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mechanisms linked with oxidative stress and inflammation. The study investigated the
potential ameliorative effect of apigenin on AICl;-induced neurotoxicity in rats.
METHODS: Forty adult male Wistar rats were randomly divided into four different
groups - control, AICI; (100 mg/kg), apigenin (50 mg/kg) plus AlCl;, and apigenin
(50 mg/kg) alone administered orally for 14 days.

RESULTS: Our findings revealed AICI; exposure induced significant neurobehavioral
deficits, oxidative stress, neuroinflammation, and loss of the Purkinje cell layer of the
cerebellum. Treatment with apigenin attenuated neuroinflammation and enhanced
learning and memory with significant improvement in recognition index.

DISCUSSION: Apigenin demonstrates promising ameliorative effects against AlCI;-
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1 | BACKGROUND

Neurotoxicity is considered to have an adverse impact on the chem-
istry, structure, or function of the central or peripheral nervous system
caused by physical or chemical substances.»? The toxic actions of
chemical substances ultimately impact negatively on these nervous
systems, which might affect locomotor function, speech, exploration,
learning, and memory.

Potentially harmful to the nervous system, aluminum chloride
(AICl3), as indicated in Figure 1A, can oxidatively damage a variety of
cellular indicators following long-term exposure.® Aluminum chloride
has the potential to worsen oxidative brain damage, increase amyloid
beta (AB) deposition, and cause inflammation.*> Recently, reports from

various laboratories have documented the use of AICl3 toxicity as an
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FIGURE 1 (A) Structure of apigenin (4',5,7,-trihydroxyflavone).
(B) Structure of aluminum chloride (AICl5).

induced neurotoxicity in rats.

Apigenin, cognitive impairment, neurotoxicity, oxidative stress

* Aluminum chloride toxicity caused significant reduction in learning, exploration, and

* Aluminum chloride toxicity induced neurotoxicity, increased biomarkers of oxidative
stress, neuroinflammation, and precipitated cognitive impairment.

* Apigenin improved brain antioxidant, enhanced learning, exploration, and memory.

experimental model of Alzheimer’s disease (AD).%” Numerous inves-
tigations have documented the neuroprotective properties of several
agents proven to mitigate neurotoxicity induced by AICI; toxicity.®?
For instance, it has been reported that ononin and baicalein have neu-
roprotective properties against AD precipitated by AICI; toxicity.1%11
These compounds are natural isoflavone glycoside and flavonoids
derived from the roots, stems, rhizome, Oroxylum indicum (L.) Kurz, and
Scutellaria baicalensis Georgi.1%13

Also, experimental animals intoxicated with AICl3 have been shown
to benefit from the neuroprotective action of Xylopia parviflora and
syringic acid.2*1> Due to its unwavering high affinity for transferrin
receptors, aluminum can readily cross the blood-brain barrier (BBB)
and accumulate in the brain.'®1” Aluminum primarily accumulates in
the frontal cortex and hippocampal regions of the brain with elevated
levels of inflammatory cytokines and oxidative stress indicators.18-20
Neurotransmission systems of the brain are readily disturbed by the
combination of AICl; and sodium fluoride toxicity.2*

AD is caused by a combination of environmental and hereditary fac-
tors. However, families with AD are thought to benefit from genetic
mutations linked to both the metabolism and expression of amyloid
precursor protein (APP), as no evidence has been found that APP
mutations impair the physiological function of APP2223 Furthermore,
prolonged exposure to environmental metals can cause neurologi-
cal diseases like AD.242>3 Aluminum can specifically accelerate the

rate of diffusion across the BBB.1® Consequently, there is evidence
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of both molecular and systemic consequences from exposure to alu-
minum toxicity. Chronic aluminum poisoning has been documented for
its neurotoxic effects.?%2”

Apigenin (4',5,7-trihydroxyflavone) is a dietary flavonoid (Figure 1B)
present in a broad range of fruits, vegetables, and medicinal herbs.28 Its
pharmacological action on neurological illnesses is aided by its capac-
ity to cross the BBB.2? Apigenin has been found to regulate cyclic
adenosine monophosphate (CAMP) response element-binding protein
(CREB) brain-derived neurotrophic factor (BDNF) cAMP-CREB-BDNF
and N-methyl-D-aspartate (NMDA) receptors signaling cascade that
are crucial for neuronal survival, synaptic plasticity, cognitive function,
and mood behavior.30:31

