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Abstract
Due to the high ability of cadmium to cross the blood–brain barrier, cadmium (Cd) causes severe neurological damages. Hence,
the purpose of this study was to investigate the possible protective effect of Mangifera indica leaf extract (MLE) against Cd-
induced neurotoxicity. Rats were divided into eight groups. Group 1 served as vehicle control group, groups 2, 3 and 4 received
MLE (100, 200, 300 mg /kg b.wt, respectively). Group 5 was treated with CdCl2 (5 mg/kg b.wt). Groups 6, 7 and 8 were co-
treated with MLE and CdCl2 using the same doses. All treatments were orally administered for 28 days. Cortical oxidative stress
biomarkers [Malondialdehyde (MDA), nitric oxide (NO), glutathione content (GSH), oxidized form of glutathione (GSSG), 8-
hydroxy-2-deoxyguanosine (8-OHdG), superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx)], inflam-
matory cytokines [tumor necrosis factor (TNF-α) and interlukin-1β (IL-1β)], biogenic amines [norepinephrine (NE), dopamine
(DA) and serotonin (5-HT)], some biogenic metabolites [3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA)
and 5-hydroxyindoleacetic acid (5-HIAA)], acetylcholine esterase activity (AChE) and purinergic compound [adenosine triphos-
phate (ATP)] were determined in frontal cortex of rats. Results indicated that Cd increased levels of the oxidative biomarkers
(MDA, NO, GSSG and 8-OHdG) and the inflammatory mediators (TNF-α and IL-1β), while lowered GSH, SOD, CAT, GPx
and ATP levels. Also, Cd significantly decreased the AChE activity and the tested biogenic amines while elevated the tested
metabolites in the frontal cortex. Levels of all disrupted cortical parameters were alleviated byMLE co-administration. TheMLE
induced apparent protective effect on Cd-induced neurotoxicity in concern with its medium and higher doses which may be due
to its antioxidant and anti-inflammatory activities.
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Introduction

Heavy metals are chemical elements that are widely distribut-
ed in the earth’s crust, which are very toxic at low and high
doses (Viswanadh et al. 2010). Cadmium (Cd) is one of the
most harmful and ubiquitous heavy metals and environmental
pollutants causing deleterious problems to the human and an-
imal health (Thevenod and Lee 2013). Cd is not degradable

and has a long biological half-life time in soft tissues due to its
low rate of excretion from the body (Jarup et al. 2000; Wang
and Du 2013). Humans mainly exposed to cadmium from the
contaminated diet and water. Other sources also include to-
bacco smoking and industrial emissions (Nair et al. 2013).
Once inhaled or ingested, Cd accumulate mainly in the kid-
ney, liver and lungs causing disturbance in the biological sys-
tems (Bernard 2008). Due to its high ability to cross the
blood–brain barrier (BBB), cadmium was found to cause se-
vere neurological damages (Li et al. 2016). The cerebral cor-
tex has been reported to participate and play a key role in
memory, cognition, sensory perception, motor planning, deci-
sion making, language and control. Cd is targeting the cortical
neurons causing a disturbance in the higher level functions
(Yuan et al. 2013). Afifi and Embaby (2016) observed sever
degenerative alterations in the cortical structure following the
oral administration of Cd for two months. Some neurological
disorders has been noticed after Cd exposure such as learning
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disabilities, memory deficits (Ashok et al. 2015; Li et al. 2012)
and Parkinson like symptoms (Okuda et al. 1997).
Magnifying evidence has revealed that reactive oxygen spe-
cies (ROS) are playing a key role in Cd toxicology. The over
production of ROS such as hydroxyl radicals, superoxide ions
and hydrogen peroxide might be due to the depletion of glu-
tathione pool and protein-bound sulfhydryl groups, in turn the
produced ROS overwhelm the antioxidant defenses producing
a state of oxidative stress (Liu et al. 2009). Cd has been shown
to generate oxidative stress in the brain tissue leading to lipid
perxidation, DNA damage and neurochemical alterations
(Shagirtha et al. 2011 and Abdel Moneim et al. 2014).
Furthermore, it has been reported that oxidative stress was
found to be associated with the overproduction of the inflam-
matory cytokines (Liu et al. 2011). However, the precise
mechanism of Cd-induced neurotoxicity is still not clear.

