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The study unveils the importance of Spondias mombin leaf extract (S. mombin: 100 mg/kg b.wt.) in mitigating the toxic insult
mediated by copper (16 mg/kg) on the cholinergic system via oral gavage. Male mice were weighed and distributed into five
groups, six mice per group. Group A represents the basal control group given only distilled water; Group B and C were given
16 mg/kg of copper sulphate and 100 mg/kg of S. mombin methanol leaf extract, respectively, for 31 days; Group D was given
16 mg/kg of copper sulphate for 31 days, followed by treatment with 100 mg/kg of S. mombin methanol leaf extract for 15 days; and
Group E was assigned only S. mombin. The copper concentration was evaluated using atomic absorption spectroscopy, while the
cognitive abilities were assessed using Morris water maze and elevated plus-maze. The result showed that S. mombin reversed the
disparities in cholinesterase and choline acetyltransferase activities in vivo due to copper neurotoxicity, with a relative (p < 0.05)
decrease in brain and blood copper concentration in co- and posttreatment groups. Furthermore, S. mombin reported decreased
the disparity between pro- and antioxidant occurrence caused by copper toxicity by lowering brain lipid peroxidation, raising thiol
levels, and increasing the activities of antioxidant enzymes such as glutathione transferase, catalase, and superoxide dismutase. The
result showed that the extract had a protective influence on memory deficits (p < 0.05), significantly reduced anxiety levels, and
increased the overall number of neurons in the hippocampus subfields. In conclusion, S. mombin ameliorates Cu-induced
neurotoxicity and neurocognitive dysfunctions by virtue of enhancement of cholinergic signalling and antioxidant activities in the
brain.

Keywords: anxiety; choline acetyltransferase; cholinesterase; memory impairment; neurotoxicity; oxidative stress; Spondias
mombin

1. Introduction production is steadily increasing, and its incidents of ex-

posure have been reported via the water supply, occupa-
Copper (Cu) exposure is a major environmental health  tional chemical hazards, use of herbicides and pesticides,
problem [1, 2]. Although it is the third most essential environmental emissions, industrial waste and the use of
micronutrient element in the human body [3], global copper =~ Cu-containing contraceptive implants [1, 2, 4]. Copper can
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be absorbed from copper plumbing pipes giving rise to
elevated copper levels (exceeding 100 mg/L) in drinking
water [5]. The Scientific Committee on Food (SCF) con-
cludes that no retention of copper is expected to occur with
an intake of 5mg/day and established an acceptable daily
intake (ADI) of 0.07 mg/kg bw [6, 7]. Within the framework
of evaluating plant protection products (PPPs), EFSA
established an ADI of 0.15mg Cu/kg bw per day in 2008
[6, 7]. This is equivalent to 10mg per day for an adult
weighing 70kg. EFSA validated this ADI value in 2018 as
part of the peer review process for renewing the licencing of
copper as a PPP. EFSA developed appropriate intakes (Als)
in 2015 to prevent copper deficiency in the context of copper
as an important nutrient [6, 7].

The central nervous system has been identified as the
primary target for Cu-induced toxicity, with ongoing de-
bates on the involvement of copper dysfunctions in neu-
rological conditions. Environmental copper exposure, for
example, is a hallmark of many neurodegenerative disorders
(NDs) and cognitive disability impairment [8, 9]. Its neu-
rotoxic mode of action seems to have a direct or indirect role
in elevated oxidative stress, a significant factor in neuronal
toxicity [10]. Although there is still much more to discover
about Cu neurotoxicity in neurodegenerative and its in-
volvement in disease aetiology [11], therapeutic strategies to
regulate Cu levels and interactions with Cu-binding proteins
in the central nervous system are currently under in-
vestigation [11, 12]. With the upward rise in NDs, it is critical
to identify and understand the processes by which copper
exposure could negatively affect cognitive function and
increase the risk [13]. This investigation therefore employed
copper as a neurotoxicity-induced model and its connection
with cognitive performance and how these could be aimed
for therapeutic intervention.

