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Abstract

Background: Plant secondary metabolites have been reported to offer a wide variety of medicinal
purposes, including protection against heavy metal toxicity.

Objectives: This study aimed to investigate the potentiality of naringenin a flavonoid in
ameliorating the antioxidant defense system of neural and cardiac cells against aluminum
chloride (A|C|3) toxicity in rats.

Methods: The rats were divided into control (group 1), A|C|3-treated 2), A|C|3+Naringenin-
treated (3), and Naringenin-treated (4) groups. During experimentation, group 2 received an
oral dose of 100 mg/kg/BW of AICI,, and group 3 received 100 mg/kg/BW of AICI, and 50 mg/
kg/BW of naringenin. In addition, group 4 received 50 mg/kg/BW of naringenin each day, while
group 1 and all groups received a normal diet and water ad libitum for 30 days. The animals
were sacrificed, and then blood, brain, and heart tissues were collected for biochemical and
histological studies.

Results: The results revealed that naringenin administration ameliorates the antioxidant
defense system (catalase [CAT], superoxide dismutase [SOD], glutathione peroxidase [GPxI,
and glutathione transferase) in AICI, toxicity in neural and cardiac tissues. AICI, caused
oxidative tissue damage, showing a significant increase in malondialdehyde (MDA) (P<0.05)
in both tissues. The levels of neurotransmitter acetylcholine esterase, nitric oxide, and lactate
dehydrogenase (LDH) in the rats of group 3 were significantly (P<0.05) higher compared with
AlCl -intoxicated rats. Furthermore, the AICI,-administered group had significantly (P<0.05)
elevated levels of total cholesterol (TC), triglycerides, and low-density lipoprotein-cholesterol,
with reduced high-density lipoprotein-cholesterol levels in comparison to the naringenin-treated
and control groups. Naringenin treatment normalized the lipid profile. Histological analysis using
the hematoxylin and eosin staining method revealed that AICI, caused degenerative changes in
the cerebellum and cardiac tissues, which were ameliorated by co-treatment with naringenin.
Conclusion: Naringenin has the potential to mitigate AICl,-induced oxidative stress (OS) in the
neural and cardiac tissues of rats by enhancing the antioxidant defense system and reversing
tissue injuries in the brain and heart.
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Background

Heavy metal toxicity is among the major causes of brain
and heart injuries in nations associated with high rates of
pollution and mining activities. One of such heavy metals
is aluminum (Al), which is widely found freely in air, water,
food, and household items (1). Al is widely recognized as a
neurotoxin element that is implicated in the progression of

numerous neurological disorders in humans and animals
(2). As such, its persistent exposure beyond tolerable
limits affects the body’s organs, such as the brain and
heart, causing damage to these tissues. Al interacts with
the body’s physiological system, creating superoxides that
combine with oxygen (O,) to create AlO, radicals (3). This
results in extensive reactive oxygen species (ROS), which
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can harm cell membranes and lead to oxidative stress (OS)
in different types of cells (4). ROS, such as free radicals
containing Al, exert an influence on the membranes of
neuronal cells by engaging in the integration process with
proteins and other negatively charged substances (5). It
has been recorded that there is a link between the toxicity
of heavy metals and the development of neurological and
cardiovascular disorders.

Al chloride (AICL), as one of the Al salts, has been
extensively used in the induction of dementia in
numerous animal models. Previous literature has reported
the negative effect of AICIL, on the antioxidant defense
system, decreasing the efficacy of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and
glucose-6-phosphate dehydrogenase (G6PD) enzymes in
rats (6, 7). Apart from attenuating antioxidant enzymes,
Al radicals induce lipid peroxidation, leading to the
production of toxic aldehydes such as malondialdehyde
(MDA) and other harmful carbonyl compounds
detrimental to cellular health (8). High levels of MDA
beyond a cellular threshold have a profoundly detrimental
impact on neuronal and cardiac chemistry in the brain
and heart, impairing their functionality and ultimately
resulting in organ failure (9). Thus, this could perhaps be
a link connecting the toxicity of Al superoxides and organ
failures.

