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Objective(s): Cobalt toxicity has become a health concern in recent years, due to overexposure 
resulting in neurological impairments. With a growing interest in the therapeutic roles of herbs, in 
toxicity research, it’s worth looking into the curative effects of aqueous Prosopis africana seed extract, 
a plant rich in flavonoids on cobalt-induced neurotoxicity. 
Materials and Methods: We treated rats with CoCl2 or CoCl2 in combination with aqueous PA seed 
extract (PAE) orally for 14 days. Control rats received distilled water for the same period. Following 
treatments, behavioral experiments, analysis for oxidative stress, inflammation, and histological and 
immunohistochemical analysis were performed. 
Results: Results revealed that CoCl2 reduced the exploration time, recognition index in the novel 
object recognition test, percentage spontaneous alternation in the Y-maze tests, and reduced open arm 
entry and duration in elevated plus-maze. However, treatment with PAE improved these parameters to 
levels comparable with those of the control group. Furthermore, PAE therapy reduced CoCl2-induced 
surge in hydrogen peroxide, malondialdehyde, TNF-α and IL-1β levels in brain homogenate, while 
also increasing superoxide dismutase and reduced reduced-glutathione activities. CoCl2 exposure 
resulted in obvious features of neurodegeneration like nuclear disintegration, nuclear shrinkage, 
and cytoplasmic vacuolations of the cells of the hippocampus and amygdala, with an increased 
expression of GFAP. The hippocampal and amygdala histology improved after PAE administration, 
while exacerbated GFAP expressions were attenuated. 
Conclusion: These findings imply that PAE may be anxiolytic and can help reduce cognitive 
impairments and hippocampal damage caused by CoCl2 neurotoxicity, via mechanisms that involve 
attenuation of oxidative stress and inflammation.
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Introduction
Neurotoxicity is among the most common causes of 

neurodegenerative diseases, which can lead to cognitive 
degradation, impaired memory (both short and long-
term), depressed mood, and the development of psychotic 
illnesses (1, 2). Heavy metals are frequently associated with 
the etiology of a variety of neurological ailments due to their 
neurotoxic impact. Cobalt (Co) is most prevalent in living 
tissues when it is combined with vitamin B12 (cobalamin). 
More so, cobalt is an essential component of vitamin B12 
and is highly valuable in little doses (3).

However, since cobalt is ubiquitous in the earth’s crust, 
humans and animals may be exposed to high cobalt 
quantities in contaminated food and water. Boreholes 
and shallow (hand-dug) wells, as well as the few surface 
water bodies in the area, are used by the majority of the 

population for home, farming, and commercial reasons. 
As a result, the concentrations of Co in local soil and water 
bodies exceed accepted safe levels (4). Cobalt exposure is 
fast becoming a prevalent health concern. Overexposure 
scenarios include artificial limb (prosthesis) users, workers 
who use hard-cutting tools, miners, and athletes. Curiously, 
cobalt is capable of inducing toxicity in biological tissues by 
enhancing the Hypoxia-inducible factor HIF1a, culminating 
in hypoxia and eventual oxidative stress by the production 
of reactive oxygen species (ROS) (5). Whenever ROS 
concentrations rise beyond the brain’s natural enzymatic 
anti-oxidant mechanisms, like superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPX), 
or reduced glutathione (GSH), can degrade, neuronal 
damage occurs. Several new studies have focused on low-
cost, readily available nutritional approaches for reducing 
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the negative effects of heavy metal exposure (6). Oxidative 
stress plays a significant role in the etiology of neuronal 
disorders and neurodegenerative illnesses. In cells like 
neurons, cobalt exposure at high levels has a high risk 
of triggering cell damage and metabolic abnormalities. 
Effects of cobalt chloride toxicity on different tissues have 
been investigated by different authors, like hepatotoxicity 
(7, 8), nephrotoxicity (9), reproductive toxicity (7), and 
cardiotoxicity (10).