Diverse mechanistic processes play a role in Cu-induced
neurotoxicity, and the mechanism underlining its cognitive
function is controversial and not well understood. However,
the most common mechanism underlining Cu-induced
toxicity was attributed to the Fenton reaction [14, 15],
a reaction that eventually generates brain-reactive oxygen
species (ROS) and hence neuronal cell damage [14, 15]. In
addition to this pathway, Cu has the ability to react with
hydrogen peroxide to form hydroxyl radical [15, 16], a re-
actionary radical that can damage macromolecules such as
membrane proteins, lipids, DNA and RNA [15]. Although
Cu has been shown to cause several biochemical cascades
through oxidative stress that significantly results in brain
inflammatory responses and neuronal death [8, 9, 17], the
contribution of oxidative stress to increased acetylcholin-
esterase (AChE) activity has been identified in the pathol-
ogies of NDs as well. For instance, AChE degrades
acetylcholine (ACH), a presynaptic modulator [18-21], and
it is widely assumed that ACH plays a pivotal role in learning
and memory processing. Its deficiencies have been linked to
higher cognitive impairment as seen in NDs [22, 23].
Therefore, brain ACHE inhibition could be a primary
therapeutic target in NDs treatment strategies, by
strengthening the level and duration of neurotransmitter
action [18, 24].
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Medicinal plants are abundant in exogenous antioxidant
defences such as flavonoids and carotenoids and have the
potential to safeguard cognitive function [21, 23, 24]. Prior
research has shown that medicinal plants could modulate the
levels of antioxidant indicators, such as SOD, catalase (CAT)
and glutathione, therefore enhancing spatial learning and
memory. On the other hand, it has been shown that the
consumption of food plants has the potential to inhibit
ACHE, thereby leading to the restoration of cognitive
function in animals [24]. Therefore, we further evaluated the
amelioration potentials of S mombin in Cu-induced pertur-
bations. S mombin, also called iyeye in Yoruba ethnomedicine
[25, 26], has been utilized by Nigerian traditional practi-
tioners to treat a variety of nerve disorders. The outcomes
from high-performance liquid chromatography-ultraviolet
fingerprint analysis shows the presence of flavonoids phy-
toconstituents, as well as the identification of ellagic acid and
isoquercitrin, whereas the vast bulk of the compounds by the
gas-chromatographic technique seemed to be fatty acids,
esters and alcohols. The fruit, leaf or bark of S. mombin has
been shown to have antidiarrheal, antibacterial, diuretic,
febrifuge and emetic properties. The flower, leaf or bark are
used to treat stomachaches and other inflammatory diseases,
as well as to heal wounds. The leaf and fruit have been shown
to have antioxidant properties [27]. Its leaves have anti-
inflammatory, anthelmintic, haematinic and sedative prop-
erties, and its stem bark has antimycobacterial properties
[25, 26]. Phytochemical screening revealed that S. mombin
leaf (SML) contains tannins, saponins, alkaloids, flavonoids
and phenols in a previous study [28]. It also contains ribo-
flavin and thiamine, as well as ascorbic acid and niacin.
Despite the leaf’s information, little is known regarding its
scientific utility in the CNS. Therefore, the study aims to
report the potentially beneficial effects of S. mombin on
copper-induced neurotoxicity.

2. Materials and Methods

2.1. Botanic Material and Extract Preparation. Fresh
S. mombin leaves were collected from the Botanic Garden of
Obafemi Awolowo University in Ile-Ife, Nigeria. A sample of the
collected plant material was identified and deposited in the Ife
Herbarium, Department of Botany, Obafemi Awolowo Uni-
versity, under the exsiccate number IFE17618. Weighed fresh
leaves (300 g) were air-dried and powdered. The powdered leaves
were then extracted using 80% of methanol with 20% distilled,
with constant shaking, and thereafter filtrated. The solvent was
filtered through the funnel, making use of cheesecloth and fluted
filter paper. The filtrate was concentrated using a rotary evap-
orator and thereafter stored at 4—8 C until further use.

2.2. Phytochemical Investigation. The phytochemical con-
stituents were identified using necessary preliminary phy-
tochemical screening as described by the authors of [29-31].

2.3. Estimation of Total Phenolic Content. In this study, we
employed the use of the Folin-Ciocalteu method to evaluate
the total phenolic content of Spondia mombin [32]. In
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a nutshell, 0.1 mL of S. mombin extract (1 mg/mL) and
0.1 mL of Folin-Ciocalteu phenol were mixed and waited for
5min. Following that, I mL of 7% Na,CO; and 1.3 mL of
distilled water were introduced. The reaction mixture was
kept at 29°C for 90 min. At 750 nm, maximum absorbance
(OD) was measured. The total phenolic value was observed
as gallic acid equivalent (mg GAE) per gram of dry leaf
extracts using the calibration graph of reference gallic acid
solutions. All parameters were measured three times.

2.4. Determination of Total Flavonoid. The actual flavonoid
content was estimated using Meda et al. [32], aluminium chloride
approach. To begin, 0.3 mL of S. mombin (1 mg/mL), 0.15mL of
AICL6H O (0.3M), 0.15mL of NaNO, (0.5M) and 3.4 mL of
methanol (30%) were dispersed together. The reactivity was
terminated after 5 min with 1 mL of NaOH (1 M). At 506 nm, the
optical density was taken. The total flavonoid concentration was
evaluated as quercetin equivalent (mg QE) approximation per
gram dry plant extract using a curve of conventional quercetin
solutions and demonstrated as mg QE per gram dry crude
extracts. All samples’ data were measured in triplicate.

2.5. Experimental Design

2.5.1. Obtaining Copper Sulphate. Copper sulphate grade of
95% purity was obtained from Sigma-Aldrich, Inc. (St Louis,
MO, USA).

2.5.2. Experimental Animals. Thirty male Swiss albino mice
(Mus musculus) weighing approximately 22-25g were ac-
quired from the Pharmacy Faculty’s Animal House at
Obafemi Awolowo University in Osun State, Nigeria. Before
the experimental study, all the mice were maintained at an
optimal temperature range of 65-80 degrees Fahrenheit and
a humidity level between 40% and 70%. The animals were
kept for 2 weeks under the light and dark cycle. All animals
were supplied with a standard chow diet and had unlimited
access to fresh water. Ethical approval for this research was
obtained from the Health Research and Ethics Committee of
the Institute of Public Health, Obafemi Awolowo University
(HREC No: IPH/OAU/12/2050).

2.6. Experimental Grouping. A total of 30 male mice were
weighed and distributed into five groups, six mice per group
(Scheme 1).

e Group A: The control group treated only with
distilled water.

¢ Group B: It was treated with 16 mg/kg copper sulphate.

¢ Group C: It was administered with 16 mg/kg of copper
sulphate and cotreated with 100 mg/kg of S. mombin
leave extract for 31 days.