Natural and processed flavonoids possess several medicinal
and therapeutic values, accounting for their usage in
medicine. They have antioxidant properties and display
anti-inflammatory and anticancer properties against
certain types of cancer (10). One of the polyphenolic
substances with these pharmacological and physiological
benefits is naringenin. It is found in citrus fruits such
as lemon, orange, mandarin, and grapefruit. Moreover,
it belongs to the flavonoid class known as flavanones,
existing in the aglycone form (11). Naringenin has a
biological impact on human health through improved
antioxidant defenses, anti-inflammatory effects, immune
system activity control, antiatherogenic effects, and ROS
scavenging (12,13). Numerous studies have shown the
effectiveness of naringenin as a preventative measure
against chemically induced toxicity (14-17). A study by
Hernéndez-Aquino and Muriel (17) demonstrated that
treatment with naringenin increases the endogenous
antioxidant enzymes and reverses the effect of mercury-
induced OS in rats. Das et al (16) indicated a positive
relationship between naringenin dosage and the reversal
of cadmium-induced OS in the lungs of rat models. Zhou
et al (18) also reported the anti-inflammatory effects,
anti-apoptosis, and antioxidant capacity of naringenin in
acrolein-induced OS in rats. Natural compounds such as
naringenin are used in medicine probably because they
have fewer side effects even at large concentrations and
can be metabolized by the body (14). Naringenin exerts its
protective effects on numerous organs against chemically
induced OS in rats, based on these findings in the prior
works. However, little is understood about its protective

effects on the brain and heart, particularly in relation to
OS caused by heavy metals. Accordingly, this study sought
to investigate the neuroprotective and cardioprotective
effects of naringenin on AICI,-induced OS in rats.

Materials and Methods

Chemicals and Reagents

Naringenin 95% (4, 5, 7-trihydroxy flavanone)
C15H1205 was purchased from AK-Scientific Inc.
(Union City, California, USA). AICI, and other chemicals,
including 10% formalin, 1.15% potassium chloride, and
a 0.1 M phosphate buffer, were of analytical grade and
procured from the British Drug House in Poole, England.
These chemicals were prepared in the laboratory using
distilled water.

Experimental Animals and Feeding Protocols
The experimental animals were obtained from the
Department of Physiology Animal House, Osun State
University, Osogbo, Nigeria. A total of 32 healthy adult
male Wistar rats weighing 120 g were kept in a laboratory
environment. Before the test, the rats were given 7 days
of acclimation and had unrestricted access to clean water
and food. Then, they were randomly selected and divided
into four different groups as follows:

e Group 1: (the control group) was administered a
standard chow diet and had access to water orally
daily for 30 days.

e Group 2: (the AICl -positive group) received 100 mg/
kg/BW AICI, dispersed in distilled water orally daily
for 30 days.

e Group 3: (the test group) received an oral dose of 100
mg/kg/BW AICI, using the same method mentioned
previously, and after an hour, the animals received a
dose of 50 mg/kg/BW of naringenin orally daily for
30 days.

e Group 4: The animals were given a dose of 50 mg/kg/
BW of naringenin orally daily for 30 days.

Animal Sacrifice, Blood Sample Collection, and
Preparation

After the experimentation, the rats were allowed to
fast overnight before being sacrificed by jugular vein
puncture using the anaesthesia method as mentioned
previously (16). Then, blood was drawn from the
orbital venous plexus into test tubes that had been
disinfected and included dipotassium salt of the
ethylenediaminetetraacetic ~acid anticoagulant. In
addition, plain test tubes were allowed to coagulate for
at least 20 minutes at room temperature before being
centrifuged at a high speed for 15 minutes at 4000
rpm to produce serum, which was then kept at 4 °C
for biochemical and haematological tests. Briefly, the
animals were dissected, heart and brain tissues were
isolated, and 100 mg of the brain tissue and 1 g of left
ventricles were collected from the hippocampus and the
heart, respectively. The tissues were quickly homogenized
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in ice-cold phosphate-buffered saline after being rinsed
in ice-cold saline buffer (20 mM =Tris-HCI, 0.14=M
NaCl buffer, pH=7.4). After centrifuging homogenates
at 1000 g for 20 minutes, the supernatants were carefully
collected, kept, and tested for the presence of antioxidant
properties and OS indicators in the rat brain and heart.
Furthermore, the samples of both brain and heart organs
were stored and preserved in a neutral buffer of 10%
formaldehyde concentration for histological studies.

