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Objective: The study was designed to assess the beneficial role of mangiferin (MGN) in lead (Pb)-induced
neurological damages in the activation of Nrf2-governed enzymes, genes and proteins.

Methods: A total of 96 weaned Wistar rats (48 males and 48 females, 26- to 27-day-old), weighing
50—-80 g were used. The experiment was performed in six groups: normal group (control, n = 16), model
group (chronic Pb exposed, n = 16), Dimercaptosuccinic acid (DMSA)-treated group (positive control,
Pb + DMSA, n = 16), three MGN-treated groups with different doses (Pb + MGN, n = 48). Normal group
freely had access to purified water. DMSA-treated group was given DMSA, which was clinically used as
the standard treatment for moderate Pb poisoning, at 50 mg/kg (2 mL suspension with purified water)
by intragastric gavage (ig) 4 continual days a week for 4 weeks, MGN-treated groups were given MGN
at 50, 100, or 200 mg/kg (2 mL suspension with purified water) by ig daily for 4 weeks. At the end of
the treatment, all rats were sacrificed and the brain samples were collected. The haematoxylin and eosin
(H&E) staining was used for observation of histopathology. Commercial kit, real-time quantitative poly-
merase chain reaction (RT-qPCR), Western-blot and immunohistochemistry (IHC) detection were used to
detect the mRNA and protein expression.

Results: Eight weeks exposure to Pb-containing water resulted in pathological alterations, anti-oxidative
system disorder in the brain, all of which were blocked by MGN in a Nrf2-dependent manner. Nrf2 down-
stream enzymes such as HO-1, NQO1, y-GCS were activated. Nrf2, GCLC, GCLM, HO-1 mRNA and total
Nrf2, Nuclear Nrf2, y-GCS, HO-1 protein expression were affected too.

Conclusion: MGN ameliorated morphological damage in the hippocampus. Its neuroprotective effects
were achieved by the activation of the Nrf2 downstream genes. The data from this in vitro study indi-
cates that MGN targeting Nrf2 activation is a feasible approach to reduce adverse health effects associated
with Pb exposure. Thus, MGN could be an effective candidate agent for the Pb-induced oxidative stress
and neurotoxicity in the human body.

© 2020 Tianjin Press of Chinese Herbal Medicines. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

tract, respiratory tract or skin when contact with water, air or
consume the contaminated foods (Nyqvist, Helmfrid, Augustsson &

Lead (Pb) is an environmental heavy metal pollutant that can Wingren, 2017). Exposure to Pb may cause neurobehavioral dam-
enter the human or animals’ body either through the digestive age to children (Martinez-Lazcano et al., 2018).

* Corresponding author.

The developing nervous system is very sensitive to Pb-exposure
(Singh et al., 2018). There have been many reports about the
symptoms and mechanisms of Pb neurotoxicity. Lead impairs
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oxidative stress (OS) and cell apoptosis are the most popu-
lar and widely accepted mechanisms (Flora, Gupta & Tiwari,
2012; He, Poblenz, Medrano & Fox, 2000; Roy & Kordas, 2016).
The use of appropriate pharmacological interventions that can
effectively reduce oxidative stress has become an important
strategy to prevent Pb-induced neurotoxicity.

Several studies have shown that the nuclear factor erythroid
2-related factor 2 (Nrf2) signaling pathway exerts neuroprotective
effects by directly reducing oxidative stress (Ikram et al., 2019;
Liu et al, 2018; Yang, Yu, Huang & Yang, 2019; Yao, Peng, Xu
& Fang, 2019; Zhou et al, 2018). Nrf2 is a member of the tran-
scription factor cap n’ collar (CNC) family and was discovered and
named by Moi in 1994 (Bock, 2012). It has been identified as a key
regulator of the inducible expression of antioxidative enzymes and
conjugation/detoxification proteins (Lou et al., 2019; Motohashi &
Yamamoto, 2004; Scapagnini et al., 2011; Slocum & Kensler, 2011).
In the central nervous system, Nrf2 activates genes such as heme
oxygenase-1 (HO-1), quinone oxidoreductase 1 (NQO1), superox-
ide dismutase (SOD), glutathione peroxidase, thioredoxins, and glu-
tathione S-transferase (GST) (Loboda, Damulewicz, Pyza, Jozkow-
icz & Dulak, 2016; Rubiolo, Mithieux & Vega, 2008; Sun et al.,
2016; Thimmulappa et al., 2002). They participate in neuropro-
tection through their own properties (Haskew-Layton et al., 2010;
Kwon et al., 2012; Yang et al., 2015). And the Nrf2 signaling path-
way has been targeted for the Pb-induced neurotoxicity (Su et al.,
2016; Wagner et al., 2017; Ye, Li, Li, Yuan & Chen, 2016).

