 40 mg of GSH; 0.1 M
phosphate buffer) after 10 min.

The glutathione peroxidase (GPX) activity was meas-
ured according to the procedure described by Rotruck
et al. [41]. The mixture consists of 10 mM sodium azide,
4 mM GSH, 10% trichloroacetic acid, 2,5 mM hydrogen
peroxide, 0.1 M pH 7.4 phosphate buffer and 50 pL of
sample respectively, incubated for 3 min at 37 C and cen-
trifuge for 3000 rpm for 5 min to obtain a supernatant
mixture. 50 pL of supernatant mixture and distilled water
was added to 100 uL Dipotassium hydrogen orthophos-
phate (0.3 mM), and 50 pL of Ellman’s DTNB and absorb-
ance was read against blank at 412 nm. GPx activity was
expressed as pmoles of residual GSH/mg protein.

Catalase (CAT) activity was determined according
to the method of Claiborne [42] following the addition
of 2.95 mL phosphate buffered hydrogen peroxide and
50 pL of sample or standard in a cuvette, mixed gently by
inversion and read at 240 nm absorbance for 5 min.

Using Misra and Fridovich’s method [43], Superox-
ide dismutase (SOD) activity was determined by adding
2.5 mL of carbonate buffer (0.05 M, pH 10.2) in a cuvette
with 50 pL of sample or standard and 0.3 mL of epineph-
rine was added. Meanwhile, the change in absorbance
was recorded at 480 nm every 30 s for 2 min.

Glutathione-S-transferase (GST) activity was accord-
ing to the Habig et al. method [44] by adding a mixture
of 10 uL of 1-chloro-2,4-dinitrobenzene (CDNB), 170 pL
of the reaction mixture and 20 pL of samples or standard
in a 96 healthy plate and read at 340 nm absorbance for
3 min every 30 s.

Total Sulthydryl group levels were determined using
dithionetrobenzoic acid (DTNB) in the prefrontal and
hippocampal cortices supernatant [45, 46]. Briefly,
130 pL of reaction mixture consisting of sample, phos-
phate buffer and distilled water in a ratio of (3:2:5) was
mixed with 15 pL of Ellman’s reagent incubated at room
temperature for 2 min and absorbance read at 412 nm.

Determination of neural oxido-inflammatory responses
The brain oxidant biomarker, such as xanthine oxidase
(XO), was assessed using the Bergmeyer et al. method
[47] briefly, 80 pL of xanthine solution (0.15 m M, pH 7.5)
was pipetted into 8 uL of sample into a microplate and
absorbance measured for 3 min at 290 nm, xanthine oxi-
dase activity expressed as pmole/min/mg protein.

Nitric Oxide (NO) levels were estimated using Griess
reagent, and sample supernatant aliquots (1:1) were
mixed and incubated for 15 min, and absorbance read at
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540 nm [48]. The total nitrite level was calculated from
the absorbance obtained from a standard solution, and
the results were expressed in units per mg protein.

The level of myeloperoxidase (MPO) activity was eval-
uated in O-dianisidine dihydrochloride as previously
described [49, 50], using the prefrontal and hippocam-
pal tissue homogenate. Briefly, 200 uL of O-dianisidine
dihydrochloride was mixed with7 pL of sample in a
microplate reader, and absorbance was measured at
30 s intervals for 4 min at 460 nm. MPO activity was
expressed in pmol/mg protein.

Histological protocol

Following sacrifice, the brain tissue was dissected, sub-
merged in 10% neutral buffered formalin, and processed
for paraffin embedding. Brain sections were cut using
a microtome and stained with hematoxylin and eosin
(H&E) [51]. Light microscopy was used to determine the
histoarchitecture of the prefrontal and hippocampal cor-
tices at 400X magnification. The number of prefrontal
and hippocampal cortices (CA3) pyramidal dark stained
neurons were counted (n=3/group of 5 photomicro-
graphs average) using Image]J software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9.0. One-way analysis of variance (ANOVA) was used to
determine the difference between the five groups, and
means were compared using the Tukey multiple compar-
ison test. All data obtained from this study (biochemical
and histomorphometry) were expressed as mean + SEM.
The results were considered statistically significant at
*P <0.05 vs control or DEN untreated cohort.

Results

DPDS treatment prevented DEN-induced locomotive
deficit

The impact of DPDS on rat’s locomotive and explora-
tive behaviour is displayed in Fig. 2 (a & b). Compared
to the control, animals treated with a neurogenic dose
of DEN (200 mg/kg) resulted in a significant increase
(p<0.05) in path efficiency [F (4, 20)=70.10, P <0.0001]
and a decrease in distance travelled [F (4, 20)=46.76,
P <0.0001] and mean speed F (4, 20)=29.11, P <0.0001].
The DEN-treated group also observed deterioration in
the track plot and heat map. However, DPDS treatment
attenuated DEN-induced reduction in locomotive and
explorative activities by significantly decreasing the path
efficiency and increasing the distance travelled and mean
speed.