Biochemical Assays

Evaluation of Brain Markers

Acetylcholinesterase (AChE) was assessed (19) by
combining 25 pL of the supernatant with 10 pL of the
AChE reagent, 20 mL of DTNB (5,5'-dithiol-bis [2-
nitrobenzoic acid]), and 170 pL of Tris HCI in the test
tube. Following mixing, the reacting mixture was left for
at least 10 minutes of incubation at 37 ‘C. Then, ACh was
added to 10 pL of the substrate, and the absorbance was
measured spectrophotometrically at 412 nm. The amount
of nitric oxide (NO) was also estimated to gauge the
severity of cerebral nitrosative stress. The homogenates
were placed on 96-well cell culture plates, treated with
phosphate-buffered saline, and incubated for 15 minutes
at 25°C. Sample absorbances were then determined in
accordance with prior instructions (20).

Evaluation of Cardiac Markers

The levels of serum creatine kinase (CK) and lactate
dehydrogenase (LDH) enzymes associated with heart
damage underwent assessment. CK activity was
determined in accordance with the method of Uhuo
et al (21). LDH activity was estimated using the Witt
and Trendelenburg technique by adding 2 pL of the
homogenate sample, mixing it with 1000 pL of the LDH
reagent, and then incubating the mixture for 10 minutes
at 37 "C as described previously (22).

Determination of Neuron and Cardiac Antioxidant
Markers

SOD activity was evaluated using a modified Misra and
Fridovich method. Briefly, 50 pL of the homogenate was
added into a tube containing 2.5 mL of 0.05 M carbonate
buffer (pH=10.2). Then, 0.03 mL of epinephrine was
quickly added to the mixture and carefully inverted to
form a homogenous mixture. Next, the tube was placed in
a spectrophotometer, and the activity at 480 nm for every
15 seconds was measured for 75 seconds.

The activity of CAT and GPx was determined as
described previously (16). CAT was assessed by adding
exactly 50 pL of tissue homogenates into a 1 cm quartz
cuvette containing hydrogen peroxide (2.45 mL of 11
mM). The mixture was blended and rapidly inverted to
obtain a homogenous mixture. Then, its absorbance at
240 nm was measured every 30 seconds for 150 seconds.
GPx was estimated by the ability of GPx to degrade H,O,
when combined with glutathione (GSH). Glutathione-S-
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transferase (GST) activity was measured in accordance
with the method of Shun et al (23).

Determination of Intracellular Oxidative Stress via
Reactive Oxygen Species

ROS levels were used to measure intracellular OS. A
modified version of Bass’s approach was utilized to
calculate ROS (24). A 96-well plate was employed, and
50 uL of tissue homogenates and 50 uL of catalyst were
added to each well. The mixture was completely blended
and allowed to sit at room temperature for 5 minutes.
Following incubation, the plate was covered to avoid
light contamination after the addition of 100 uL of the 2
2',7'-dichlorofluorescin reagent. Next, it was incubated
at 37°C for 35 minutes and subjected to fluorescence
measurement at 480 nm.

Lipid Peroxidation Marker Assay

The level of lipid peroxidation was determined by
measuring the MDA concentration. Following the
precise insertion of 0.1 mL of the sample, the test tube
was filled with 0.5 mL of each of the reagents, containing
25% taurocholic acid and 17% thiobarbituric acid. The
combination was heated to a high temperature of 95°C for
about 35 minutes and then cooled using water for at least 5
minutes. About 0.1 mL of 2% sodium dodecyl sulfate was
added after cooling, and the mixture’s absorbance at 532
nm was determined as previously indicated in (22).