Nowadays, numerous compounds from natural plants have been
found to activate Nrf2 signaling pathway effectively (LGarcia-
Nino & Pedraza-Chaverri, 2014; Liu et al., 2017; Su et al.,, 2016;
Lu et al, 2018). Some phytochemical examples of Nrf2 stimula-
tors include curcumin from turmeric (OoKhor, YingHuang, Limin-
Shu & TonyKong, 2011), sulforaphane (SFN) from cruciferous veg-
etables (Jo, Kim, Kim, Park & Choi, 2014; Zhang, Su, Khor, Shu
& Kong, 2013), epigallocatechin gallate (EGCG) from green tea
(Han et al.,, 2014) and MGN (Mahalanobish, Saha, Dutta & Sil, 2019;
Sadhukhan, Saha, Dutta & Sil, 2018; Xia et al., 2017). Thus, explor-
ing more novel and effective candidate agents with low toxicity for
Pb-induced neurotoxicity is essential and urgent.

Mangiferin (1,3,6,7-tetrahydroxyxanthone-C2- 8-D-glucoside,
MGN; Fig. 1A), or known as C-glucosyl xanthone, is predom-
inantly found in the fruits, bark and leaves of Mangifera in-
dica Linn (Wei, Deng & Yan, 2011). It exhibits wide range of
pharmacological activities, including antioxidative, antitumor
(Khurana, Kaur, Lohan, Singh & Singh, 2016), hepatoprotective
(Saha, Rashid, Sadhukhan, Agarwal & Sil, 2016), immunomodu-
latory (Luczkiewicz, Kokotkiewicz, Dampc & Luczkiewicz, 2014),
and so on (Dar et al, 2005; Duang, Wang, Zhou & Huang, 2011;
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a: Rats in normal group received pb-free drinking water, rest rats were
exposed to Pb through drinking water (lead acetate, 500 ppm).

Guha, Ghosal & Chattopadhyay, 1996). In the wide range of its
beneficial activities, anticancer and antioxidant activities stand out
as the prominent ones.

In addition, it protects against neuronal injuries, attenuates
neurotoxicity, and increases neuronal survival in some cases
in vitro (Peng, Hou, Yao & Fang, 2019). Some studies demon-
strated that MGN was neuroprotective in pathological condi-
tions (Wang et al, 2017) like ischemia in vivo (Gottlieb et al.,
2006; Ibarretxe, Sanchez-Gomez, Campos-Esparza, Alberdi &
Matute, 2006; Lemus-Molina, Sanchez-Gomez, Delgado-Hernandez
& Matute, 2009; Yang, Weian, Susu & Hanmin, 2016). Moreover,
MGN can improve spatial learning and memory in D-galactose-
treated aging mice model (Pardo Andreu et al., 2010).

Several in vivo studies have shown that MGN plays an attenua-
tive role in oxidative stress-mediated dysfunction via Nrf2 pathway
(Zhang et al., 2015). In vitro studies have also shown that MGN pro-
tects against DNA damage via activating Nrf2 antioxidant response
signaling pathway (Das, Ghosh, Roy & Sil, 2012). The neuropro-
tective effect of MGN was associated with attenuation of oxidant
stress, enhanced translocation of Nrf2, and preservation of the ac-
tivity of several antioxidant enzymes. However, there have been no
reports on the neuroprotective effects of MGN on Pb-induced tox-
icities, and the underlying mechanism of its antioxidant properties
is unclear.

In the current study, we established the Pb-exposure model, in-
vestigated the enzyme activities of Nrf2 downstream antioxidant
enzymes, phase Il enzymes (HO-1, NQO1, GST) and the GSH-related
modulating enzyme (y-GCS), their mRNA and protein expression,
together with the neurological lesion to find out neuroprotective
effects of antioxidant MGN in Pb-induced toxicity through the acti-
vation of Nrf2 signaling pathways. The results of this study will en-
hance understanding of the neuroprotective effects of MGN against
Pb-induced toxicity and the underlying mechanisms, thereby sup-
porting the use of this novel candidate agent for the prevention of
Pb-induced toxicity.

2. Materials and methods
2.1. Reagents and materials

MGN was supplied by the Pharmaceutical Factory, Guangxi Uni-
versity of Chinese Medicine, (lot. 20081217, purity > 98%). DMSA
was purchased from Sigma-Aldrich, Co., (lot 051M1275V).

A total of 96 weaned Wistar rats (48 males and 48 females, 26-
to 27-day-old), weighing 50—80 g, obtained from Guangxi Medi-
cal University, Nanning, China were used in this study. Rats were
housed in separate cages (four rats per cage) and kept on a 12:12-
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b: Rats in all groups received Pb-free drinking water.

c: MGN (i.g. 50, 100, 200 mg/kg/d) for MGN treated groups; DMSA (i.g.
50mg/kg/d, 4 days each week) for DMSA group; Saline (i.g. 10mL/kg/d)
for normal group and model group.

d: Sacrifice (at the last day of 12 weeks-experiment).