As a result of its ability to scavenge ROS, antioxidants might
be used to protect against Cd toxicity.Medicinal plants have been
widely used to prevent different degenerative diseases due to
their rich polyphenolic content which has strong antioxidant
properties (Sreeramulu et al. 2013).Mangifera indica is a tropical
tree, also known as mango, belongs to the Anacardiaceae family.
The photochemical analysis of Mangifera indica showed that it
contains polyphenols, steroids, fatty acids, terpenoids and micro-
elements. The ployphenols includes gallic acid, 3,4-dihydroxy
benzoic acid, gallic acid methyl ester, gallic acid propyl ester,
mangiferin, catechin, epicatechin, benzoic acid and benzoic acid
propyl ester (Núñez Sellés et al. 2002). The pharmacological
activities of Mangifera indica include antioxidant, antidiabetic,
anti-tumor, antiviral, immunomodulatory, anti-diarrheal, anti-in-
flammatory, antibacterial and hepatoprotective (Bhowmik et al.
2009; Garrido et al. 2004; Guha et al. 1996; Prasad et al. 2007;
Rocha Ribeiro et al. 2007; Sairam et al. 2003; Sarkar et al. 2004).

It has been documented that the methanolic and the
aqueous extracts of Mangifera indica L. were found to
protect the neuroblastoma cells from oxidative damage
(Kawpoomhae et al. 2010). Mangifera indica L. extract
also protected the cerebral cortex neurons from the
excitotoxicity mediated by glutamate (Lemus-Molina
et al. 2009). In the same context, Mangifera indica L.
extract prevented the damage of hippocampal CA1 neu-
rons after ischaemia-reperfusion (Martinez Sanchez et al.
2001). In addition, Tau hyperphosphorylation and the
atrophy of cortical and hippocampal neurons were de-
creased after the treatment with Mangifera indica extract
indicating its ability to alleviate the memory deficit and
learning abilities in diabetic dyslipidemia model (Infante-
Garcia et al. 2016).

However, the possible protective effect of M. indica leaf
extract (MLE) on Cd-induced neurotoxicity has not been in-
vestigated. Therefore, the current study is designed to inves-
tigate the potential neuroprotective role of MLE in Cd-
induced neuronal damage through estimating the levels of

oxidative stress biomarkers, inflammatory cytokines, biogenic
amines, some biogenic metabolites, acetylcholine esterase ac-
tivity and purinergic compound in frontal cortex of male albi-
no rats.

Materials and methods

Animal model

Wistar strain male albino rats (150–170 g) obtained from the
NODCARAnimal House, NODCAR, Giza, Egypt, were used
for the study. The rats were housed in wire mesh cages under
standard conditions (temperature 25–29 °C, 12 h light and
12 h darkness cycles). Animals were fed with pelleted stan-
dard rat diet and water ad libitum. All procedures performed in
the study were in accordance with the ethical standards of the
CMHI bioethical committee and with the 1964 Helsinki dec-
laration and its later amendments or comparable ethical
standards.

Extract preparation

Approximately 2000 g of powdered material was placed in a
clean, flat-bottomed glass container and soaked in ten volume
of ethanol 70%. The container with its contents was sealed
and kept for 5 days. Then extraction was carried out using
ultrasonic sound bath accompanied by sonication (40 min).
The content filtrated by a piece of clean, white cotton material.
The extract then was filtered through Whatman filter paper
(Bibby RE200, Sterilin Ltd., UK) and dried by electric oven
at 45 °C temperature and continued up to obtain ethanolic
(277 g) extract. The gummy extract was stored in an air tight
container.