¢ Group D: It was administered with 16 mg/kg copper
sulphate for 31 days, followed by the treatment with
100 mg/kg S. mombin for 15 days.

¢ Group E: It was administered only with 100 mg/kg of
S. mombin leaves extract for 1 month.

Copper sulphate was dissolved in distilled water, and the
CuSO,-treated groups received intragastric doses of 16 mg/
kg of CuSO, as reported by Liu et al. [33]. Related dose was
also reported by Kumar, Sathua and Flora [34] to induce
neurotoxic effects in rat brain (Schemes 1 and 2). The mice
were administered through the oral gavage (1mL) with
100 mg/kg of the extract as reported by Ola-Davies et al. [35]
and Brito et al. [36]. Group C was placed on 100 mg/kg of
S. mombin 2 h before receiving 16 mg/kg intragastric CuSO,
dosage for 31days. Group D was placed on 16 mg/kg of
CuSO, continuously for 31 days after which it was treated
with 100 mg/kg S. mombin for 15 days.

2.7. Behavioural Tests. Thirty minutes before the behav-
ioural activity, the mice cages were moved from the animal
house to a behavioural room in the morning (Scheme 1). The
animals were examined using the Morris water maze
(MWM) and elevated plus-maze (EPM) test paradigms to
establish baseline cognitive abilities as well as anxiety-like
behavioural activity (before treatment with the plant ex-
tracts). On day 31, these steps were repeated (i.e., the last day
of both co- and posttreatment with the extract). The
behavioural study was conducted during the day using
a reversed day/night cycle. It was carried out during the
daylight in a dark room under a red-light condition [37]. The
EPM test was conducted between 7:45 a.m. and 10:15 p.m.
while Morris’s water test was conducted 4 h later. The walls
and floors of the elevated plus-maze apparatus were cleansed
with 10% ethanol solution after each test to remove any
smell cues.

2.8. EPM Test. The anxiety-like activity was assessed using
the EPM [38]. The EPM is a commonly used paradigm to
assess anxiety-related anomalies in mice and rat models. It is
a construction made of a greyish polyvinyl chloride sheet
with two equal open arms (measuring 50 cm by 12 cm) and
two closed arms (measuring 50 cm by 12 cm). The central
square is about 12 cm by 12 cm, providing a pathway for the
mice to traverse between the arms. The labyrinth’s open
arms had a 0.5 cm wall to prevent animals from falling over,
and the maze was situated about 50 cm above the floor. A
video camera was used to automatically assess physical
indicators, such as the duration of time spent in the open
arms and the frequency of movements between the closed
and open arms. Once all four paws passed into arms, the
entry was taken into account. The experiments were vid-
eotaped and analysed using the duration spent travelling to
the EPM arms. We use an experienced visual clue in the
other interpretative analysis.

2.9. MWM Task (MWM). The MWM task was used to assess
learning and memory activities [39]. The screening arena
was a round pool filled with water (100 cm in diameter and
40 cm in height), with an invisible platform (10cm in di-
ameter and 20 cm in height) immersed in water just below
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ScHEME 1: A diagrammatic sketch for experimental design.
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oxidant enzymes
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v Anxiety behaviour
disturbances
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SCHEME 2: Protective mechanism of Spondias

the water’s surface. The water’s depth was 15.5 cm, and it was
opaque. During the probe test, the platform was removed,
allowing each mouse to swim openly for 120s. The mice
learn to escape from the water by finding the platform, which
is usually done with the assistance of visual cues. The major

Treatment
—_—
—
Protection s 1 v mg/k

Spondias mombin

v Neuroprotection
v Improved
cholinergic
activities

v Up-regulating
antioxidants
capacity

Morris water
alteration

Performance in
cognitive apparatus

mombin on Cu>*-induced toxicity in male mice.

purpose of these tests was to see how quickly the mice could
locate the platform and how this ability improved over time.
Furthermore, the platform was removed in the probe trial,
and the mice were permitted to look for the omitted plat-
form for 60s. The time spent by the mice in the target
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quadrants was recorded, and this was thought to signify the
degree of memory consolidation. The rate of platform
crossings as well as the average duration spent in the target
quadrant was documented.

2.10. Brain Preparation. After the behavioural assessments,
the animals were sacrificed by cervical dislocation. Before
cervical dislocation, the animals were euthanized using
a diluted solution of sodium pentobarbitone administered
intraperitoneally. The anaesthetics dosage of 40 mg/kg was
given intraperitoneally to the mice. The brain was extracted,
and the animals were confirmed dead in a humanely killed
manner before disposal. This study makes use of the whole
brain homogenate. The brain was sectioned vertically into
the right and left lobes. One section was stored inside the
refrigerator at —20 C for copper determination using atomic
absorption spectrophotometry (AAnalyst 400 Perkin
Elmer), while the other section was put on ice and rinsed
with ice-cold isotonic saline. The tissues were homogenized
in 10 volumes of 0.1 M phosphate-buffered saline (pH 7.4).
The homogenate was thereafter centrifuged at 4000 rpm for
15min, and the supernatant was collected and stored at
—20 C for subsequent biochemical assays.