Serum Lipid Profile

The serum concentrations of triacylglycerol (TAG), total
cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C)
were measured to evaluate the impact of naringenin on these
parameters in experimental rats. TC, TAG, and HDL-C
were determined utilizing commercial kits (sourced from
Randox Laboratory Ltd., Crumlin, Company, Antrim, UK)
in accordance with the manufacturer’s recommendations.
The concentration of LDL-C was estimated by employing
the formula established by Friedewald as previously
reported by Das et al (16):

LDL=TC - HDLC—[%)

Assessment of Histopathological Injury in Brain and
Heart Tissues

The brain and heart tissues were rapidly taken from the
animals and then washed with ice-cold in 1.15% potassium
chloride with clean, sterile scissors. Next, small pieces of
the brain (hippocampus) and heart (left ventricles) were
removed, instantly placed in 10% (V/V) formalin, and
then embedded in molten paraffin wax and stained using
hematoxylin and eosin (H&E) staining. A small slice of
paraffin-containing tissue was then cut from the wax
block using a microtome. Subsequently, the specimen slice
was viewed using a biological microscope (Chippenham,
Wiltshire, UK).
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Statistical Analysis

The data were presented as means+standard deviations
of triplicate measurements and analyzed using the
Statistical Package for Social Sciences (SPSS, version 20).
A one-way analysis of variance was utilized to compare
the data between the groups, and P<0.05 was considered
statistically significant.

Results

Effect of Aluminum Chloride-induced Intoxication on
the Weight of Rats

In the AICI, -treated group, the weight of the rats was
significantly reduced by 9 units (Table 1) compared with
the initial weight, indicating the negative impact of AICI,
exposure on the rat’s weight. As such, the final weight
of AICl -treated rats was significantly lower (P<0.05)
in comparison with the control and naringenin-co-
administered groups.

Effect of Naringenin on Reactive Oxygen Species Level in
Aluminum Chloride-Induced Oxidative Stress

In both brain and heart tissues, the level of ROS was
considerably lower in the naringenin-treated group
compared with the AICI -treated group. As a result, the
amount of ROS in the AICI, group was substantially
greater (P<0.05) when compared to the homogenate of
rats in the control and other groups (Figure 1).

Table 1. Effect of AICI, on the Weight of Rats

Group Initial Weight (g) Final Weight (g) Weight Changes (g)

1 141.2+£8.93 156.8+9.26 +15.6
2 140.8+6.90 131.8+5.50° -9.0

3 141.4+5.95 147.6 £4.48" +6.2
4 141.0+6.20 153.4£6.70° +12.4

Note. ALCI2: Aluminum chloride. Key: Group 1: Control; group 2: AICI,-
treated group; group 3: Test group; group 4: Naringenin-treated group. Letters
a and b denote a significant difference between the groups at P<0.05.

25. Brain Heart

2.0
1.5
1.0

0.5

Reactive oxygen species

Figure 1. Effect of Naringenin on Tissue ROS: ROS (uM) After 30 Days of
the Treatment of AICI-induced Rats With Naringenin (Mean+SD). Note.
ROS: Reactive oxygen species; SD: Standard deviation. The means in each
chart with different superscripts a and b are significantly different (P<0.05)

Protective Effect of Naringenin on Reduced Glutathione
Levels of Rats Induced With Aluminum Chloride-
Oxidative Stress

Rats that had received naringenin had significantly
high levels of GSH compared with AlClS-treated rats,
indicating that naringenin co-administration displayed a
significant upregulation in GSH levels. However, AICI3-
induced intoxication reduced the GSH level in both heart
and brain tissues (Figure 2).