Experimental design

Forty eight rats were divided into 8 groups of six animals
each. Group 1 served as normal control. Groups 2, 3 and 4
were treated for 28 days with 100, 200 and 300 mg/kg
b.wt of MLE, respectively. Groups 5 treated with CdCl2
in saline (5 mg/kg b.wt) for 28 days. Groups 6, 7 and 8
were treated with MLE (100, 200 and 300 mg/kg b.wt)
followed by the administration of CdCl2 (5 mg/kg b.wt)
for 28 days. MLE and Cd administrations were done orally.
MLE was orally administered at doses of 100, 200 and
300 mg/kg according to a preliminary study in which this
dose yielded no signs of toxicity, while CdCl2 was orally
administered at 5 mg/kg according to Shagirtha et al.
(2011) and Afifi and Embaby (2016).
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Sample collection

Rats were sacrificed by decapitation 24 h after the last admin-
istration. Brain cortex tissues of animals were rapidly dissect-
ed, thoroughly washed with isotonic saline and then weighed.
Each brain tissues (frontal cortex area) were homogenized in
75% aqueous HPLC grade methanol (10% w/v). The homog-
enate was spun at 4000 r.p.m. for 10 min for the determination
of monoamines and their metabolites, while for the estimation
of the other biochemical investigations, brain tissue was ho-
mogenized in an ice-cold medium of 50 mM Tris-HCl
(pH 7.4) to give a 10% (w/v) homogenate. After being centri-
fuged at 1000×g for 10 min at 4 °C, the supernatants obtained
from the homogenates was separated and stored at −80 °C.
The total protein content of the frontal cortex homogenate in
all experiments was estimated by the method of Lowry et al.
(1951).

Determination of oxidative stress markers
in the frontal cortex

Malondialdehyde

It was determined by HPLC. The MDA standard (reference
standard was purchased from Sigma Chemical Co.) was pre-
pared by dissolving 25 ml 1,1,3,3 tetraethoxypropane (TEP)
in 100 mL of water to give a 1 mM stock solution. The work-
ing standard was prepared by hydrolysis of 1 ml TEP stock
solution in 50 mL 1% sulphuric acid and incubation for 2 h at
room temperature. The resulting MDA standard of 20 nmol/
mL was further diluted with 1% sulphuric acid to yield the
final concentration of 1.25 nmol/mL, used as the standard for
the estimation of total MDA (Lowry et al. 1951). The samples
were analyzed with the Agilent HP 1200 series HPLC appa-
ratus (USA). The analytical column was Supelcosil C18
(5μmparticle and 80AO Pore size) (250X4.6 ID). Themobile
phase consisted of 30mmol potassium dihydrogen phosphate-
methanol HPLC grade (65%–35% H3PO4, pH 4), with a flow
rate of 1.5 mL/min and wavelength of 250 nm, according to
the method of Karatas et al. (2002).

Nitric oxide (NO)

It was determined as the ratio of nitrites/nitrate by HPLC ac-
cording to the method of Papadoyannis et al. (1999). Sodium
nitrite and sodium nitrate were used for the reference standard
preparation with stock concentration 1 mg/mL. The samples
were analyzed with the Agilent HP 1100 series HPLC appa-
ratus (USA). The analytical column was an anion exchange
PRP-X100 Hamilton, 150 and 4.1 mm by 10 mm. The mobile
phase was a mixture of 0.1 M sodium chloride – methanol
(45:55 v/v), with a flow rate 2 mL/min and wavelength of
230 nm.

Reduced and oxidized glutathione (GSH and GSSG)

Both of them were determined by HPLC according to the
method of Jayatilleke and Shaw (1993). The GSH and
GSSG reference standard was purchased from Sigma
Chemical Co., dissolved in 75% methanol in stock 1 mg/mL
and diluted before application to HPLC. The samples were
analyzed with the Agilent HP 1100 series HPLC apparatus
(USA). The analytical column was m-Bondapak column
(15 cm and 3.9 mm). The mobile phase consisted of 25 nmol
sodium dihydrogen phosphate containing 5 mmol tetrabutyl
ammonium phosphate and methanol (87:13% H3PO4,
pH 3.5), with a flow rate of 1 mL/min and wave-length ad-
justed at 190 nm.