2.11. Copper Ion Residual Analysis. Brain and blood copper
concentration was determined by using atomic absorption
spectrophotometry (AAnalyst 400 Perkin Elmer) at the
central science laboratory, Obafemi Awolowo University,
Ile-Ife, Nigeria. Blood was collected through the cardiac
puncture, while 0.8 g of brain tissue was placed in a screw-
capped tube and dried properly in the oven at 45C. The
dried tissue samples were then ground into a fine powder
and thereafter transferred to a Teflon beaker. 20mL of
freshly prepared aqua regia (HCl: HNOj; (3:1)) was added,
and this was heated to near dryness; heating was removed
and allowed to cool to room temperature; 20 mL distilled
water was then added and heated again for about 3-5 min;
this was then allowed to cool and filtered. The filtrate was
made up to mark in a 25mL flask and kept refrigerated
pending metal determination by atomic absorption spec-
trometer (AAS).

2.12. Hippocampus Tissue Processing. Two mice per group
were picked randomly for histopathology studies
(Scheme 1). The brain was collected and prerinsed with
a mixture containing 0.9% NaCl and 1M ethyl-
enediaminetetraacetic (EDTA) acid, followed by 2h of 4%
paraformaldehyde. The cranial nerve was then severed,
separating the brain from the cranium. The brain tissue
samples were fixed in 4% formalin, engrained in parafhin,
and microtome-sliced into 20 mm thick slices. Thereafter,
the slides were stained with haematoxylin and eosin before
being inspected under a light microscope. The structure of
the hippocampal area was noted under a light microscope at
400 magnifications. The number of pyramidal neurons in the
hippocampal region was estimated. Image J cell counter tool
was used to identify and quantify the number of intact and

degenerating neurons in H&E-stained sections. For evalu-
ation of neuronal count, the grid was superimposed on the
photomicrograph with an area per point of 4000 ym?. To
quantify neuronal degeneration, the following morpholog-
ical criteria were considered: cell swelling and lysis, pyknosis,
eosinophilic neurons and vacuolated neurons [40]. A
photomicrograph of x400 magnification was used for this
research.

2.13. Protein Concentration. Protein concentration was
determined in the cerebral cortex according to the method of
Bradford [41], using bovine serum albumin (BSA) as the
standard, and the protein concentration in each homogenate
was extrapolated from the standard curve. The reaction
mixture contained 100 yL of protein source diluted in five
volumes of distilled water and 1000 4L of Coomassie brilliant
blue G-250 (Bradford reagent). At 595 nm, the absorbance
was measured. The assay’s concept is focused on the capacity
of Coomassie brilliant blue G-250 (a dye) to interact with
amino acids (arginine, lysine and histidine) in proteins
under acidic conditions, shifting the dye absorbance from
465nm to 595 nm.

2.14. Biochemical Guided Assays

2.14.1. AChE and Butyrylcholinesterase (BuChE) Assay (In
Vivo). The AChE was assessed using the Ellman et al. [42].
The approach relies on thiocholine generated during the
enzymatic hydrolysis from acetylthiocholine and reacts with
Ellman’s reagent to produce yellow 5-thio-2-nitrobenzoate.
The reaction mixtures of 200yl of supernatant
(0.342—0.435mg of protein), 100uL of 3.3mM 5, 5"
-dithiol-bis (2-nitrobenzoic) acid (DNTB) and 500 4L of
phosphate buffer (pH 8.0) were incubated at 25°C for 20 min.
Acetylthiocholine iodide (100 uL) was added to the mixture
to initiate the reaction. The absorbance at 412nm was
measured every 15s for 3 min.

Butyrylcholine iodide was used as a substrate to measure
BuChE enzyme activity as also described by Ellman et al. [42].
Specific activity = (Aabs x Av xDf)/(e(DTNB) x Evx Pc x L)
where Aabs, Av, Df, Ev, Pc and L represent a change in
absorbance, assay volume, dilution factor, enzyme volume,
protein concentration and lightpath, respectively.

2.14.2. Choline Acetyltransferase Bioassay. We carried out
choline acetyltransferase activity by adopting the method of
Fonnun [43], using [3H]AcCoA as substrate. The medium
contains 384 mM NaCl, 10 mM choline chloride, 25 mM Na-
EDTA, 10 mM eserine sulphate and 12 MAcCoA. At every
155, at 37°C, for 5min, 20 L of [3H]AcCoA (0.1 Ci) and 20 g
of protein were added to the assay tube with 10L of the
substrate solution. The process was halted by adding 50 mM
Na-EDTA along with 2mL of Kalignost solution (5 mg/mL
tetraphenylborate in acetonitrile). The activity is reported as
moles of [3H]ACh produced per minute per mg of protein
and was determined using a liquid scintillation Packard
apparatus (Model 1600 TR). The assay was in triplicate.



2.14.3. Lipid Peroxidation Assay (Thiobarbituric Acid
Reaction). This study makes use of the Ohkawa et al
method. [44], to measure the level of lipid peroxidation. The
reaction mixture contained 100 uL of homogenate and 30 uL
of 0.1 M tris HCl buffer (pH 7.4) and was incubated at room
temperature oC for 1 h before adding 300 4L of 8.1% sodium
dodecyl sulphate, 500 yL acetic acid/HCl (pH 3.4) and
500 uL% TBA (thiobarbituric acid). The reaction mixture
was incubated at 100C for 1h to promote colour devel-
opment. At 532 nm, the absorbance of thiobarbituric acid
reactive (TBAR) species produced was measured. The level
of malondialdehyde (MDA) was then determined by cal-
culating mol/mg protein (=1056 x 105 M ".cm™).