Owumi et al. BMC Neuroscience (2024) 25:77 Page 6 of 16

Total distance travelled Mean speed (m/s) Path efficiency

s34

. xeer 0.031
- e » ERSS R
T
o £
7 8 0.02-
9 2 8
9724 2]
A 2. 7 B3
2 %% 8
2 3 0.01-
V45 :
2 2274
y222]
¢
Vv
Voo
o %

Control DEN DPDS DPDS, + DEN DPDS, + DEN

Fig. 2 Effect of DPDS pre-treatments on locomotive function of DEN intoxicated rats. A—C Distance travelled, mean speed, path efficiency. D Track
plot. E Heat map. Values are expressed as mean £+ SEM (n=5). **P <0.01, ***P < 0.001, ****P < 0.0001. compared to the control and DEN-only groups.
control, DEN Diethyl nitrosamine, or DPDS Diphenyl diselenide

DPDS prevented DEN-induced anxio-depressive-like [F (4, 20)=16.58, P <0.0001) and a significant decrease
behavior (p <0.05) in the open arm [F (4, 20)=191.0, P <0.0001]
As shown in Fig. 3. DEN-only treated rats observed of the elevated plus maze compared with the con-
a significant increase in time spent in the closed arm  trol. DEN-only treated cohort observed a significant

Immobility time

Time in spent close arm Time in open arm p
400+ *okokk 50 ko
I 1 300+ %k *kokk
ns skokokok sokok
i 40
= 300 .
N T Ln’ 7,)\
_8 ) 30 ~
& 200 T 8
S %% £ 2 e
(3] %924 20 o 9299
0094 Q o 949
3 9% o o %%
100 222 n 17 9%%%
0004 104 2099
2229
22 == %555
%% %
o 2424 i 2924
= T
F &£ S . B
N % S Q & Q' .
o~ [e) o o
QO g O O
N S N S
A B

Fig. 3 Effect of DPDS pre-treatments on anxious-depressive behaviour of DEN intoxicated rats. A Time spent in closed arm, B in open arm, C
Immobility time. Values are expressed as mean+SEM (n=5). **P <0.01, **P <0.001, ****P <0.0001 compared to control and DEN-only group.

control, DEN Diethyl nitrosamine, DPDS Diphenyl diselenide



Owumi et al. BMC Neuroscience (2024) 25:77

increase in immobility time on the tail suspension test
relative to the control. DPDS treatment annulled the
anxiogenic and depression caused by DEN by increas-
ing the time spent in the open arm and reducing
immobility time.

DPDS prevented cognitive impairment in DEN-treated
experimental rats

As depicted in Figs. 4, 5. Cognitive impairment was
observed in DEN-only treated rats as indicated by a
significant reduction in the frequency of alternate arm
entry [F (4, 20)=6.438, P=0.0017] and percentage
spontaneous alternation [F (4, 20) =46.39, P <0.0001]
on y-maze test (Fig. 4), reduction in the explorative
index on the novel object [F (4, 20) =36.05, P <0.0001],
time spent with a novel object [F (4, 20)=17.33,
P<0.0001] and an increase in the explorative index
on the familiar object [F (4, 20)=9.768, P=0.0002]
(Fig. 5) compared to control. The representative of
the track plot and heat map confirmed DEN-induced
cognitive impairment. However, DPDS+ DEN treat-
ment reversed DEN cognitive impairment by increas-
ing spontaneous alternation, explorative index on
the novel object, time spent with a novel object and
decreased explorative index on the familiar object.

5 Alternate arm entry
*k *k

>
Frequency
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DPDS inhibited hippocampal and prefrontal cortex
acetylcholinesterase (AChE) activity

The impact of co-exposure to DEN and DPDS on AChE
activity in rats’ hippocampus and prefrontal cortex is
shown in Fig. 6. Compared with the control, animals
treated with DEN alone observed a significant increase
(p<0.05) in hippocampal and prefrontal cortex AChE
activities [F (4, 15)=12.22, P=0.0001; F (4, 15)=11.54,
P=0.0002]. Conversely, the group treated with different
doses of DPDS (3 and 5 mg/kg)+DEN showed a signifi-
cant decrease in AChE activity in both the hippocampal
and prefrontal cortices relative to the DEN cohort.