Determination of 8 -hydroxy-2 –deoxyguanosine (8-OHdG)
in the frontal cortex

Isolation and hydrolysis of brain DNA was performed using
the method of Lodovici et al. (1997). The hydrolyzed mixture
was finally centrifuged and the supernatant were injected into
the HPLC. The separation of 8-OH-2DG was performed with
an LC/Agilent 1200 series HPLC apparatus (USA) using UV
detector. For chromatographic separation we used C18 reverse
phase columns in series (Supelco, 5 pm, I.D. 0.46 × 25 cm);
the eluting solution was H2O /CH3OH (85: 15 v/v) with
50 mM KH2PO4, pH 5.5 at a flow rate of 0.68 mL/min. The
UV detector was set at 245 nm. The resulting chromatogram
identified the concentration from the sample as compared to
that of the standard purchased from Sigma Aldrich.

Superoxide dismutase activity (SOD)

It was assayed in the brain tissue by the method of Marklund
and Marklund (1974) at 420 nm for 1 min on a UV Shimadzu
spectrophotometer (2450). Activity was expressed as the
amount of enzyme that inhibits the auto oxidation of pyrogal-
lol by 50%, which is equal to 1 U/mg protein.

Catalase (CAT) and glutathione perodixase (GPx) activities

It was measured by spectrophotometric method based on the
decomposition of H2O2 Aebi (1984), whereas GPx activity
was measured by applying the method of Paglia and
Valentine (1967) using H2O2 as a substrate.

Determination of tumor necrosis factor (TNF-α)
and interlukin-1β (IL-1β) in the frontal cortex

IL-6 and TNF-α levels in the rats cortex were estimated using
a rat-specific immunoassay ELISA kit (Rat TNF-α and IL-
1β) from Glory Science (Del Rio, Texas, USA) according to
the manufacturer’s protocol. The intensity of the colored

Metab Brain Dis (2018) 33:1121–1130 1123



product was directly proportional to the concentration of rat
TNF-α and IL-1β, as evaluated using a microplate reader
(Biotech ELx800; Biotech Instruments) set at 450 nm. The
sample concentration was determined against a standard curve
and is expressed in ng of TNF-α and IL-1β per gram of brain
tissues.

Determination of the frontal cortex neurotransmitters
and metabolites

The HPLC system consisted of quaternary pump; a column
oven, Rheodine injector and 20 μl loop, UV variable wave-
length detector. The report and chromatogram taken from data
acquisition program purchased from chemstation. The sample
was immediately extracted from the trace elements and lipids
by the use of solid phase extraction CHROMABOND column
NH2 phase cat. No.730031. the sample was then injected
directly into an AQUA column 150 mm 5 μ C18, purchased
from Phenomenex, USA under the following conditions: mo-
bile phase 20 mM potassium phosphate, pH 2.5, flow rate
1.5 mL/min, UV 190 nm. Norepinephrine (NE), dopamine
DA), and serotonin (5-HT) were separated after 12 min. The
resulting chromatogram identified each monoamine position
and concentration from the sample as compared to that of the
standard purchased from Sigma Aldrich, and finally, the de-
termination of the content of each monoamine as μg per gram
brain tissue was calculated according to Pagel et al. (2000).

Determination of acetylcholinesterase (AChE) activity
in the frontal cortex

The colorimetrically procedure used for the determination of
acetylcholinesterase activity in the brain samples of rats is a
modification of Ellman et al. (1961) method as described by
Gorun et al. (1978).

Determination of purinergic metabolites
in the frontal cortex

Brain adenine nucleotides adenosine triphosphate (ATP) was
assayed by HPLC [Agilent] according to the method of
Teerlink et al. (1993). The analysis was employed using gra-
dient elution and UV detection at 254 nm. ATP was quantified
by measurement of peak height compared to corresponding
standard with each set of experiments. Results were expressed
as μmol/g wet tissue.