Apigenin as a flavonoid has been utilized to mitigate AD via reduc-
tion in neuroinflammation, protecting neurons from oxidative stress
and enhancing neuronal survival and synaptic plasticitity.?2 Dietary
supplementation of apigenin has been formulated into tablets, cap-
sules, solid dispersions, co-crystals, inclusion complexes, and nano
formulations with significant health benefits.2® Other research find-
ings have reported the mitigating action of apigenin by lowering the
build-up of A8 plaque in AD progression.3 Recently, apigenin admin-
istration was found to offer neuroprotection by upregulating BDNF,
phosphorylated extracellular signal-regulated kinase, and CREB.3* In
vitro, in vivo, and in silico analyses revealed that flavonoids such as
apigenin could effectively inhibit acetylcholinesterase activity and,
therefore, could be effectively utilized as a potential therapeutic
agent for cognitive dysfunction.2> Farbin and his colleagues reported
the application of apigenin in autism spectrum disorder (ASD)-like
phenotype through reduction in oxidative stress, inflammation, and
enhancement of cognitive function in the prefrontal cortex.3¢

Based on the available information on the neuroprotective actions
of apigenin and its ability to readily cross the BBB, we hypothesized
that apigenin would improve cognitive decline and enhance learning
and memory in AlCI3-induced neurotoxicity. Additionally, we explored
the effects of AICI3 toxicity on cerebellar Purkinje cell layer loss and
cognitive impairment by employing a novel object recognition test as

one of the gold standards for cognitive impairment.

2 | METHODS
2.1 | Experimental animals

Twenty-four male Wistar strain rats were used in this study. They
were purchased from the Animal House of the Faculty of Veterinary
Medicine, University of Ibadan, Ibadan, Nigeria. In addition, they were
randomly selected, acclimated to laboratory conditions for 7 days, and
fed standard feed and water ad libitum. The weight range of the rats was
100 to 120 g at the commencement of experiments. All the experimen-
tal animals received humane care according to the criteria outlined in
the Guide for the Care and the Use of Laboratory Animals, and ethics
regulations were followed in accordance with the 1996 National Insti-
tutes of Health national and institutional guidelines for the protection
of animal welfare during experiments.
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RESEARCH-IN-CONTEXT

1. Systematic review: The authors sought to explore the
impact of aluminum chloride toxicity on the induction
of oxidative stress, learning, exploration, and memory
performance evaluation in AD animal models using alu-
minum chloride-induced neurotoxicity. There have been
several publications featuring (AD) animal models using
aluminum chloride neurotoxicity, but there is a paucity of
information on the supplementation of apigenin against
aluminum chloride-induced neurotoxicity.

2. Interpretation: Our findings led to our research hypoth-
esis regarding whether apigenin supplementation
improved cognitive impairment.

3. Future directions: (1) We aim to continue to evaluate
the novel mechanism of action of apigenin on cognitive
impairment in animal models of AD. (2) Bench-to-bedside
application of apigenin in enhancing learning and memory

should be explored.

2.2 | Study design

The study was divided into four groups comprising six animals each.
The rats in the first group (Group 1) were administered normal saline
and served as the control. The rats in Group 2 were administered alu-
minum chloride at 100 mg/kg.%! The rats in Group 3 were administered
aluminum chloride at 100 mg/kg and apigenin at 50 mg/kg.®” The rats
in Group 4 were administered apigenin 50 mg/kg. All administrations
were done by oral gavage using bulb steel needles. The administration

period lasted for 14 consecutive days.

2.3 | Animal care

The experimental protocol was implemented entirely in conformity
with the guidelines of the Animal Research Review Panel for the care
and use of laboratory animals. Ethical approval for the study and con-
sent for the use of animals was obtained from University of Ibadan,
Animal Care and Use Research Committee (UI-ACUREC) with approval
number UI-ACUREC/059-0324/28.

2.4 | Novel object recognition test

The novel object recognition test (NORT) is used to evaluate cognition
in rats as it relates to different aspects of learning and memory.38 A
general description for the test is as follows. In an open field box, the
rats are first familiarized with two identical objects (habituation phase).

Twenty-four hours later (test phase), one of the objects was replaced
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with a new object and the rats were allowed to explore both objects for
5 min. The time spent exploring each object was recorded.

2.5 | Brain sample collection and preparation

At termination of the study, rats were humanely euthanized, and there-
after, brain tissues were harvested for biochemical assay. The rats were
anesthetized with 0.1 mL of xylazine/ketamine (v/v), while overdose of

xylazine/ketamine was used for euthanasia.