DPDS improved antioxidant enzymes activities

in the prefrontal cortex and hippocampus of DEN-treated
rats

Hippocampal and prefrontal cortex sample oxida-
tive stress biomarker activities in experimental groups
are shown in Figs. 7, 8, respectively. DEN-only treated
experimental rats exhibited a decrease (p<0.05) in the
SOD [F (4, 15)=4.635, P=0.0123; F (4, 15)=9.562,
P=0.0005], CAT [F (4, 15)=115.6, P<0.0001; F
(4, 15)=71.04, P<0.0001], GSH [F (4, 15)=8.859,
P=0.0007; F (4, 15)=32.61, P<0.0001] and GPx [F (4,
15)=110.8, P<0.0001; F (4, 15)=20.06, P <0.0001] activ-
ity in the hippocampus and prefrontal cortex with only

1500 Spontaneous alternation
REK

e

00

percentage

@
S
1

3
R
INRRRRRRRNRY]

o
I
»:
RS

YYYYY

Control

DPDS,

DEN + DPDS, DEN + DPDS,

Fig. 4 Effect of DPDS pre-treatments on cognitive behaviours of DEN intoxicated rats on y-maze test. A alternate arm entry, B spontaneous
alternation, C track plot, and D heat map. Values are expressed as mean + SEM (n=5). *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001 compared
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a decrease in TSH [F (4, 15)=3.198, P=0.0436; F (4, DPDS+DEN treated rats lessened the effect of DEN by
15)=19.41, P<0.0001] activity in the prefrontal cortex increasing the activity of SOD, CAT and GPx activity in
relative to control. On the other hand, different doses of  the prefrontal cortex and hippocampus, with no change
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in the prefrontal cortex and hippocampal TSH compared
to those in rats co-exposed to DEN.

DPDS mitigated oxido-nitrosative biomarkers

in the Prefrontal Cortex and Hippocampus of DEN-treated
rats

As shown in Fig. 9, compared to the control, rats exposed
to DEN-only treated rats observed an increase (p<0.05)
in the hippocampal and prefrontal cortex XO [F (4,
15)=38.73, P<0.0001; F (4, 15)=17.77, P<0.0001], NO
[F (4, 15)=19.26, PP <0.0001; F (4, 15)=31.33, P <0.0001]
and MPO [F (4, 15)=30.23, P<0.0001; F (4, 15)=21.50,
P<0.0001] levels. Conversely, rats co-treated with dif-
ferent doses of DPDS (3 and 5 mg/kg)+DEN revealed
a significant decrease in the prefrontal cortex and hip-
pocampal XO, NO and MPO compared to DEN.

DPDS reversed prefrontal cortex and hippocampus
histological architecture

The control group displayed typical neurons of the pre-
frontal cortex pyramidal cell. At the same time, DEN-only
treated rats showed pyknotic, necrotic and degenerated
neurons in the prefrontal cortical pyramidal layer with
elevated dark stained neuronal count [F (4, 10)=12.24,
P =0.0007] relative to the control (Fig. 10). However, dif-
ferent doses of DPDS cotreated with DEN showed nor-
mal neurons with mild degeneration in the prefrontal

cortex pyramidal layer. Similarly, the hippocampal sec-
tion CA3 pyramidal layer in the control rat was typical. In
contrast, the DEN-only treated rat showed shrinkage of
CA3 pyramidal neurons and multiple vacuolations with
marked dark stained neuronal count [F (4, 10)=19.16,
P=0.0001] compared to the control (Fig. 11). DPDS
reversed CA3 pyramidal neuronal shrinkage and vacu-
olations in DEN treatment.

Discussion

Diethylnitrosamine (DEN) is a carcinogen associated
with cognitive decline and neurodegeneration [19, 22,
23, 25]. Studies have shown that DEN at low doses can
impair skilled motor performance, learning, and memory
while increasing biomarkers of neuro-inflammatory by
upregulating amyloid-f3, phospho-tau, ubiquitin immu-
noreactivities, tumour necrosis factor-alpha (TNF-a),
and interleukin-6 (IL-6) in the hippocampus [19, 25,
52]. Clinical studies have also reported cognitive impair-
ments, persistent anxiety, depression, and reduced qual-
ity of life among cancer patients and survivors [53-55],
particularly those with brain tumors [22, 56, 57].