Statistical analysis

The values were expressed as the mean ± S.E. for the 6 rats in
each group. Differences between groups were assessed by one
way analysis of variance (ANOVA) using SPSS (version

13.0). Significant differences among means were evaluated
using Duncan’s Multiple Range Test.

Results

MLE prevents Cd-induced oxidative stress in cerebral
cortex

The oral administration of CdCl2 (5 mg/kg b.wt) once a day
for 28 days induced oxidative stress in the tissue of frontal
cortex of male albino rats, as evidenced by the increase in
the levels of MDA, NO, GSSG and 8-OHdG and depleted
the GSH content as compared to the control group.
Meanwhile, the treated rats with MLE (100, 200 and
300mg/kg b.wt) showed the ability of the extract to counteract
the oxidative stress induced following the CdCl2 treatment by
elevating the content of GSH and decreasing the levels of
MDA, NO, GSSG and 8-OHdG when compared to Cd-
exposed rats (Fig. 1).

The activity of the cellular antioxidant defense system
namely; SOD, CAT and GPx activities have been declined
significantly in Cd-intoxicated rats (p < 0.05) when compared
to the control values as illustrated in Fig. 2. The treatment with
different doses of MLE enhanced the activities of these anti-
oxidant enzymes to be higher than the Cd treated rats.

MLE attenuated Cd-induced inflammation in cerebral
cortex

To explore the possible anti-inflammatory activity of MLE,
cortical level of TNF-α and IL-1β has been estimated. Cd
treated animals showed a significant (p < 0.05) elevation in
these cytokines, while the administration of MLE reversed
these changes to be near the control levels (Fig. 3).

The neuromodulatory activity of MLE
against Cd-induced neurotoxicity

To study the neuromodulatory activity of MLE against Cd
toxicity, the monoaminergic transmitters and some of their
metabolites, the activity of acetylcholine esterase and the
levels of ATP were examined. Cd-exposed rats showed a
marked and significant (p < 0.05) suppression in the contents
of NE, DA, 5-HT, the activity of AChE and ATP, while the
tested biogenic metabolites including DOPAC, HVA and
5HIAA were elevated as compared to the control group. In
contrast, the orally treated animals with MLE restored signif-
icantly (p < 0.05) all these changes in the frontal cortex when
compared to Cd-intoxicated rats (Fig. 4).
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Discussion

Cd-induced neurotoxicity mechanisms are still unknown.
However, several reports proposed that Cd may mediate its tox-
icity through ROS production, disturbs differentiation and neu-
rochemical alterations. In addition, Cd has been reported to be
positively associated with DNA oxidation. Cadmium has been
identified as one of the most dangerous environmental hazards
because it changes the integrity and permeability of the BBB and
enters the brain tissue (Nishimura et al. 2006). Once accumulated
in the brain tissue, it causes lesions and produces a disturbance in
the cellular defense mechanism causing neuronal damage
(Goncalves et al. 2010; Shukla and Chandra 1987). Cerebral
cortex has been identified as targets to Cd-mediated toxicity

(Yuan et al. 2013). There are data confirming the involvement
of Cd in the development of several neurological and psycholog-
ical problems including mood disorders, depression, anxiety,
learning disability, attention deficit hyperactivity disorder and
schizophrenia (Ciesielski et al. 2012). In the present study, we
observed a severe biochemical and neurochemical changes in the
function of the frontal cortex as a result of Cd-intoxication. The
treated rats with CdCl2 (5 mg/kg b.wt) for 28 consecutive days
induced imbalance between the oxidant and the antioxidant sys-
tems causing stressed condition in the frontal cortex, that was
clear through the increase in the levels of MDA, NO, GSSH
and 8-OHdG and the decrease of the activities of SOD, CAT,
GPx and GSH content. These findings are consistent with previ-
ous studies that showed that Cd exposure generates ROS, leading