2.6 | Brain post-mitochondrial fraction preparation

Brain samples were quickly excised, rinsed, blotted with filter paper,
weighed, chopped into bits, and homogenized with homogenizing
buffer (0.1 M phosphate buffer, pH 7.4) using a Teflon homogenizer.
The homogenate obtained was centrifuged at 10,000 rpm for 10 mins
with a cold centrifuge at —4°C to obtain post-mitochondrial fractions
(PMFs). The PMFs obtained were used for the biochemical assays.

2.7 | Determination of brain antioxidant defense
status

Superoxide dismutase (SOD) assay was carried out by the method of
Misra and Fridovich®? with slight modification as described earlier.#041
Glutathione peroxidase (GPx) activity was also measured according to
Beutler et al.*? Glutathione S-transferase (GST) was estimated by the
method of Habig et al.*® using 1-chloro-2,4-dinitrobenzene (CDNB) as
substrate, and the reduced glutathione (GSH) content was estimated
by the method of Ellman.*4

2.8 | Determination of brain markers of oxidative
stress

Hydrogen peroxide (H,O,) content was determined using the method
described by Wolf4> Malondialdehyde (MDA) content as a product
of lipid peroxidation was determined using the method described by
Varshney and Kale.*¢ The acetylcholinesterase (AChE) activity was
evaluated with the method of Dingova et al.*’ Nitric oxide level was
determined using the method described by Olaleye et al.*® while
serum total protein was determined by Biuret’s method, as described

by Gornal et al.*?

2.9 | Histological evaluation

Mid-sagittal cut of the whole brain was harvested, while the left hemi-
sphere was sectioned for histological evaluation and fixed in 10%
formalin. The fixed tissues were immersed in paraffin wax, sectioned,
and mounted on slides for histopathological evaluation after staining
with Nissl, as previously described by Drury and Wallington.>°

2.10 | Statistical analysis

All values were expressed as mean + standard deviation. One-way
ANOVA with Turkey’s post hoc test was carried out, with p values < .05
considered statistically significant.”?

3 | RESULTS

The results of this study showed that AICIz-induced neurotoxicity
caused a significant (p < 0.05) increase in the body weight of the group
administered AICl; alone, while there was a significant (p < 0.05)
decrease in the body weights of the group co-administered AICl;
and apigenin, and a decrease in the body weight of the group admin-
istered apigenin alone (Figure 2A). The study’s results also showed
that AlIClz-induced neurotoxicity caused a significant (p < 0.05)
reduction in the brain weight of the group administered only AICl3
in comparison to the control group (Figure 2B). The brain weight
of the group co-administered AICl; and apigenin was significantly
(b < 0.05) lower in comparison to the group administered AICl3. The
brain weight of the group administered apigenin only was significantly
(b < 0.05) higher compared to the group administered AICl3 only and
the group co-administered AICl; and apigenin (Figure 2B). The study’s
results further showed that AICI3-induced toxicity caused a significant
(p < 0.05) reduction in the relative brain weight of the group adminis-
tered AICl; only compared to the control group (Figure 2C). However,
there was a significant (p < 0.05) increase in the relative organ weight
of the groups administered apigenin compared to the group admin-
istered AICl; (Figure 2C). In the neurobehavioral assessment, AlCl;
significantly (p < 0.05) reduced the recognition index, while rats co-
administered apigenin had a significantly improved recognition index
(Figure 3).

In this study, the toxic effects of AICl; on brain acetylcholinesterase
activity were assessed. It was shown that AICI5 toxicity caused a signifi-
cant (p < 0.05) increase in AChE activity in all treated groups compared
to control (Figure 4A). We also observed a significant (p < 0.05)
reduction in AChE activity in rats treated with apigenin and those
that received only apigenin relative to untreated rats (Figure 4A).
Nitric oxide is another biomarker of neuroinflammation and nitrosative
stress. In Figure 4B, we demonstrate that AICI3 toxicity caused a sig-
nificant (p < 0.05) increase in NO contents compared with the control.
There was also a significant (p < 0.05) reduction in the content of NO
in animals that received both AICI; and apigenin as well as those that
received only apigenin compared with rats administered AICI3 alone
(Figure 4B). There was also a significant (p < 0.05) increase in the NO
of rats only on apigenin compared with rats that received both AICI3
and apigenin (Figure 4B).