Prosopis africana (PA) is found in North, Central, and West 
Africa. The fermented seeds of PA are well-known as a local 
seasoning (11). Almost every part of the tree has medicinal 
value. In Mali, for instance, the leaves, bark, and roots of 
this plant are used to cure bronchitis, dermatitis, tooth rot, 
diarrhea, malaria, and stomach pains. PA seeds are used to 
manufacture Daddawa and Okpeye, both of which are used 
as food condiments in Nigeria. Previous phytochemical 
investigations have discovered bioactive compounds like 
phlobatannin, flavonoids, polyphenols, tannins, saponins, 
steroids, and alkaloids in PA seed and pod extracts (12, 13). 
Flavonoids are organic chemicals present in a variety of 
plants, including PA (12). By neutralizing oxygen radicals, 
lipid peroxidation, and metal ion sequestration, flavonoids 
have been shown to protect against oxidative injury (14). 

The goal of this study was to provide an insight into 
the efficacy of  aqueous PA  seed extract, which is rich in 
flavonoids, in reversing cognitive and anxiety deficits, 
oxidative stress, and inflammation, as well as microstructural 
changes in the hippocampus and amygdala caused by cobalt 
exposure in adult Wistar rats.

Materials and Methods
Chemicals and kits

cobalt chloride hexahydrate (CoCl2·6H2O; #7791-13-
1) was obtained from Sigma Chemicals (St Louis, MO, 
USA). Glial fibrillary acidic protein - GFAP (#16825-1-AP) 
antibody was obtained from Thermo Fisher, USA. Tumor 
necrosis factor - TNF-α (#E-EL-R2856) and interleukin 1 
beta - IL-1β (#E-EL-R0012) ELISA kits were obtained from 
Elabscience®, United Kingdom. All of the other chemicals 
were of the highest quality commercially available.

Plant material and aqueous extract preparation
The PA seeds were harvested from a local farm near the 

Cross River State University’s (CRUTECH), Faculty of Basic 
Medical Sciences, Okuku. The seeds were first collected 
from the pods of the PA tree. They weighed 600 g and were 
boiled for 5 to 7 hr in a gas cooker before being allowed to 
cool to room temperature. The goal of boiling was to loosen 
the hulls and make removing and separating the cotyledons 
easier. The cotyledons were dehulled and boiled for 10 
min before draining through a raffia basket. They were 
allowed to cool and left to ferment for four days, as reported 
Uzodinma et al. (15). After being sun-dried to a constant 
weight, the fermented seeds were crushed into Prosopis seed 
powder (16). A soxhlet device was used to extract 100 g of 
this powder for 18 hr after it had been suspended in 500 ml 
of distilled water. After being filtered through coarse sieve 
filter paper, the aqueous extract turned out to have a deep 
brown color. The filtrate was then lyophilized after being 
dried under decreased pressure. Until it was utilized, it was 
kept at a temperature of about 0 to 4 °C.

Approval of ethical principles 
The research and ethics committee of the Faculty of Basic 

Medical Sciences at CRUTECH Okuku campus approved 
this study (CRUT/FBMC/REC/21/012). All animals were 
treated according to the Guidelines prepared by the National 
Research Council for the Care and Use of Laboratory 
Animals (17).

Animals and experimental design
For this investigation, we procured sixty male Wistar 

rats (150 – 200 g) from the Experimental Animal Unit, 
Faculty of Basic Medical Sciences, CRUTECH. They were 
kept in clean plastic cages at ambient temperature in a clean 
environment with a natural day/light cycle. The animals 
were given unlimited access to a regular laboratory rat diet 
and water. The rats were divided into four groups of 15 rats 
each and given the following treatments:

Control group: Received distilled water only. 
CoCl2 alone group: Received 40 mg/kg cobalt chloride 
(CoCl2) dissolved in distilled water for 14 days. 

PAE 50 + CoCl2 group: Received CoCl2 at 40 mg/kg 
+ PA seed extract (PAE) at 50 mg/kg for 14 days.

PAE 100 + CoCl2 group: Received CoCl2 at 40mg/kg 
+ PA seed extract (PAE)  at 100 mg/kg for 14 days.

Administration of both CoCl2 and PAE was through 
oral gavage. The dosages of CoCl2 and PAE were based on a 
previous study (18).