Fig. 1 Mitigation effects of the oral administration of Mangifera indica
leaf extract (MLE) on cortical MDA (a), NO (b), GSSG (c), GSH (d) and
8-OHdG (e) exposed to cadmium chloride (CdCl2) for 28 days. Data are
expressed as Mean ± S.E. for 6 rats/group. a significant difference from

control group at the same column with one way ANOVA at p < 0.05. b
significant difference from Cd group at the same column with one way
ANOVA at p < 0.05. c significant difference from MLE 100 group at the
same column with one way ANOVA at p < 0.05

Fig. 2 Ameliorative effects of Mangifera indica leaf extract (MLE) on
the activities of SOD (a), CAT (b) and GPx (c) in the frontal cortex after
the treatment with cadmium chloride (CdCl2) for 28 days. Data are
expressed as Mean ± S.E. for 6 rats/group. a significant difference from

control group at the same column with one way ANOVA at p < 0.05. b
significant difference from Cd group at the same column with one way
ANOVA at p < 0.05. c significant difference from MLE 100 group at the
same column with one way ANOVA at p < 0.05
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to the elevation of lipid peroxidation, decline of sulfhydryls,
alterations of antioxidant cellular defenses and DNA damage
(Abdel Moneim 2014; Karaca and Eraslan 2013; Shagirtha
et al. 2011). In addition, oxygen radicals and NO can interact
and exert a cytotoxic effect by causing lipid peroxidation, which
results in the formation ofMDA (Guzik et al. 2003). The increase
in the lipid peroxidation may be due to the overproduction of the
superoxide anions which suppress the antioxidant enzymatic sys-
tem (Amara et al. 2011). Moreover, the increase in the levels of
GSSG could be due to the increase of H2O2 metabolism. Stohs
et al. (2001) stated that the toxicity of Cd is partly due to oxida-
tive DNA damage associated with the increased production of
ROS, such as superoxide ion, hydroxyl radicals and hydrogen
peroxide. Furthermore, Cd elevate the level of 8-OHdGwhich is
biomarker for the endogenous oxidative DNA damage and

carcinogenesis (Martinez Sanchez et al. 2001). The decreased
activities of SOD, CATandGPx in the present experiment might
be attributed to the binding of Cd with the sulfhydryl group of
these enzymes and the replacement of endogenous redox metals
which alters these enzyme structures leading to their inhibition
(Shagirtha et al. 2011). In addition to this effect, Cd potentiates
the up regulation of some stress genes which probably affect the
activity of the antioxidant enzymes (Wang and Du 2013). The
depletion in the GSH content may be due to the binding of heavy
metals with GSH forms glutathione-S-conjugates, which ulti-
mately forms mercapturic acids which may deplete GSH
(Gohil et al. 1988). Also, this decrease may be due to the utili-
zation of GSH in scavenging the produced free radicals (Rana
andVerma 1996). Overall, the combined effect of elevatedMDA
and the decrease of SOD,CAT, andGPx in the current studymay

Fig. 4 Neuroprotective effect of Mangifera indica leaf extract (MLE) on
cortical AChE (a), DA (b), NE (c), 5HT (d), ATP (e), HVA (f), DOPAC
(g) and 5-HIAA (h) of male albino rats treated with cadmium chloride
(CdCl2) for 28 days. Data are expressed as Mean ± S.E. for 6 rats/group. a

significant difference from control group at the same column with one way
ANOVA at p < 0.05. b significant difference from Cd group at the same
column with one way ANOVA at p < 0.05. c significant difference from
MLE 100 group at the same column with one way ANOVA at p< 0.05