Oxidative stress biomarkers are essential components of toxicity
assay associated with AlCl3-induced neurotoxicity. Brain MDA con-
tent, hydrogen peroxide (H,O5) generation, and reduced glutathione
(GSH) were determined. The study revealed a significant (p < 0.05)
increase in MDA content in rats intoxicated with AICl; in compari-

son to the control (Figure 5A). Interestingly, co-administration of AICl3
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FIGURE 2

Effects of aluminum chloride-induced neurotoxicity on body weight, brain weight, and relative brain weight. Letter a indicates

significant difference compared with control, while letter b indicates significant difference compared with AICl5, and letter c indicates significant

difference compared with AICI3 + apigenin. Mean + SD (n = 6).

1.5+

Recognition index

FIGURE 3 Effects of aluminum chloride-induced neurotoxicity on
recognition index. Letter a indicates significant difference compared
with control, while letter b indicates significant difference compared
with AICl3. Mean + SD (n = 6).

+ apigenin caused a significant reduction in MDA content compared
to untreated AICI3 rats. Figure 5B demonstrates that AICI; toxicity
caused a significant (p < 0.05) increase in H,O, generation compared
to the control group. Furthermore, a significant (p < 0.05) decrease
in H,O, generation was observed following the co-administration of
AICl; + apigenin and apigenin only compared with the control and
AlCl3-intoxicated rats (Figure 5B). In this study, AlCl; neurotoxicity on

brain reduced glutathione (GSH) was assessed (Figure 5C). The results

showed that there was a significant (p < 0.05) decrease in GSH levels
in rats not treated with AICI3 in comparison to the control. However,
a significant improvement in the GSH content was recorded in rats
administered AICI3 + apigenin relative to rats not treated with AICl3
(Figure 5C).

The activity of GPx was assessed following AICl3-induced neurotox-
icity (Figure 6A). From the result obtained, there was no statistically
significant (p > 0.05) difference in GPx activity across all treatment
groups compared to the control (Figure 6A). From this study, Figure 5B
shows that there was a significant (p < 0.05) increase in the GST activ-
ity of rats administered AICl3, AICl3 + apigenin, and apigenin compared
with the control group. Similarly, a significant (p < 0.05) increase in the
GST activity of rats treated with AICl3 + apigenin compared with those
treated with AICl3 was recorded (Figure 5B). Furthermore, a significant
(b < 0.05) increase in the GST activity of rats administered apigenin
was observed compared with the AICI3 + apigenin group (Figure 6B).
In another experiment, we recorded that AICI3-induced neurotoxicity
significantly decreased (p < 0.05) SOD activity compared to the control
and other treatment groups (Figure 6C). However, in rats receiving co-
administration of AICI3 with apigenin and those on only apigenin had
a significantly improved SOD activity compared with the control and
AlCl3-untreated groups, indicating the antioxidant capacity of apigenin
(Figure 6C).

Histopathology revealed loss of the Purkinje cell layer in the
AlCl3-intoxicated rats (Figure 7). Amazingly, Purkinje cell layer
restoration was observed in rats co-treated with AICl; and api-
genin and rats on apigenin alone relative to rats exposed to AICl;
(Figure 7).
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Effects of aluminum chloride-induced neurotoxicity on brain nitric oxide (NO) level and acetylcholinesterase (AChE) activity. Letter
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4 | DISCUSSION

The study investigated antioxidant, neuromodulatory, and memory-
enhancing actions of apigenin in ameliorating AICl3-induced neurotox-
icity in Wistar rats. The NORT is a straightforward exercise that takes
advantage of the natural inclination of rats to investigate unfamiliar

stimuli rather than ones they are familiar with.>2 Specifically, it is one

of the neurobehavioral tests for determining learning and memory out-
comes in animal models of cognitive impairment. This study showed
that apigenin was able to effectively mitigate and restore cognitive
impairment associated with AICl3-induced neurotoxicity, as indicated
by a reduction in the recognition index. In fact, apigenin treatment
significantly improved learning and memory. In this study, admin-

istration of apigenin together with AICI; improved the recognition
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FIGURE 6

Effects of aluminum chloride-induced neurotoxicity on brain glutathione S-transferase and superoxide dismutase activity. Letter a

indicates significant difference compared with control. Letter b indicates significant difference compared with AICl3, while letter c indicates
significant difference compared with AICl; + apigenin. Mean + SD (n = 6).
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FIGURE 7 Cerebellum, cresyl violet stain. Note loss of Purkinje cell layer (red arrows) in AlCl5 group. These were rescued with concurrent

administration of apigenin. Scale bar, 50 pm.

index, thereby mitigating neurobehavioral deficit and cognitive impair-
ment associated with AICl;-induced neurotoxicity. Several studies
have reported the induction of neurobehavioral deficit and cognitive
impairment by AlCl5 toxicity.>>>* Hence, the use of apigenin as a food
supplement for the management of cognitive impairment could allow
for a novel therapeutic regimen in neuroscience.