Neurobehavioural tests
Behavioral assessments were carried out 24 hr after the 

last dose. The tests were videotaped in real-time with a digital 
camcorder and assessed by trained observers blinded to the 
treatment protocols. The following tests were carried out:

Novel object recognition test (NORT)
The NORT is used to examine the hippocampal-

dependent recognition memory of rodents. The NORT 
is based on animals’ natural preference for interacting 
with novel objects rather than familiar ones. Each mouse 
was allowed to freely roam the open-field environment 
(a square arena 80 by 80 cm), consisting of three phases: 
habituation, familiarization, and test (19). Objects were 
absent throughout the habituation period. During the 
familiarization stage, each mouse was placed for 5 min 
in a box containing two identical objects. After 24 hr, the 
animals’ recognition memory was assessed by exposing 
them to one familiar and one unfamiliar object. The 
amount of time spent sniffing and probing each object 
was recorded. Object exploration implied that the animal 
contacted the object either with its nose or forepaws from a 
distance of 2 cm (20). As stated above, it was not acceptable 
for the animal to revolve around the object without proper 
exploration. During the trial, olfactory signals and dirt were 
eliminated on the device and objects by cleaning them with 
20% ethanol. The recognition index (%) was calculated as 
the ratio of the time spent exploring the novel object and the 
total time spent exploring both novel and familiar objects 
multiplied by 100 (19, 21). 

Y-maze
The y-maze test battery was carried out as previously 
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described by other researchers (22-24). This test is used 
to assess the rats’ short-term spatial memory. The animals 
were placed in a Y-maze with arms that were 75 cm long 
and 15 cm wide, with a 120° angle between them. The rats 
were placed on a designated start arm and were free to roam 
around for 5 min in the maze. The score was based on arm 
entry (both hind limbs are entirely in the arm). Correct 
alternation was determined when the animal successfully 
navigated each maze’s three arms in each triad of exploration 
(i.e., entering all three arms in the overlapping triplet sets) 
(e.g., XYZ, ZXY, or YZX). It was regarded as an erroneous 
alternation after exploring two arms per triad of exploration 
(e.g., XYX, ZXZ, and YXY). The percentage of spontaneous 
alternation was computed using the following formula: 
(successive triplet sets/(total number of arm entries – 2) × 
100. To eliminate possible bias due to the smell left by the 
preceding animal, the apparatus used for this experiment 
was cleaned with 20% ethanol.

Elevated plus maze (EPM)
The EPM is often used to assess anxiety-like behavior in 

laboratory animals (23, 25). Two open arms (50 x 10 cm) are 
crossed by two closed arms of the exact dimensions with 30 
cm high walls. The “arms” were joined with a central square 
(10 x 10 cm). The maze is 60 cm above ground level. Each 
rat was placed in the elevated plus maze in the center, facing 
an open arm, and given 5 min to explore. The following 
four variables were assessed: open-arm entries, time spent 
in open arms, closed-arm entries, and time spent in closed 
arms. When the hind paws of the rats are entirely within 
the arm, this is known as an arm entry (26). The apparatus 
is cleaned with 20% ethanol before testing a new animal to 
eliminate possible bias due to the smell left by the previous 
animal.

At the end of all neurobehavioural tests, rats were 
euthanized. Brains were rapidly excised and processed for 
either biochemical assays or histological analysis. 

Biochemical assays
The brains (from five rats) were separated and 

washed with 1.15 percent KCl. Whole-brain samples 
were homogenized in 50 mM Tris–HCl buffer (pH 7.4) 
containing 1.15 percent potassium chloride and centrifuged 
for 10 min at 4 °C using a cold centrifuge at 12,000 x g. 
The biochemical parameters were determined using the 
supernatant obtained. The activity of SOD was determined 
using Martin et al’s technique (27). GSH level was measured 
in a solution comprising tissue homogenates, and was 
carried out according to the related protocols (28). More 
so, lipid peroxidation was measured as malondialdehyde 
(MDA) (29). The concentration of hydrogen peroxide 
(H2O2) was quantified spectrophotometrically at 560 nm 
(30). Interleukin 1 beta (IL-1β) and tumor necrosis factor-
alpha (TNF-α) concentrations in the brain homogenates 
were measured using commercially available enzyme-
linked immunosorbent assay (ELISA) kits (Elabscience®, 
UK) according to the manufacturer’s instructions.

Histological studies
The remaining brain tissues were fixed in a 10% neutral 

buffered formalin solution. After fixation, tissues were 
processed via routine paraffin embedding, and serial sections 
of 5 μm thickness were produced on a rotary microtome. 
Tissues were stained using routine Haematoxylin and Eosin 

(H&E) techniques for general histological appearance as 
previously described by (31).