Fig. 3 Immunomodulatory effect ofMangifera indica leaf extract (MLE)
on cortical IL-1β (a) and TNF-α (b) after the administration of cadmium
chloride (CdCl2) for 28 days in male albino rats. Data are expressed as
Mean ± S.E. for 6 rats/group. a significant difference from control group

at the same column with one way ANOVA at p < 0.05. b significant
difference from Cd group at the same column with one way ANOVA at
p < 0.05. c significant difference from MLE 100 group at the same col-
umn with one way ANOVA at p < 0.05
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produce neurodegeneration as result of Cd exposure. On the
other hand, the obtained results suggested that treatment with
different doses of MLE (100, 200 & 300 mg/kg b.wt) attenuated
significantly the cerebral oxidative status produced by Cd-expo-
sure. These findings are in agreement with Wattanathorn et al.
(2014) who found that the different doses of ethanolic extract of
Mangifera indica decreased the levels ofMDAand enhanced the
activities of SOD and GPx in hippocampus of mild cognitive
impairment model. The antioxidant activity of MLEmay be due
to the powerful antioxidant activity of mangiferin which is the
major active constituent in Mangifera indica (Garrido et al.
2008). The antioxidant properties of mangiferin is due to its
ability to enhance GSH content (Amazzal et al. 2007), over-
whelm free radicals or ROS (Viswanadh et al. 2010) and inhibit
lipid peroxidation (Leiro et al. 2003). Magniferin was also found
to decrease the level ofMDAand elevate the activity of SOD and
GSH content in the brain tissue of rats with the cerebral ischemia-
reperfusion injury (Yang et al. 2016). Elevated exposure to Cd
causes oxidative status which could lead to causes lesions includ-
ing decrease in total cortical volume, white matter, enlargement
of cerebroventricular system, changes in gray and white matter,
impaired hippocampus-dependent learning and memory, abnor-
mal laminar organization; these severe alterations in the brain
tissue was found to be linked with decreased attention and read-
ing difficulties, behavioral problems, memory and cognitive im-
pairments in animal and humans (Gao et al. 2008; Orisakwe
2014; Wang et al. 2018). Cd disrupts calcium homeostasis as a
result of ROS production, leading to apoptosis in cortical neurons
and primarymurine neurons. Cd can also impair the homeostasis
of Cu, Zn, and Co which leads to the dysfunction of neuronal
cells in the central nervous system (Wang and Du 2013).

Levels of cortical TNF-α and IL-1βwere elevated after Cd
administration in the present study. Several studies identified
Cd as immune-suppressor, causing elevation in the levels of
TNF-α and IL-1β in different experimental models, attribut-
ing this increase to the production of ROS (Abbes et al. 2007;
Freitas and Fernandes 2011; Lag et al. 2010). Moreover, it has
been reported that oxidative stress was found to be associated
with the overproduction of the inflammatory cytokines (Liu
et al. 2011). The excessive release of TNF-α and IL-1β fol-
lowing the activation of microglia promotes learning and
memory deficits and synaptic memory mechanisms in
Alzheimer’s disease (Wang et al. 2015). In addition, neutral-
izing these mediators was found to protect against cognitive
decline. Levels of the tested inflammatory mediators in the
current study restored to be near the control level, indicating
the immunomodulatory impact of MLE. Previous reports
found thatMangifera indica extracts have the ability to inhibit
the pro inflammatory cytokines in different experimental pro-
tocols (Garrido-Suarez et al. 2010; Marquez et al. 2010;
Rivera et al. 2011). This anti-inflammatory response correlat-
ed with modulating the activity of macrophage which con-
siders the main source of cytokines (Marquez et al. 2010).

A disturbance in the monoaminergic and cholinergic neu-
rotransmission has been recorded in this experiment, which
was obvious through the decrease in the content of NE, DA, 5-
HT and AChE activity and the increase of some tested metab-
olites including DOPAC, HVA and 5HIAA in the frontal cor-
tex. The decrease in the level of NE, DA, 5-HT and the in-
crease of DOPAC, HVA and 5HIAA might be due to the
oxidative stress which increase the rate of their degradation,
prevent the re-uptake and suppressing the activity of the en-
zymes involved in the synthesis of these neurotransmitters
(Andersson et al. 1997; Pillai et al. 2003; Zhao et al. 2009).
This decrease in the tested neurotransmitters may alter the
learning and memory processes and the progress of
Parkinson’s disease (Biradar et al. 2012). Furthermore, the
deficiency of DA, NE and 5-HT and the pathophysiological
changes in their receptors are thought to be responsible for
motor symptoms, disturbing the autonomic sympathetic func-
tions, behavioral disturbances, cognitive dysfunction and as-
sociated with sleep disorders, therefore, they considers as the
main target for the treatment of these neurological disorders
(Xu et al. 2012). Moreover, the release of NE, DA and 5-HT
was found to modulate the motor activities and cognition
(Dishman et al. 2006).