2.14.4. Total Thiol Concentrations. The total thiol level in the
cerebral cortex was determined using the method of Ellman
et al. [45]. The reaction mixture contained 270 uL of 0.1 M of
potassium phosphate buffer (pH 7.4), 20 uL of prepared
supernatant and 10 yL of 10mM (5,5-dithiol-bis-(2-nitro-
benzoic acid)) (DTNB). Following incubation for 30 min at
room temperature, the absorbance was measured in
a spectrophotometer. These methods depend on the oxi-
dation of DTNB to 5-thio-2-nitrobenzoic acid (TNB), which
is spectrophotometrically active at 412 nm. The total thiols
values were expressed in ymol/mg protein.

2.14.5. Glutathione-S-Transferase (GST) Activity. The ac-
tivity of GST was measured using Habig and Jakoby’s [46]
method using 1-chloro-2, 4-dinitrobenzene (CDNB) as the
substrate, 263 yL sodium phosphate buffer (0.1 M, pH 7.0 with
2.5mM EDTA): 10 uL homogenate and 20mM GSH (15L):
25mM CDNB (12L) At 340 nm, absorbance increased for
3min at 10s intervals. The extinction coefhicient of
9.6mM ".cm™" for the coloured GS-DNB conjugate formed
by GST was used to calculate the data in mol/min/mg of
protein.

2.14.6. CAT Activity Assay. CAT activity was determined
using the procedure described by Aebi [47]. Briefly, 50 uL of
the prepared supernatant was added to a cuvette containing
500 uL of 0.1 M phosphate buffer (pH 7.4) and 500 L of
20mM H,0,. The capacity of CAT to degrade H,0O, into
H,O and O, is required for the dominant reaction. Change
in absorbance was read at 240 nm for 1 min using a spec-
trophotometer. The molar extinction coefficient of H,0,
43.6 M-cm™" was used to determine the CAT activity. One
unit of activity is equal to 1 mmol of H,O, degraded per
minute and is expressed as units per milligram of protein.

2.14.7. Superoxide Dismutase (SOD) Activity. The activity of
SOD was ascertained using McCord and Fridovich’s
method, [48]. To 20 uL of prepared supernatant, 75 mM Tris-
HCI bufter (pH 8.2) comprising 30nM EDTA and 30 uL of
2mM pyrogallol were added. SOD activity is commonly
measured using implicit assays of superoxide consumption,
such as pyrogallol autoxidation. A spectrophotometer was
used to measure the transformation in absorbance at 420 nm
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for 3min at 30-s durations. The rate of autoxidation of
pyrogallol is 50% inhibited by one unit of enzyme activity, as
measured by the change in absorbance/min at 420 nm.

2.15. Statistical Analysis. Graph Pad® Instant Statistical
Package Prism 5 was used for statistical analysis. The results
were pooled (n=6) and expressed as mean and standard
deviation (means SD). The means were analysed using one-
way (for biochemical analysis) and two-way analysis of
variance (for behavioural analysis), accompanied by Tur-
key’s multiple comparison test. For all comparisons, p values
of 0.05 were considered significant.

3. Results

3.1. Preliminary Phytochemical Composition of Methanolic
LeafExtract of S. mombin. The extract reveals the presence of
tannins, anthraquinones, flavonoids, cardiac glycosides and
saponins, concerning phytoconstituents analyses. However,
the extracts lacked phlorotannins and alkaloids, and in
addition to this, we established that the methanolic extract of
S. mombin contains phenol.

3.2. Standardization of the Extract’s Phytoconstituents and
Bioactive Properties. 'The total phenolic deductive approach
of S. mombin extract revealed 127.34+4.34mg of total
phenolic content (GAE) per gram of dried extract as well as
8.79 £ 0.47 mg of total flavonoid (quercetin equivalent) per
gram of dried extract.

3.3. Effect of Methanol Extract From S. mombin on
Behavioural Activities in Mice Exposed to Copper Sulphate

3.3.1. Amelioration of Learning and Memory Deficit by
S. mombin in Mice Exposed to Cu-SO,. Figures 1(a), 1(b),
1(c) and 1(d) present the effect of S. mombin on learning and
memory deficit in the mice exposed to copper sulphate. Both
co- and posttreatment trials show cognitive deficit (p < 0.05)
due to copper neurotoxicity as observed in the Morris water
paradigm as shown in Figure 1 and Table 1; that is, the
copper-induced groups in both phases spent less time in the
target quadrants, and there was increased escape latency due
to copper toxicity compared to the control group. Sur-
prisingly, in both the co- and posttreatment trials, S. mombin
extracts at 100mg/kg abrogated the cognitive deficit
(p <0.05) observed in this study due to copper neurotox-
icity. This is typified by the significant decrease in escape
latency (p < 0.05) and increase in the time spent in the target
quadrants (Table 1) after 30 and 15days of co- and post-
treatment with the extract, respectively.

3.3.2. Effect of the Extract on Anxiety-Like Behavioural
Activities. As represented in Figures 2(a), 2(b), 2(c) and
2(d), the baseline measurements carried out before treat-
ment with the plant extracts in both co- and posttreatment
trials show an increase in anxiety-like behavioural distur-
bances (p < 0.05) for all the groups exposed to copper when
compared with the control; that is, this was depicted by
a decrease in the number of entries (p <0.05) in the close-
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FiGure 1: Effect of S. mombin on learning and memory acquisition after copper-induced neurotoxicity using Morri’s water maze test. (a and
d) The escape latency in co- and posttreatment trials. (b) The amount of time spent in the target quadrant after the platform was removed in
both trials. (c) Platform crossing was used to determine the action on the spatial memory. Given that the statistical data were expressed as
mean = SD (n=6). f represents a significant difference between the Cu-induced group (group 2, i.e., without treatment) and the control, w
represents a significant (p < 0.05) difference between the treated groups (groups 3 and 4) and Cu-induced group. Group 1: (control); group
2: (CuSO, group only); group 3: (cotreatment group); group 4: (posttreatment group); group 5: (treated with extract alone).