The neuroprotective role of diphenyl diselenide (DPDS)
against DEN-mediated neuronal oxido-nitrosative stress
in rats is discussed based on our experimental findings
corroborating previous literature. The brain is a com-
plex organ with intricate neuronal connections whose
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functions are influenced by environmental stressors [58],
including neurotoxins and carcinogens [59]. Of note are
the roles played by the nervous system in carcinogenesis
[60-62], modulating tumour tissue immune cells, nerve
responses, and neurotransmission, which may influence
carcinogenesis and cancer progression [63]. We demon-
strated that neurogenic doses of DEN led to hypo-loco-
motion, anxiogenic-depression-related behaviour and
altered spatial working memory in experimental rats. The
OFT, EPM, FST, YMT and NORT used in this study are
well-known behavioural batteries that provide valuable
information on neurobehavioral phenotypes. Rats treated
with DEN alone exhibited impairment in their learning
and memory, as previously reported [32, 64, 65], loco-
motive and explorative dysfunction, and anxio-depres-
sive-like symptoms in rodent models [66—68]. Another
analogue of DEN, N-Nitrosodiethylamine (NDMA), has
been reported to cause a remarkable decrease in neu-
romuscular strength and cognition in treated mice [23,

25, 26]; on the other hand, DPDS reduced locomotive
deficit, cognitive impairment and anxiety-depressive-like
behaviour in our experimental model of DEN-induced
neuronal toxicity; similarly, DPDS has been reported
to alleviate toxicity in different rodent models [69-71].
Relative to the untreated control, groups of rats treated
with DPDS alone exhibited increases in total locomotive
activity, lessened anxio-depressive-like behaviour and
improved spatial memory and learning, suggesting an
improvement beyond baseline motor and cognitive func-
tions, aligning with the previous report of Stangherlin
etal, [72].

Similarly, DEN-induced hepatocarcinoma has been
associated with psychological stress and alteration in
brain neurotransmitters, including noradrenaline and
dopamine [73]. Similarly, NDMA has also been reported
to downregulate neurotransmitters, including dopamine,
serotonin and acetylcholinesterase [26]. To underscore
the mechanism involved in the neurotoxic effect of DEN
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exposure, we investigated its role in the cholinergic sys-
tem, focusing on acetylcholinesterase activity (AChE),
an essential enzyme necessary to maintain cholinergic
neuronal transmission balance, by inhibiting acetylcho-
line (ACh) activity and blocking ACh postsynaptic signal
transmission [74]. Our finding demonstrated that rats
exposed to DEN-only caused a significant increase in the
activity of the cholinergic neurotransmitter-degrading
enzyme, indicated by an increase in prefrontal and hip-
pocampal cortices AChE activity. Our findings of DEN-
induced ACh hypofunction in cortical and hippocampal
cortices agree with a previous study by Picciotto et al.
[75]. The cortical and hippocampal cortices brain regions
are well-known for motor function, memory consolida-
tion, and retrieval [76, 77]. Disruption in the cholin-
ergic function of the hippocampal-prefrontal network
remains the central underlying pathology in Alzheimer’s
disease [78]. Altered AChE activity has been linked with
motor dysfunction, anxio-depressive behaviour [79] and
impaired learning and memory [80], as observed in the
current study. Noteworthily, neurotoxicity is linked to
cholinergic dysfunction typified by low acetylcholine
activity, resulting in memory and learning dysfunctions
[74]. Experimental rats pre-treated with DPDS showed
reduced AChE activity in the prefrontal cortex and hip-
pocampus relative to the DEN-only treated group, sug-
gesting the restoration of the cholinergic function and
improved cognitive and motor function. Low AChE may

indicate high acetylcholine activity and activation of anti-
apoptotic pathways, as reported in the literature [81].
DPDS-supplementation has been reported to enhance
exploratory behaviour and reduce cerebrum and cer-
ebellar AChE activity in rats [7] and Ctenopharyngodon
idella [69] exposed to doxorubicin and methyl mercury,
respectively.

Besides DEN-induced dysfunctions in neurotransmis-
sion, DEN has also been implicated in oxidative stress,
chronic neuroinflammation, apoptosis and neurotoxic
injury [55]. Hence, we demonstrate the protective role of
DPDS in DEN-induced oxidative and nitrosative stress.
Experimental rat cohorts treated with DEN-only showed
a marked increase in oxido-nitrosative stress exemplified
by decreased activity of endogenous enzymatic antioxi-
dants and glutathione in rats’ hippocampus and prefron-
tal cortex. The preceding findings are in agreement with
previous reports that dimethyl nitrosamine (DMN), a
nitrosamine compound as DEN, caused oxido-nitrosative
stress in both rat brains [82], rat and rat kidneys [27, 83],
rats’ liver, stomach, colon [14] and the testis of both rat
and mice [83, 84]. In post-cultured-mitotic rat CNS neu-
rons treated with DEN [19, 52, 54], studies have reported
upregulated phosphorylated tau protein, amyloid-beta
protein, 8-hydroxy-2’-deoxyguanosine, 4-hydroxy-2-non-
enal, and mitochondrial dysfunction, which are linked to
neuronal cell death and neurotoxicity. These effects may
be attributed to DEN-mediated metabolic pathways and
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transformation processes, which produce reactive oxygen
species (ROS), inflammation, DNA damage, and apopto-
sis in neuronal cells [19, 21, 23, 85].