Protective of Naringenin on Tissue Lipid Peroxidation in
Aluminum Chloride-Induced Oxidative Stress

This study utilized MDA as an indicator of lipid
peroxidation. The results showed that rats treated with
AICI, had significantly higher MDA levels compared to the
control and test groups. Importantly, rats given naringenin
did not exhibit statistically significant differences (P <0.05)
in MDA levels in both heart and brain tissue homogenates
(Figure 3). These findings demonstrated the potential
protective effect of naringenin against lipid peroxidation
in these tissues.

Effect of Naringenin on Neuron Markers of Oxidative
Stress in Aluminum Chloride-Induced Rats

The effect of AChE activity was significant between AICI,
exposed rats and those of the test group, where intoxicated
rats had significantly (P < 0.05) low AChE activity (Figure 4).

Effect of Naringenin on the Nitric Oxide Level in
Aluminum Chloride-Induced Oxidative Stress

The level of NO in both brain and heart tissues (Figure 5)
was significantly lower in AICI -treated rats compared
with the control and naringenin-treated groups, implying
that AICL, OS has a negative impact on the NO level in
brain and heart tissues.

Brain Heart

Glutathione
(mM)

Figure 2. Protective Effect of Naringenin on Tissue Reduced GSH in AICI3-
induced Rats: The GSH (mM) Level in the Brain and Heart Tissues After
30 Days of Treatment of AICI,-induced Rats With Naringenin (Mean+SD).
Note. GSH: Glutathione; SD: Standard deviation; AICL: Aluminum
chloride. The mean in each chart with different superscripts a and b is
significantly different (P<0.05)
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Figure 3. Level of Tissue MDA in AICl -induced Rats: The MDA (uM) Level
in the Brain and Heart Tissues After 30 Days of Treatment of AICI,-induced
Rats With Naringenin (Mean+SD). Note. MDA: Malondialdehyde; SD:
Standard deviation; AICI,: Aluminum chloride. The means in each chart
with different superscripts a and b are significantly different (P<0.05)

15,
Brain Heart

Nitric oxide

Figure 5. Protective Effect of Naringenin on Nitric Oxide in AICI3-induced
Rats: NO (uM) in Serum After 30 Days of Treatment of AICI -induced Rats
With Naringenin (Mean+SD). Note. AICI,: Aluminum chloride; NO: Nitric
oxide; SD: Standard deviation. The means in each chart with different
superscripts a and b are significantly different (P<0.05)

Protective Effect of Naringenin on the Heart and Brain
Antioxidant System in AICI -Induced Oxidative Stress
As shown in Figure 6, the activity of endogenous
antioxidants SOD, CAT, GPx, and GST was significantly
reduced in AICI3-induced rats compared with the control
and naringenin-treated rats. In both brain and heart
tissue homogenates, this impact was reversed following
naringenin treatment in AICI, + Naringenin rats compared
to untreated groups.

Protective Effects of Naringenin on Heart Enzymes and
Cardiovascular Markers

Heart Enzymes

Compared with test rats, CK activity was significantly
elevated in AICl-induced rats (P<0.05) compared
with the control and naringenin-treated groups. The
activity of CK significantly decreased due to naringenin
administration in the test group in comparison with the
control. The activity of LDH significantly increased in
AlCI3-intoxicated rats compared with the control. The
activity decreased when naringenin was co-administered

Cardio and neuroprotective of naringenin

AchE

0.254

0.204

0.151

0.104

0.051

Acetylcholine esterase

Figure 4. Effects of Naringenin on Brain AChE Activity in AICl,-induced Rats:
AChE (U/mL) in Brain Homogenates After 30 Days of Treatment of AICI,-
induced Rats With Naringenin (Mean +SD). Note. AICI,: Aluminum chloride;
AChE: Acetylcholine esterase; SD: Standard deviation. The means in each
chart with different superscripts a and b are significantly different (P<0.05)

and was significantly elevated (P<0.05) compared with
control rats (Figure 7).

Lipid Profile

Compared with AICI,-intoxicated rats, AICI, + Naringenin
rats had significantly lower levels of LDL, cholesterol, and
TAG. However, the level of HDL was significantly higher
when naringenin was administered compared with AICI.-
intoxicated rats (Figure 8).