TasLE 1: Time spent in each quadrant target when compared to the control group and CuSO, group.

Groups First quadrant Second quadrant Third quadrant Target quadrant
Group 1 15.04 16.75 17.23 25.23
Group 2 10.45 9.65 27.32 10.36"
Group 3 19.67 18.43 20.54 27.18%
Group 4 25.18 26.28 18.21 25.45%
Group 5 22.25 20.14 16.09 29.54

Note: group 1: (control); group 2: (CuSO, group only); group 3: (cotreatment group); group 4: (posttreatment group); group 5: (given only the extract alone).
B represents a significant difference between the Cu-induced group (group 2, i.e., without treatment) and the control, and w represents a significant (P < 0.05)
difference between the treated groups (groups 3 and 4) and the Cu-induced group. Group 1: control; group 2: CuSO4 group only; group 3: cotreatment group;
group 4: posttreatment group; group 5: treated with extract alone.

arm and an increase in the time spent in the open arms in
elevated maize plus. This indicated that mice under anxiety-
like behavioural activity had a lower tendency to stay in an
open arm in proportion to the control group. On the
contrary, when compared to the copper-induced groups, co-
and posttreatment trials treated with S. mombin on Days 30

and 15, respectively, abrogate this effect (p < 0.05). This is an
indication of decreased behavioural disturbances. That is,
this confirmed a significant increase (p<0.05) in the
number of entries (Figures 2(a), 2(b), 2(c) and 2(d)) and the
time spent in the open arm after treatment with S. mombin
extract in co- and posttreatment trials.
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FIGURE 2: Effect of S. mombin (100 mg/kg) on anxiety-like behavioural disturbances following copper-induced brain toxicity as ascertained
with elevated mazed plus paradigm. (a and ¢) Difference in close-arm time. (b) The (d) number of visits into the open arms followed the co
and postadministration with the aqueous plant extract on days 30 and 15 respectively. Given that the statistical data were expressed as
mean + SD (n =6). f represents a significant difference between the CuSO,-induced group (group 2, i.e., without treatment) and the control,
w represents a significant (p < 0.05) difference between the treated groups (groups 3 and 4) and Cu-induced group. Group 1: control; group
2: CuSO, group only; group 3: cotreatment group; group 4: posttreatment group; group 5: treated with extract alone.

3.4. Residual Copper Concentration in the Brain and Blood of
the Mice Expose to Copper Sulphate. This study clearly
showed that copper ion concentration in the male mice
brains increased significantly (Table 2).

3.5. Effect of S. mombin Methanolic Extract on Oxidative Stress
and Enzymes Associated With ACH Metabolism

3.5.1. S. mombin Ameliorates the Activity of AChE, BuChE
and Choline Acetyltransferase In Vivo. Figure 3 presents the
inhibitory and ameliorative action of S. mombin on cho-
linergic enzyme activities, and in both co- and posttreatment
trials, it could be deduced that copper exposure resulted in
a significant (p < 0.05) increase in AChE activity, while, on
the contrary, resulted in significant decrease (p <0.05) in

TaBLE 2: Copper ion concentration in male mice blood and brain
following copper sulphate exposure.

Blood copper Brain copper

Treatment concentrations concentration
(ng/g of tissue) (ng/g of tissue)
Group 1 0.17 £ 0.008 0.05+0.0023
Group 2 78 +3.85* 24.23 +£0.092
Group 3 30.56 +11.63% 11.69 +0.012%
Group 4 42.14.69 + 0.046% 27 +0.019%
Group 5 0.12+0.99* 0.089.89 +0.003*

Note: group 1: (control group); group 2: (CuSO4 group only); group 3:
(cotreatment group); group 4: (posttreatment group); group 5: (treated with
extract alone).

Data represented as mean+SD (n=4). Bars marked *are significantly
different from the control group (p<0.05) while those marked “*” are
significantly (p>0.05) different from the copper group.



Journal of Toxicology

BuChE and choline acetyltransferase (Figures 3(a), 3(b) and
3(c)). However, our investigation shows that treatment with
the extracts of S. mombin at 100 mg/kg reversed this trend
(p <0.05), and these values were not significantly different
from the control group which is an indication of normal-
ization (p >0.05). It could be safely suggested that the re-
duced AChE activity could have resulted in increased levels
of ACH at the synapse which in turn abrogated the cognitive
decline resulting from copper exposure (Scheme 2).

3.5.2. Attenuation of Oxidative Stress in the Brain of Male
Mice by S. mombin Following Exposure to Copper Sulphate.
Our investigations confirmed a marked increase (p < 0.05) in
lipid peroxidation in mice exposed to copper sulphate com-
pared to the control (4A). This was followed by a marked
reduction (p <0.05) in glutathione transferase and CAT ac-
tivities, as well as a decrease in total thiol level (Figures 4(b), 4(c)
and 4(e)). Although, the Cu-induced group showed a reduction
SOD activity this is insignificant to the control group (4D).
However, the decrement in antioxidant enzymes and total
thiol level was overturned after co- and posttreatment with
S. mombin. There was also a significant decrease in lipid per-
oxidation level indicating that the administration of S. mombin
at 100 mg/kg resulted in a considerable reduction in oxidative
stress induced by copper sulphate exposure (Scheme 2).