The results we obtained in this study showed that NO content
increased significantly in rats that were exposed to only AICI3. This
is indicative of neuroinflammation and of neurotoxicity as enhanced

by AICl; intoxication. However, treatment with apigenin significantly

reduced NO content. This finding attests to the anti-inflammatory
and neuroprotective action of apigenin against lipopolysaccharide-
induced inflammation and inorganic arsenic salt-induced toxicity in
PC12 cells.>>>% Toxicity associated with AICl; was further assessed
using an AChE activity assay. In the present study, AChE activity
was significantly higher following AICI; toxicity. Previous research
findings documented the inhibition of AChE activity for the manage-
ment of cognitive impairment and neurobehavioral deficit.>”->8 In our
study, treatment of rats with apigenin caused significant inhibition of

AChE activity. This also confirms the neuroprotective action of api-
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genin as previously reported by mitigating the abnormal accumulation
of misfolded A in AD.>%¢0 Nitrosative stress and neuroinflamma-
tion could also trigger increased AChE activity, as observed in this
study.6 Overall, apigenin mitigated neurotoxicity, neuroinflammation,
and nitrosative stress via a reduction in the content of NO and AChE
activity.

Biomarkers of oxidative stress following the induction of neu-
rotoxicity by AICl; were assessed in brain tissues. We observed
that AlICls-induced neurotoxicity precipitated oxidative stress with
increased production of H,O, and MDA. It is worth noting that the
treatment of rats exposed to AICI3 toxicity with apigenin ameliorated
oxidative stress, as indicated by the significant reduction in H,O, gen-
eration and MDA content. The results obtained are in conformity with
recent documented results on the antioxidative action of apigenin.62¢3

Reactive oxygen species detoxification within cells depends on
the GSH system.®* Lower levels of reduced glutathione (GSH) were
recorded in the group administered AICI3 only. The GSH is an intracel-
lular antioxidant defense system.®> However, there was a significant
increase in the content of GSH in rats treated with apigenin. The
observable improvement in the content of GSH is an indication of the
antioxidant and neuroprotective actions of apigenin. The depletion of
the content of GSH has been reported to be a biomarker of oxida-
tive injury in many disease conditions, including neurodegenerative
diseases.®® Hence, the depletion of GSH content caused by AICI; is
indicative of oxidative stress.®8:6?

GST plays a crucial role in cellular defense by decreasing the toxicity
of many hydrophobic and electrophilic intermediates, including drugs,
carcinogens, and products of oxidative stress. It accomplishes this by
catalyzing the conjugation of GSH with electrophilic intermediates.”®
We recorded significant increases in the activity of GST in rats intox-
icated with AICl3. The observed increase in GST activity could be
attributed to oxidative stress-induced adaptive response, which has
been documented elsewhere. However, we also observed significant
improvement in GST activity in rats treated with apigenin. Further-
more, the activities of SOD and GPx were found to decrease signifi-
cantly in rats exposed to only AICl3. SOD is in the first line of defense
against oxidative stress by dismutation of the superoxide anion radicals
to hydrogen peroxide (H,O,) and oxygen (O,). Therefore, the inhibi-
tion of SOD activity by AICl3 toxicity could have aggravated oxidative
stress. A similar observation was recorded as AlCI3 toxicity inhibited
GPx, although, this was not significant. Final detoxification of H,O, and
other hydroperoxides was performed by GPx. The impact of the tox-
icity was significant in this study, which might have been due to the
duration of the experiment.

Histopathology revealed a loss of the Purkinje cell layer in AICl5-
intoxicated rats. Several research findings have attributed loss of
the Purkinje cell layer to neurodegeneration, neurobehavioral deficit,
motor dysfunction, cognitive impairment, and memory loss.”274 We
discovered that concurrent administration of apigenin rescued the
cerebellum from Purkinje cell layer pathology, as indicated in the
graphical abstract.

The results of this study demonstrate the effectiveness of api-
genin as an antioxidant, anti-inflammatory, and neuroprotective agent

that effectively mitigated neurotoxicity, neuroinflammation, oxidative
stress, and memory loss. Therefore, fruits and vegetables that con-
tain apigenin could be employed for the management of cognitive
impairment and memory loss associated with Alzheimer’s disease.
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ing Information section at the end of this article.
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