Naringenin’s Effect on Histological Changes in the Brain
and Heart of AICl -Induced Oxidative Stress

The control rats’ histological data (Figure 9A) exhibited no
changes in the brain, indicating lesser effects of water on
their brains. However, the cerebral cortex showed changes
in morphology with the appearance of lesions at the lateral
edge of the tissue (red arrows in Figure 9B) due to AICI,
intoxication. Furthermore, AICl -induced OS induced
changes in cellular density and neuronal striations due
to the lipid peroxidation of nerve cells. Treatment with
naringenin resulted in milder morphological changes,
resembling the control group’s cerebral cortex layers and
fewer section lesions compared with the AICI, -treated
group (Figure 9C). Fewer cerebral shrinkages were
observed in the naringenin-treated group compared with
the AICI,-treated group, demonstrating that naringenin
can ameliorate the health of nerve cells.

Cardiomyocytes exhibited a normal morphological
appearance in the control rats (Figure 10A). AICI3-
induced rats (Figure 10B) demonstrated significant
degenerative morphological changes, blood clots, fibrosis,
and striations due to induced OS compared to control rats.
However, naringenin co-administration resulted in milder
striations, reversal of blood clotting, and cardiomyocyte
lesions, highlighting the effectiveness of naringenin in
ameliorating AICI, OS.

Discussion
OS constitutes a consequential health consequence arising
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Figure 6. Effect of Naringenin on the Antioxidant System in AICI-induced Rats: SOD (U/L), CAT (U/L), GPx (U/L), and GST (U/L) Activities in Brain and Heart
Tissues After 30 Days of AICI, Administration. Note. AICI,: Aluminum chloride; SD: Standard deviation; SOD: Superoxide dismutase; CAT: Catalase; GPx:
Glutathione peroxidase; GST: Glutathione-S-transferase. The values in each chart with different superscripts a and b differ significantly (P<0.05)
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Figure 7. Protective Effect of Naringenin on Heart Enzymes in AICI -induced Rats: CK-MB (U/L) and LDH (U/L) Activities in Heart Homogenates After 30 Days of
Experiment. Note. The values in each chart with different superscripts a and b differ significantly (P<0.05). CK-MB: Creatine kinase muscle band; LDH: Lactate
dehydrogenase; AICI,: Aluminum chloride

from heavy metal toxicity, provoking adverse outcomes human and animal organisms. It encompasses alterations
across diverse bodily organs. Notably, heavy metal toxicity in physiological processes, heightened susceptibility
exerts a multifaceted impact on health, affecting both to neuronal cell damage, and perturbations in overall
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Figure 9. Effect of Naringenin on Brain Histological Parameters in AICI,-induced Rats: A (Control Rats) and Normal Morphological Appearance, B (AICI -treated
Rats), Presence of Cerebral Cortex Section Lesion and Neuron Shrinkages, and C (AICI, + Naringenin Rats), Cerebral Section Shrinkage in Fewer Neurons (H&E X400)

brain function, culminating in the potential for organ
dysfunction and failure (25). The brain plays a vital
role in governing the body’s physiological functions,
including metabolism, making it a crucial organ within
the body. In addition to the brain, the heart is another
organ of vital significance to the human body. The

heart also serves the critical function of orchestrating
systemic blood circulation, facilitating the distribution
of essential nutrients, notably oxygen, throughout the
body (26). Despite the vital functionality of these organs,
chemical toxicity can compromise their overall functions,
performances, and failure. AlCl3 is among the chemicals
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Figure 10. Effect of Naringenin on the Histology of the Heart in AICI -induced Rats: A (Control Group), Normal Morphological Appearance, B (AICI -treated
Group), Degenerate Changes in Morphology Coupled With Clotted Blood (Red Arrows), and C (Test Group) Administration of Naringenin Causes Milder Striation

and Normal Morphology Compared With the Control Group (H&E X400)

associated with causing organ damage and OS upon
consistent exposure. Exposure to AlCI, can occur via
substances such as lubricants, rubber products, paints,
wood preservatives, materials used in smelter industries,
and specific pharmaceuticals (27). It integrates into
the food chain through water and dietary sources and
is absorbed into the biological system through various
pathways, including passage through the cerebral vascular
blockade and the cardiovascular system. In this process,
it engages with the body’s antioxidative mechanisms and
hinders their biological function.