3.6. Histological Studies Results

3.6.1. Treatment With S. mombin Increased Neuronal Density
in the Hippocampal Areas of Mice. As depicted in
Figures 5(a), 5(b) and 5(c) (Figures 6, 7 and 8), respectively,
Cu-induced kindling lowers the number of pyramidal
neurons and vacuolated nerve cells in the hippocampal
location cornu ammonis (CA1 and CA3) (Figures 6 and 7).
The hippocampus neutrons in the Cu-induced mice group
are substantially lesser than those of control mice. Fur-
thermore, S. mombin extract increased the relative numbers
of nerve cell processes in the CAl and CA3 areas
(Figures 5(a) and 5(b)) and improved Morris’s water cog-
nitive performance (Figure 1 and Scheme 2) in both post and
cotreatment animals at 100 mg/kg of oral intake of the
extract and eliminated the negative action of cognitive
impairment in the hippocampus-dependent CA1 and CA3
area in albino male mice.

4. Discussion

Environmental copper exposures have been implicated in
the aetiology of several neurological disorders and impaired
cognitive abilities. The particular mechanisms of its effects
on cognitive function are controversial and not well un-
derstood. We therefore unveil the importance of SML ex-
tract in mitigating the toxic insult mediated by copper on the
cholinergic system via oral gavage. The elevated copper
concentration observed in this study is an indication that
copper could pass through the blood-brain barrier and
could elicit its neurotoxicity effects. Previous studies support
our findings and show that heavy metals could pass through

the blood-brain barrier and accumulate in the brain [49].
Previous investigation has also related its accumulation to
blood-brain barrier breakdown, which may play a crucial
role in neurodegeneration conditions [49].

Our result shows learning and memory skills deficits as
presented as a significant increase in escape latency (Fig-
ure 4(a)) and reference memory (Figure 4(b)) in the copper-
treated group compared with control. The results of the
present study were in agreement with the previous studies by
Lamtai et al. [50] who reported that chronic Cu exposure
could impair working memory in rat-induced models via
cholinergic dysfunctions. The study also showed a correlation
with the studies of Zhang et al. [51] and Zhang et al. [13], who
demonstrated that high levels of Cu could accumulate in the
brain tissues and could impair memory and cognitive per-
formance via the decrease in glutamate levels, oxidative
damage and cell death. Another finding of this investigation
was linked with increased anxiety-like behavioural distur-
bance (Scheme 2), and this was depicted by an increase in the
number of entries and time spent in the open arms in the
EPM behavioural assessment. The findings of our study also
align with the research conducted by Lamtai et al. [50], which
supports the notion that the treatment with Cu could induce
anxiety-like behaviours in rats. On the other hand, S. mombin
at 100 mg/kg abrogated this effect. Previous studies support
our finding and showed that S. mombin could modulate
behavioural changes in rats’ models [52, 53]. The above action
of S. mombin could be due to the inhibitory potential of AChE
crucial enzyme in ACH catabolism (Scheme 2).

The observed increase in cognition deficits in the Cu
groups was correlated with an increased AChE activity. The
key finding of these studies also presents a decrease in BuChE
and choline acetyltransferase activities (Scheme 2). It could be
that one of the primary mechanisms used by Cu to elicit its
toxicity is through the alterations in cholinergic enzymes at
the synaptic cleft. Previous studies have also related copper’s
harmful effect to impair memory performance by hindering
ACH action at the synapse and partially through the alter-
ation in cholinergic enzyme activities [54, 55]. This evidence
indicates that the disturbances in learning and other aspects
of behaviour following Cu exposure may be related to sig-
nificant changes in CNS cholinergic enzymes, the proteins
that metabolise excitatory neurotransmitters (ACH). One
possible mechanism of Cu’s toxicity on ACHE activity may be
the action of Cu with certain amino acid residues in the active
site of the enzyme via an electrostatic interaction [56]. It is
widely assumed that ACH is a presynaptic modulator and
plays a pivotal role in learning and memory processing [24].
Its deficiencies have been linked to higher cognitive im-
pairment as seen in NDs [18, 20]. However, results from this
study showed that the plant extracts (100 mg/kg S. mombin)
were able to inhibit AChE activity. Furthermore, in a separate
instance, the extract demonstrated a substantial augmenta-
tion in choline acetyltransferase activity. Our result was in
agreement with the previous report which also demonstrated
the inhibitory action of S. mombin on AChE activity [53, 57].
We could safely suggest that the reduced AChE activity and
increased choline acetyltransferase activity could have
resulted in increased levels of ACH at the synapse which in
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FIGURE 3: The beneficial effect of S. mombin administration on acetylcholinesterase (a), butyrylcholinesterase (b and c) choline acetyl-
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no differences (p > 0.05) between the group treated with the extract alone and control. Group 1: control group; group 2: CuSO, group only;
group 3: cotreatment group; group 4: posttreatment group; group 5: treated with extract alone.
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FIGURE 6: Representative photomicrographs of sections of hippocampal CA1 subfield subjected to H&E stain. The upper panel represents
(a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with extract)
and (d) CUSO, + extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—degenerating
(pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—oligodendrocyte.
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FIGURE 7: Representative photomicrographs of sections of hippocampal CA3 subfield subjected to H&E stain. The upper panel represents
(a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with extract)
and (d) CUSO, + extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—degenerating
(pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—oligodendrocyte.

turn abrogated the cognitive decline resulting from Cu ex-
posure. The antioxidant property and alkaloids present in the
extract may be contributing favourably to the AChE in-
hibition activity observed [57].