Immunohistochemistry                                                       
From paraffin-embedded brain samples, thin slices of 5 

μm thickness were produced. After deparaffinization, slices 
were incubated in a citrate-based solution with a pH of 6.0 
for heat-mediated antigen retrieval. In 0.3 percent hydrogen 
peroxide, endogenous peroxidase was blocked. The sections 
were then treated in primary rabbit antibodies: GFAP 
(ThermoFisher, USA; #16825-1-AP) at 1:10000 overnight 
at 4 °C. ImmPRESSTM HRP Anti-Rabbit IgG (Peroxidase) 
Polymer Reagent (Vector® #MP-7401) was used for 
secondary incubation. Color development was done using 
a DAB Peroxidase (HRP) Substrate Kit (Vector® #SK-4100), 
and sections were counterstained with Harris hematoxylin.

Image analysis and cell count
Photomicrographs of the sections were taken using a 

digital brightfield microscope. At x400 magnification, non-
overlapping micrographs were produced and used for image 
analysis in Image J software (NIH, USA). Immunoreactivity 
was measured by counting positive immunoreactive cells using 
the Cell Counter function in the Image J program (32, 33).

Statistical analysis
GraphPad Prism software (Version 9, GraphPad Inc., 

USA) was used to conduct the statistical analysis. Data were 
evaluated with a one-way Analysis of variance (ANOVA), 
and Tukey’s test was used for multiple comparisons. At 
P<0.05, results were deemed statistically significant.

Results
Novel object recognition (NOR) test

In the NOR test, the cobalt-only treated group showed 
a decline in the recognition index. However, treatment 
with either PAE 50 or 100 mg/kg significantly (P<0.05) 
increased the recognition index of these groups when 
compared with the CoCl2-only treated group (Figure 1ii). 
Furthermore, cobalt-treated rats showed no likeness toward 
the novel object, although the PAE-treated group explored 
the novel object more than the familiar object. However, no 
significant differences in total exploration time of novel vs 
familiar objects were observed across all groups (Figure 1i).

Y-Maze
In the Y-maze test, the percentage of correct alternation 

was significantly lower in the Cobalt-only treated rats than 
in the control group (P<0.05) (Figure 2). When animals 
were given a combination of PAE and CoCl2, however, there 
was a significant increase in correct alternation as compared 
with rats given only CoCl2 (P<0.05) (Figure 2).

Elevated plus maze (EPM)
In the elevated plus-maze paradigm, there was a 

significant difference (P<0.05) in all the test parameters 
namely: open-arm entries and time spent in open arms. 
Multiple comparisons revealed that there was a significant 
(P<0.05) increase in the open arm entries in PAE 50 and 100 
groups when compared with the CoCl2-only groups. (Figure 
3A). Similarly, there was a significant increase in the %time 
spent in the open arm of animals in PAE 50 and 100 groups 
in comparison with the CoCl2 only (P<0.05) (Figure 3B). 
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Oxidative stress markers
Assessments of oxidative stress markers such as hydrogen 

peroxide (H2O2) and malondialdehyde (MDA) were utilized 
to evaluate the oxidative alterations caused by CoCl2. 
(Figures 4 i and ii). Compared with the control group, CoCl2 
administration resulted in a significant increase (P<0.05) in 
brain concentrations of H2O2 and MDA. Compared with 
rats exposed to CoCl2 alone, concurrent administration of 
PAE resulted in a considerable decrease in brain levels of 
H2O2 and MDA concentrations to levels similar to that of 
the control.

Anti-oxidant enzymes status
The activities of anti-oxidant enzymes, like GSH and 

SOD, were measured for signs of oxidative alterations. When 
compared with the control group, CoCl2 administration 
resulted in a significant reduction (P<0.05) in GSH and 
SOD activities (Figures 5i and ii). However, PAE therapy 

 

  Figure 1. Effect of PAE on short-term memory in novel object recognition (NOR) Test (i) exploration time, (ii) recognition Index. # - significantly different 
from CoCl2 only treated group (P<0.05). One-way ANOVA followed by Tukey post hoc test. Bars represent means ± S.D; (n=5)
PAE: Prosopis africana seed extract

 

  
Figure 2. Effect of PAE on % alternation in Y-Maze Test. * - significantly 
different from Control group (P<0.05), # - significantly different from 
CoCl2 only treated group (P<0.05). One-way ANOVA followed by Tukey 
post hoc test. Bars represent means ± S.D (n=5)
PAE: Prosopis africana seed extract