The findings of this study unveiled that AICI, intoxication
exerts an adverse influence on body weight (Table 1).
The outcomes of our investigations have underscored
the association between OS and alterations in body
weight, reductions in body weight, and an impairment
of weight gain reflecting a compromised health status.
Our findings align with those of earlier work (16),
documenting substantial fluctuations in the body weight
of rats subjected to heavy metal intoxication. The observed
alterations in body weight, as documented in both studies,
are conceivably attributed to shifts in cellular metabolism
induced by OS. Upon exposure to AICL, the body initiates
detoxification mechanisms involving the utilization of the
antioxidant system, which necessitates a substantial energy
expenditure. This process, characterized by the depletion
of the body’s stored lipids, which constitute a primary
energy source (16), is a plausible explanation for the
observed weight loss in AICI -intoxicated rats. However,
it is noteworthy that naringenin exhibited a counteractive
effect. In the test group of rats treated with naringenin,
this flavonoid reversed the weight loss, thereby regulating
body weight and ultimately enhancing the overall

health of these rats. Previous research on the effects of
naringenin on induced rats discovered a favourable link
between naringenin and regained body weight in rats (28)
indicating that naringenin co-administrations retard OS
and lipid peroxidation, requiring the use of the body’s
energy reserve to neutralize the intoxication effects, which
may ultimately lead to reductions in body weight.
Moreover, AICl-induced rats manifested a notable
escalation in MDA (Figure 3) levels within both neuronal
and cardiac tissues, signifying a substantial extent of lipid
peroxidation in these anatomical regions. This heightened
MDA level is intricately associated with an intensified
degree of lipid peroxidation, particularly the oxidative
modification of membrane lipids (29). As a result,
several studies have shown a relationship between MDA
levels, which are recognized as markers of cellular lipid
peroxidation and account for the amount of oxidative
damage by tissue (30). Mansour et al (31) documented a
heightened level of MDA in the induced rats in comparison
to the control group. Our findings also concur with those
of Shuan et al (23), indicating that 28-day exposure of rats
to AICI, was associated with increased MDA production.
For neuronal cells and cardiomyocytes, lipid peroxidation
leads to the disruption of membrane lipids, giving rise to
radicals and peroxides that impede the proper functioning
of neurons and cardiomyocytes. Al radicals target synaptic
neuron enzymes such as AChE, impairing the synthesis
of ACh and other neurotransmitters and their subsequent
circulation (4,25, 32). Furthermore, it disrupts the vascular
system and exerts an impact on heart performance and
function (33). Nonetheless, in rats co-administered with
naringenin, the results of the present study revealed
reductions in MDA levels compared with AICI, rats, which
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conforms to the results of Ammar et al (14). The reduction
in the MDA level in both naringenin-administered groups
may likely be due to the reduction potential of naringenin
as a flavonoid, which has strong antioxidant properties.
Overall, these studies demonstrated that naringenin holds
the potential to mitigate the detrimental effects of lipid
peroxidation induced by trivalent metals such as AL