The integrity of the central nervous system may be com-
promised by oxidative stress, which in turn can have an impact

on cognitive performance [58]. Our study demonstrated an
increase in lipid peroxidation levels following Cu-induced
neurotoxicity. The elevated LPO levels caused by Cu in hip-
pocampal tissue are accompanied by a significant reduction in
GST, SOD, and CAT activities (Scheme 2). This is an indication
of oxidative stress. These findings align with the studies
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FIGURE 8: Representative photomicrographs of sections of hippocampal DG subfield subjected to H&E stain. The upper panel represents
(a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with extract)
and (d) CUSO, + extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—degenerating
(pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—oligodendrocyte.
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FIGURE 9: Representative photomicrographs of sections of hippocampal CA1 sub-field subjected to cresyl fast violet stain. The upper panel
represents (a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with
extract) and (d) CUSO, +extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—
degenerating (pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—

oligodendrocyte.

conducted by Behzadfar et al. and Kalita et al., which showed
that Cu treatment increased damage and caused changes in the
enzymatic antioxidant defence state [59, 60]. Also, this study
reported a significant decrease in total thiol levels. The rea-
soning for decreased total thiol levels observed in this study
could be that Cu binds to total thiol sulthydryl groups and

renders them inactive to neutralized ROS. Surprisingly,
treatment with 100 mg/kg extracts of S. mombin significantly
increased the antioxidant enzyme activities and as well lowered
lipid peroxidation and elevated total thiol levels (Scheme 2).
These findings align with some other studies that attest that
medicinal plants are abundant in exogenous antioxidant
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FIGURE 10: Representative photomicrographs of Sections of hippocampal CA3 sub-field subjected to cresyl fast violet stain. The upper panel
represents (a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with
extract) and (d) CUSO,+ extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—
degenerating (pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—

oligodendrocyte.
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FIGURE 11: Representative photomicrographs of Sections of hippocampal DG sub-field subjected to cresyl fast violet stain. The upper panel
represents (a) control and (b) CUSO, (induced GRP without treatment). The lower panel represents (c) CUSO, + extract (cotreatment with
extract) and (d) CUSO,+ extract (posttreatment with the extract), while (e) where treated with the extract alone (green arrow)—
degenerating (pyknotic) neuron, (yellow arrow) vacuolated neuron, (red arrow)—intact neuron (pyramidal cell), (black arrow)—

oligodendrocyte.

defences such as polyphenols and have the potential to safe-
guard cognitive function through the modulation of oxidative
stress markers (Scheme 2), therefore enhancing spatial learning
and memory [5, 61]. It has been demonstrated in this study that

S. mombin improves cognitive impairment by altering the
levels of oxidative stress markers. The antioxidant properties
present in these plants may be contributing favourably to the
increase of these activities.
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In addition to biochemical alterations, the hippocam-
pus regions (CAl, CA3 and DG), which are mostly in-
volved in memory formation [62], showed a notable loss of
neurons after CUSO,-induced toxicity, and these regions
are primarily involved in memory formation. Therefore,
behavioural deficits observed in this study are linked to
these alterations (Scheme 2). On the other hand, treatment
with S. mombin reduced such changes while maintaining
the normal neuron count. This was consistent with the
findings of Elufioye and Oyelude [63], who discovered that
S. mombin plant extract could increase neuronal cell
density in the CAI and CA3 regions of the hippocampus
[63]. Furthermore, the cresyl violet staining shows several
features of pyramidal neuronal degeneration with de-
creased Nissl substance in the copper-induced group
(Figures 9, 10 and 11). In contrast, treatment with
S. mombin showed normal neuronal cell bodies with intact
Nissl substance which indicated improved degenerate
pyramidal neurons after copper toxicity exposure. Nissl
substances are an integral component of the rough en-
doplasmic reticulum where a protein synthesis takes place
[64], so, therefore, an increase in Nissl substance activity
observed could indicate increased production of in-
tercellular protein molecules that function to improve
neuronal cell structure.

5. Conclusion

S. mombin ameliorates Cu-induced neurotoxicity and
neurocognitive dysfunctions by virtue of enhancement of
cholinergic signalling in the brain. Moreover, S. mombin
exhibits antioxidant activities by up-regulating antioxidant
levels in the brain. Therefore, S. mombin may have the
potential to be used as a therapeutic intervention for the
management of Cu-induced cognitive impairment.

Nomenclature

AChE Acetylcholinesterase
AD Alzheimer’s disease
BSA Bovine serum albumin

BuChE Butyrylcholinesterase

CA1l and CA3 Hippocampal location cornu ammonis
CDNB 1-Chloro-2, 4-dinitrobenzene

Cu Copper

DNTB 5,5"-Dithiol-bis (2-nitrobenzoic) acid
EPM Elevated plus-maze

MWM Morri’s water maze task

NFTs Neurofibrillary tangles

EDTA Ethylenediaminetetraacetic acid

S. mombin Spondias mombin

ND Neurodegenerative disorders

ROS Reactive oxygen species

ACH Acetylcholine
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