 

  Figure 3. Effect of PAE on anxiety-like behavior in elevated plus maze test. * - significantly different from control group (P<0.05), # - significantly different 
from CoCl2 only treated group (P<0.05). One-way ANOVA followed by Tukey post hoc test. Bars represent means ± S.D; (n=5) 
PAE: Prosopis africana seed extract

 

  Figure 4. Effect of PAE on oxidative stress markers in the hippocampus of rats exposed to cobalt chloride (i) Hydrogen peroxide (ii) Malondialdehyde. 
*significantly different from the control group (P<0.05), #Significantly different from Cobalt only group (P<0.05). One-way ANOVA followed by Tukey post 
hoc test. Bars represent means ± SD. (n=5)
PAE: Prosopis africana seed extract
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boosted the activities of these natural anti-oxidant enzymes 
in the rats’ brain tissue, and their levels were significantly 
(P<0.05) higher than in CoCl2 only group.

Proinflammatory cytokines
When compared with the control group, CoCl2 

administration resulted in a significant rise (P<0.05) in 
brain levels of proinflammatory cytokines, Interleukin 1 
beta (IL-1β), and tumor necrosis factor-alpha (TNF-α) 
(Figures 6i and ii). Co-administration with PAE on the 
other hand, resulted in a significant (P<0.05) reduction in 
these cytokines when compared with CoCl2 only group.

Histology 
Hippocampus

The Control group showed intact hippocampal 
histology. Large-sized pyramidal neurons are observed 
in the pyramidal layer of the CA3 fields. Large nuclei and 
conspicuous nucleoli characterize neurons. Many glial 
cells are visible as well. The cobalt-only group showed 
noticeable features of neurodegeneration characterized by 
nuclear disintegration, nuclear shrinking, and cytoplasmic 
vacuolations of the pyramidal cells. Treatment with PAE at 
50 and 100 mg/kg showed improved hippocampal histology 
(Figure 7).

Amygdala
Control group shows intact histology of the amygdala 

with mostly medium-sized neurons, as well as glial cells. 

The Cobalt group showed mild neurodegenerating features 
with few neurons presenting as cytoplasmic vacuolations 
and nuclear disintegration. Treatment with PAE at 50 and 
100 mg/kg showed mostly normal histology (Figure 8).

Immunohistochemistry
Hippocampus

GFAP immunohistochemistry showed few astrocytes with 
fewer processes in the control group. On the other hand, 

 

  Figure 5. Effect of PAE on antioxidant enzyme activities in the hippocampus of rats exposed to cobalt chloride (i) reduced glutathione, (ii) superoxide 
dismutase. *significantly different from the control group (P<0.05), #Significantly different from Cobalt only group (P<0.05). Bars represent means ± SD. 
One-way ANOVA followed by Tukey’s post hoc test; (n=5)
PAE: Prosopis africana seed extract

 

  Figure 6. Effect of PAE on serum levels of proinflammatory cytokines of rats exposed to cobalt chloride (i) IL1-β (ii) TNF-α. *significantly different  from 
the control group (P<0.05), #Significantly different from Cobalt only group (P<0.05). One-way ANOVA followed by Tukey’s post hoc test. Bars represent 
means ± SD; (n=5)
PAE: Prosopis africana seed extract

 

  
Figure 7. Photomicrographs of H&E-stained sections of the hippocampus 
(CA3 region) of control and treated rats. H&E x400. Scale bars: 50 
mm. Arrows, intact neurons; Arrowheads, glial cells; Dashed arrows, 
degenerating neurons characterized by nuclear disintegration, nuclear 
shrinking, and cytoplasmic vacuolations 
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the number of GFAP-positive astrocytes became more after 
receiving CoCl2. Rats co-treated with PAE showed similar 
effects, with cobalt only group having the most ramified 
effects, although this did not cut across all groups (A–D in 
Figure 9). Further analysis revealed that the number of GFAP-
positive cells in CoCl2 and PAE-treated rats were significantly 
higher than in control rats (Figure 9E).

Amygdala
The control group presented with fewer GFAP-positive 

astrocytes. However, when exposed to cobalt, no obvious 
astrocytosis is observed, with little increase in astrocyte 
reaction. Similar effects are seen following PAE treatments. 
(A–D in Figure 10). Further analysis and quantification 
indicated that the number of GFAP-positive cells in CoCl2 
and PAE-treated rats were not significantly different 
compared with the control group (Figure 10E).