Our results (Figure 5) elucidated that AICI, intoxication
led to a notable decrease in serum NO levels. This is
in line with the result of prior research, which also
documented decreased NO levels in rats subjected to
AICL, induction, particularly at 100 mg/kg (34). NO is
a chemical compound widely utilized as a marker of
tissue health and optimal function. Within the brain, NO
assumes a pivotal role in neuronal function and synaptic
plasticity, additionally contributing to the regulation
of electrical signals (35). In the cardiovascular system,
NO is instrumental in facilitating vasodilation and the
maintenance of vascular tone (36). Our findings revealed
increased NO levels in the brain and heart tissues after the
co-treatment with naringenin in the test rats, indicating
that naringenin hinders cellular rupture and mitigates
tissue injuries, as demonstrated in the histopathological
analysis (Figure 9). These outcomes corroborate the
findings of previous research (16), demonstrating that
naringenin counteracts cadmium-induced injuries in rats.
AICI, oxidative may cause a side reaction with the cellular
membrane in tissues, resulting in detrimental effects on
the body’s proteins, including NO synthase, which is the
primary enzyme in NO synthesis, leading to a decrease in
the cellular level of NO. Therefore, the maintenance of NO
levels is crucial for the effective functioning of the cardiac
and neuronal systems. Naringenin exhibits potential as
a therapeutic agent for mitigating brain and heart tissue
injury induced by AICI,. The observed enhancement
in tissue protection underscores naringenin’s capacity
for neuroprotective and cardioprotection against AICI,
toxicity and damage.

In contrast to the control group, our investigation
revealed a substantial reduction in AChE activity in rats
induced with AICL,. The outcomes of our study suggest
diminished activity of AChE in the brain homogenates
of AICI -intoxicated rats (Figure 4). Suggesting oxidative
damage within this tissue has an impact on AChE
catalytic activity and the process of neurotransmitter
synthesis. Prior investigations involving lead-induced
rats have yielded comparable outcomes concerning
AChE activity (37). This indicates that Al toxicity
disrupts neurotransmitter synthesis, specifically affecting
AChE and, consequently, impeding brain function.
Following naringenin co-administration in the test
group, an elevation was observed in AChE activity, which
corresponds to previous findings (38), reporting a similar
result on the activity of AChE in test rats. Nonetheless,
in our study, there was no significant difference in AChE
levels between the control rats and the test group. It can
be concluded that naringenin ameliorates AChE activity,

Cardio and neuroprotective of naringenin

thereby enhancing neuronal function in rats.

In the present investigation, the administration of AICI,
resulted in a significant reduction in the activity of the key
antioxidant system (Figure 6), accompanied by a decline in
GSH levels (Figure 2) and an elevation in ROS production
(Figure 1). Our findings are in line with those of previous
research (39), demonstrating low activity of endogenous
antioxidant enzymes CAT, SOD, and GST in AICI.-
induced rats. The reduced activity of these enzymes implies
that OS has hindered both their function and protein
structure. ROS intrude upon SOD, targeting its sulfhydryl
groups, causing structural disruptions, and consequently
diminishing its catalytic activity (40). Similarly, ROS
produced by OS alters the reduction potential and
effectiveness of GSH in the antioxidant defense system
(41). Al may bind to SH-containing enzymes such as SOD
and CAT by replacing their cofactors. In large quantities,
trivalent elements tend to displace divalent ones at the
allosteric site, impairing enzyme function (42). Mansour
et al (31) reported equivalent outcomes in the antioxidant
enzyme levels of rats treated with lead at different doses.

As a result, the antioxidative action of flavonoid
compounds is due to an increase in the activity of essential
enzymes involved in the manufacture of glutamyl
cysteine, which leads to increased intracellular GSH
levels (43). Naringenin, in particular, has antioxidant
capabilities that reduce cellular damage by scavenging free
radicals and reducing nonenzymatic lipid peroxidation
(44-46) . Naringenin’s hydroxyl groups (OH) enhance
its antioxidant role by effectively interacting with
reactive nitrogen species and ROS (32). As such, its co-
administration leads to a significant increase in the levels
of SOD, GSH, and CAT. This study supports earlier
research that has indicated the antioxidative effects of
naringenin in rats exposed to oral doses of 50 mg/kg and
100 mg/kg body weight over 20 days (35).

Conclusion

These results indicated that naringenin co-administration
reversed AICl intoxication in rats and ameliorated the
antioxidant defense system of rats, which is accompanied
by reducing histological morphology in brain and heart
tissues.
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