The cholinergic system including acetylcholine esterase is
playing a crucial role in the cognitive processes and it considers
as an important physiological and pathological biomarker for
various neurological diseases such as Alzheimer disease (Soreq
and Seidman 2001). The inhibition of AChEmight be due to that
Cd competes with metal cofactors and causing conformational
changes in the active site leading to its deactivation (Casalino
et al. 1997). Furthermore, free radicals produced by Cd in the
brain interferes with the cellular antioxidant system eliciting al-
terations in the structural integrity of lipids and affects the activity
of Na+/K+-ATPase andAChE (Mendez-Armenta andRios 2007;
Shukla et al. 1996). Desi et al. (1998) demonstrated that the
change in Ca2+ metabolism is associated with the deactivation
of AChE. The change in AChE activity has been found to be
associated with alterations in the behavior and caused learning
and memory impairment in rats following Cd intoxication
(Goncalves et al. 2010). In addition, high levels of Cd and lead
in children’s hair were associated with learning disabilities.
Motor and perceptual abilities of children exposed to Cd in uteri
were significantly affected (Goncalves et al. 2010). Furthermore,
Cd administration enhances the development of senile plaques
and impairs the memory function in transgenic mice (Li et al.
2012). Moreover, cholinergic dysfunction was linked with motor
coordination and locomotion alterations (Kassab and El-
Hennamy 2017).

In the current experiment, different doses of MLE alleviat-
ed the changes in the levels of the tested neurochemical trans-
mitters in the frontal cortex, indicating its neuroprotective im-
pact against cadmium-intoxication. Magniferin was shown to
improve the learning and memory capabilities through
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modulating the levels of NE and DA in Alzheimer’s disease
model in rats (Biradar et al. 2012).

A decrease in ATP content was observed after Cd exposure in
the frontal cortex. The treatmentwithMLE reversed these chang-
es in the level of the tested purinegic mediator to the normal
values. ATP is a neurotransmitter released by neurons and astro-
cytes. It has multiple functions such as regulating the formation
and development of synaptic vesicles and regulation of the ionic
gradients; also controlling the metabolism, structural plasticity
and ageing. The alteration in the level of adenosine is associated
with a disturbance in the brain activity (Burnstock 2008;
Verkhratsky and Burnstock 2014; Zhang et al. 2015).
Furthermore, ATP regulates cytoplasmic Ca2+ and cyclic adeno-
sine monophosphate (Burnstock 2016), both messengers play a
vital role in the release of different neurotransmitters (Neher and
Sakaba 2008), the alterations in the levels of these messengers
would affect the neurotransmission. The activation of purinergic
receptors in the cortical neurons have been recorded to be in-
volved in cognitive-related neurological diseases and using an-
tagonists to these receptors such as TNP-ATP may use in the
treatment of cognitive impairments (Koch et al. 2015; Guzman
and Gerevich 2016).

Our study confirmed the involvement of oxidative stress in
cadmium-induced neurotoxicity and showed a significant
neuroprotective impact of Mangifera Indica leaves extract as
evidenced by restoring the balance between generation and
clearance of ROS, mending antioxidant homeostasis,
inhibiting the increased pro-inflammatory cytokines, revers-
ing the alterations in the biogenic, cholinergic and purinergic
transmission in the frontal cortex of rats. However, further
investigation into the deep mechanism of action of MLE is
required.
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