Discussion
Individuals who have been exposed to cobalt for a 

long time in the workplace and those who have received 

 

  Figure 8. Photomicrographs of H&E-stained sections of the amygdala 
(basolateral) of control and treated rats. H&E x400. Scale bars: 50 
mm. Arrows, intact neurons; Arrowheads, glia cells; Dashed arrows, 
degenerating neurons characterized by nuclear disintegration and 
cytoplasmic vacuolations

 

  Figure 9. Photomicrographs of GFAP-stained sections of the hippocampus (CA3). Magnification: 400 x; Scale bars: 50 mm. The quantification of GFAP-
positive cells is shown in E. White arrows indicate GFAP-positive astrocytes ***P<0.001 compared with control, ##P<0.01, ### P<0.001 compared with 
cobalt only. One-way ANOVA followed by Tukey’s post hoc test
GFAP: Glial fibrillary acidic protein

 

Figure 10. Photomicrographs of GFAP-stained sections of the amygdala (basolateral). Magnification: 400 x; Scale bars: 50 mm. The quantification of GFAP-
positive cells is shown in E. White arrows indicate GFAP-positive astrocytes ***P<0.001 compared with control, ##P<0.01, ###P<0.001 compared with cobalt 
only. One-way ANOVA followed by Tukey’s post hoc test
GFAP: Glial fibrillary acidic protein
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long-term cobalt chloride treatment for anemia have long 
been reported to have neurological difficulties (34). The 
revelation of elevated cobalt levels in the blood of people 
who have metal-on-metal hip prostheses has also reignited 
interest in cobalt toxicity. The current study looked at 
several toxicity targets in rats exposed to cobalt chloride and 
the mechanisms underpinning  PA  seed extract’s reversal 
of cobalt-induced neurotoxicity. Cobalt chloride altered 
the cytoarchitecture of the hippocampus and Amygdala, 
which PA seed extract attempted to alleviate in the current 
investigation. 

The present study used novel object recognition and 
Y-maze tests to assess short-term memory. In contrast, 
EPM was used to access amygdala-dependent or anxiety-
related behavior in a CoCl2 rat model of hippocampal brain 
injury by evaluating exploration time, recognition index, 
% of correct alternation, open arm entries, and % time 
spent in open arms, respectively. The cobalt-only treated 
rats spent less time exploring the novel object, whereas 
the PAE-treated rats preferred the novel object and spent 
more time exploring it. The PAE-treated animals also had a 
better recognition index when compared with cobalt-only 
treated animals. The percentage of accurate alternation 
in the y-maze test was drastically reduced in cobalt-only 
treated rats suggesting that cobalt has a deleterious impact 
on cognitive capacity, resulting in memory loss. Previous 
research has linked memory and cognitive deficits to 
oxidative imbalance, with changes in anti-oxidant status 
causing oxidative stress and harming specific areas of the 
CNS, including the hippocampus, that are crucial for learning 
and memory (35, 36). On the other hand, co-administration 
with PAE resulted in a longer exploration time for the novel 
object and a higher recognition index. There was a more 
remarkable correct alternation comparable with the control 
group indicating that PAE may have the capacity to reverse 
the memory impairment produced by Cobalt exposure. 
Open-arm entry and time spent in open arms are classical 
parameters associated with anxiety, while time per open-
arm entry provides an anxiolytic parameter not merely 
swayed by motor variables (37). The present study revealed 
that CoCl2-only treated animals spent significantly less time 
in the open arm and had lower open-arm entries. Suggesting 
that CoCl2 at the current dose could be anxiogenic as 
previous research revealed that an anxiogenic drug, caffeine, 
significantly decreased the time spent in the open arms 
of the elevated plus-maze (38). However, treatment with 
PAE resulted in increased open arm entries and duration 
comparable with that of the control group showing that PAE 
may have anxiolytic capabilities.  