DPDS exhibit antioxidants, cholinesterase, and inflam-
mation-inhibitory activities [7, 9, 86, 87]. DPDS pre-
treatment has been reported to inhibit LPS-induced
activation of the IkB/NF-kB pathway and reduce NO
and ROS levels [9]. These reported beneficial biological
effects of DPDS may make it a promising therapeutic
agent against neuronal damage in cancer, cancer treat-
ment, and predisposition to carcinogens. Hence, we
postulate that DPDS may alleviate DEN-induced neuro-
toxicity. DPDS-pretreated rats demonstrated antioxidant
activities and mitigated the oxido-nitrosative stress in the
hippocampus and prefrontal cortex by increasing endog-
enous antioxidants and glutathione and reducing nitro-
sative biomarkers. These results suggested that DPDS
can effectively abate DEN-induced oxidative stress and
nitrosative processes in the brain, which underscores its
potential to prevent brain-related pathology, including
chemotherapy-induced neurotoxicity, traumatic brain
injury, Stroke, Alzheimer’s and Parkinson’s diseases.

Our finding demonstrated neurotoxic injury in single
intraperitoneal administration of DEN in rats, result-
ing in prefrontal and hippocampus (corneum ammonis
areas three: CA3) pyramidal neuron pyknosis, chroma-
tolysis, vacuolation and degeneration in line with ear-
lier studies [23, 88]. DPDS pretreated groups prevented
DEN-induced pyramidal neuronal injury in the pre-
frontal cortex and hippocampal CA3 region, which play
an important role in episodic memory. The CA3 region
is especially well known for rapidly storing and retriev-
ing associative memories [89, 90]. It consists of unique
projection to the DG via mossy fibre and CA1 via Schaf-
fer collateral while receiving input through the per-
forant path directly from the entorhinal cortex [90, 91].
CA3 region has also been documented in the literature,
as most CA regions with large populations of pyrami-
dal cells are linked to hippocampal trisynaptic connec-
tion, ensuing spatial memory retrieval and learning [92,
93]. Noteworthily, damage to CA3 pyramidal cells has
been linked to neurodegeneration as it is documented
to be highly susceptible to neurological disorders [89].
Similarly, the prefrontal cortex is critical in executive
functions such as working memory, thought, attention,
planning, value-based decision-making and motor plan-
ning [76, 94].

Our histomorphometry study showed CA3 pyramidal
cell shrinkage, vacuolations, and increased darkly stained
neurons in a singly intraperitoneal dose of DEN-intoxi-
cated rats, suggesting severe CA3 pyramidal cell damage.
DEN-intoxicated rats also demonstrated prefrontal cor-
tex and pyramidal cell damage, confirming possible injury
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in the prefrontal-cortical-hippocampal connection in
the DEN-only group. Of note, damage in the prefrontal-
cortical-hippocampal connection is linked with impaired
behaviour, including anxiety, depression, impaired cogni-
tion and motor learning, a condition associated with neu-
rologic and neuropsychiatric disorders [76, 95, 96]. DPDS
pretreatment prevented DEN-induced prefrontal cortex
and hippocampal damage, providing prefrontal cortex and
hippocampal structural recovery and suggesting possible
neuro-preventive or protective benefits of DPDS in neuro-
logic and neuropsychiatric disorders.

In conclusion, DPDS pre-treatment protected against
toxicities in experimental rats intoxicated with DEN by
improving the neurochemical function, behavioural and
histomorphometry alterations through modulation of ace-
tylcholinesterase activity and brain oxido-nitrosative stress.
Meanwhile, additional pathways, such as anti-inflam-
matory and anti-apoptotic pathways, were not explored.
However, further studies are required to fully unravel the
entire mechanism, including the anti-inflammatory and
anti-apoptotic pathways by which DPDS confers its neu-
roprotective effect since the present study was focused
on oxido-nitrosative effects, neurotransmitters degrading
enzymes and histomorphometrical parameters. Besides the
efforts of others, we intend to investigate the roles of pro-
and anti-inflammatory cytokines, apoptotic neurogenesis
biomarker, astrocyte and astrogliosis in the mechanism
of DPDS pre-treatment to abate DEN-induced neuronal
toxicity.
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