As a result of its high oxygen consumption (the brain 
consumes around 20% of blood oxygen), low anti-oxidant 
enzyme activity, and the terminally orientated nature of 
its neurons, the brain is highly vulnerable to oxidative 
damage (39). More importantly, neuronal membranes 
are rich in polyunsaturated fatty acids and vulnerable to 
reactive oxygen species damage, resulting in changes in 
neuronal integrity and function (40). Induction of oxidative 
stress, on the other hand, is an often-used mechanism of 
cobalt poisoning (41). The degree of lipid peroxidation 
was determined by measuring MDA and H2O2 levels. 
The current study discovered a significant rise in H2O2 
and MDA generation following cobalt administration. 
More so, cobalt administration also resulted in a decrease 
in the levels of essential anti-oxidant enzymes like SOD 

and GSH. Earlier research by (9) and (42) supports our 
findings since they both found elevated levels of H2O2 and 
MDA in the brains of rats after cobalt administration, as 
well as a contemporaneous reduction in GSH and SOD. 
However, treatment with PAE was shown to be beneficial in 
reversing cobalt-induced oxidative stress by increasing the 
activity of the anti-oxidant enzymes SOD and GSH while 
simultaneously lowering H2O2 and MDA levels. This finding 
is backed by (43) who had previously reported PAE’s anti-
oxidant properties.

Neuronal injury is frequently exacerbated by metal-
induced activation of specific glial cells, which results in 
the production of inflammatory mediators (44). Cobalt 
exposure resulted in a considerable increase in levels of the 
pro-inflammatory cytokines TNF-α and IL-1β in the current 
investigation. These findings are consistent with those 
of Mou et al. (44), who found a concentration- and time-
dependent increase in TNF-α and IL-1β levels in N9 and 
primary mouse microglia after cobalt treatment, and Oria 
et al. who reported elevated levels of these proinflammatory 
biomarkers following CoCl2 administration (18). 
Additionally, our findings are consistent with those of (42), 
who found a significant increase in serum levels of TNF-α 
and IL-1β after cobalt administration. The pro-inflammatory 
effects of cobalt administration were dramatically reduced 
when treated with PAE.

Heavy metals like cadmium, nickel, and cobalt can 
influence the stimulation of numerous signal transduction 
pathways and form reactive radicals, which can lead 
to oxidative stress and mutagenesis, as well as lipid 
and protein degradation (45, 46). The present study 
revealed that the pyramidal neurons displayed apparent 
signs of neurodegeneration after cobalt administration, 
including nuclear disintegration, nuclear shrinkage, and 
cytoplasmic vacuolations. These features are in congruence 
with previous studies (47, 48) who reported substantial 
hippocampal alteration. Treatment with PAE, on the other 
hand, resulted in a considerable restoration of hippocampal 
histology. Similarly, exposure to cobalt chloride also affected 
the amygdala. The cobalt-only group showed neuronal 
deterioration, with neurons showing nuclear disintegration 
and cytoplasmic vacuolations. Treatment with PAE revealed 
mostly better histology, similar to the control group.

Glial fibrillary acidic protein (GFAP) is a protein in the 
intermediate filaments of glial cells commonly utilized 
as an astroglia cell marker. Glial cells play a significant 
role in neuroplasticity, and higher brain processes, 
hence abnormalities in astrocyte functionality are 
hallmarks in a growing number of illnesses (49). GFAP 
immunohistochemistry indicated reactive astroglia and 
increased expression of GFAP in the hippocampus after 
exposure to CoCl2 which agrees with a previous report (48). 
Increased GFAP expression indicates that this protein is up-
regulated, which normally happens when brain tissues are 
injured (50). Nevertheless, following co-treatment with PAE, 
the activated astrocytes were reduced to values comparable 
with that of the control group. Additionally, there was 
reduced expression of GFAP in the PAE co-treated groups. 
In the same vein, astrocyte reactivity was apparent in the 
amygdala, especially in the cobalt-only group. However, the 
reactivity of astrocytes and expression of GFAP was not as 
pronounced as was observed in the hippocampus. Fewer 
GFAP-positive astrocytes, with small processes, were seen 
after treatment with PAE.
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Conclusion
Our findings show that cobalt-altered cognitive 

capabilities caused anxiogenic behaviors and altered 
hippocampo-amygdala neuronal histomorphology, likely 
via triggered oxidative stress, lowered anti-oxidant capacity, 
and neuroinflammation. On the other hand, PA seed extract 
negated cobalt-induced changes by suppressing damage to 
hippocampal and amygdala neurons, probably through 
its anti-oxidant and anti-inflammatory capabilities and 
consequently improving behavioral outcomes.
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