Fig. 1. Chemical structure of mangiferin (A) and treatment schedule (B) (MGN: mangiferin; DMSA: dimercaptosuccinic acid).
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hour light/dark cycle with constant ambient humidity (50% + 7%)
and temperature [(25 + 1) °C]. Water and food were available ad
libitum. Experimental conditions and procedures involving animals
were approved by Institutional Animal Ethics Committee (IAEC),
Guangxi University of Traditional Chinese Medicine, and carried
out in accordance with laboratory animal use guidelines of IAEC
(Permit Number: SCXK (GUI) 2009-0002). Animal handling fol-
lowed the National Animal Welfare Law of China.

2.2. Treatment schedule

The experiment was performed in six groups of weaned
Wistar rats (postnatal days 26-—27, male and female, weigh-
ing 50—-80 g): normal group (control, n = 16), model group
(chronic Pb exposed, n = 16), DMSA-treated group (positive con-
trol, Pb + DMSA, n = 16), three MGN-treated groups with different
doses (Pb + MGN, n = 48).

At the very beginning of the experiment, 96 rats were ran-
domly assigned into two parts, of which 16 rats (8 males and 8
females) were in the first part, they were in the normal group
(blank control). And the rats freely had access to purified water.
There is no Pb exposure throughout the lifetime in the normal
group.

The remaining 80 rats in the second part freely had ac-
cess to purified water with lead acetate (Pb Ac500 ppm). Af-
ter the 8 weeks’ Pb exposure, second part rats were divided
into the other five groups based on their body weight, each
group consisted 16 rats (8 males and 8 females), which were
model group, DMSA-treated group, and three MGN-treated groups.
DMSA-treated group was given DMSA at 50 mg/kg (2 mL sus-
pension with purified water) by ig 4 continual days a week for
4 weeks; MGN-treated groups were given MGN at 50, 100, or
200 mg/kg (2 mL suspension with purified water) by ig daily for 4
weeks.

Determination of the dose was based on literatures (Li et al.,
2013; Pal, Sinha & Sil, 2013). Saline was administered to the nor-
mal group and model group daily according to the same volume as
that of MGN-treated groups. The treatment schedule was shown in
Fig. 1B.

2.3. Sample collection

At the end of the experiment, all experimental rats were
sacrificed, three male and three female rats randomly selected
in each group were given cardiac perfusion with a solution of
4% paraformaldehyde-1% glutaraldehyde in 0.1 mol/L phosphate
buffer, the brains were resected immediately from the skull as
soon as the color of the heart turns white, and then fixed overnight
by perfusing with 4% paraformaldehyde and subsequently embed-
ded in paraffin for H&E stainning and immunohistochemistry (IHC)
test; The brains of the rest 10 rats in each group were resected
directly and kept at —80 °C until biochemical determination, real-
time quantitative PCR and Western blot analysis.

2.4. Histological examination

After cardiac perfusion, the brains were used to make paraffin
section. Samples were removed from the hippocampal CA1 area. A
transverse section of 4 mm thick was cut from each sample and
stained with H&E staining using the standard protocol.

2.5. Biochemical determination
In the brain homogenate, the activities of antioxidant enzymes

which included catalase (CAT), superoxide dismutase (SOD), glu-
tathione reductase (GR), glutathione peroxidase (GSH-PX), and y-

glutathione-S transferase (GST), were assayed using commercial as-
say kits (Jiancheng Bioengineering Institute, Nanjing, China). The
content of oxidized glutathione (GSSG) and GSH, malondialdehyde
(MDA), and hydrogen peroxide (H,0,) was also measured using
commercial assay Kits.

The inhibition of nitroblue tetrazoliu (NBT) reduction by the
xanthine/xanthine oxidase system to generate 02~ was used to
measure the total SOD activity in the brain homogenate. One SOD
activity unit was defined as the amount of enzyme causing 50%
inhibition in 1 mL reaction solution and the result expressed as
units per mgprot (milligram protein). CAT activity in the brain ho-
mogenate was detected using the ammonium molybdate method
by measuring the intensity of a yellow complex formed by molyb-
date and H,0, at 405 nm, after ammonium molybdate was added
to terminate the H,0, degradation reaction catalyzed by CAT. An
enzyme activity unit was defined as the degradation of 1 mmol
H,0, per second per milligram brain homogenate; It was ex-
pressed as units per milligram protein. GSH-Px activity was mea-
sured by quantifying the rate of H,0,-induced oxidation of GSH
to GSSG under the existence of GSH-Px based on the modified
method of 5,5-dithiobis-2-nitrobenzoic acid (DTNB). GR activity
was determined by measuring the rate of NADPH oxidation as a
result of absorbance reduction at 340 nm. One unit of GR activ-
ity was defined as 1 g brain homogenate which consumed 1 mmol
NADPH at 340 nm for 1 min. The activities of GR were expressed
as units per gprot (gram protein). H,O, in the brain homogenate
was detected by measuring the intensity of a yellow complex
formed by molybdate and H,0, at 405 nm. The total levels of
GSSG and GSH were measured using the colorimetric microplate
assay kits by DTNB-GSSG recycling assay method. The total GSH
assay after the brain homogenate was pretreated with 1% 1 mol/L
2-vinylpyridine solution to eliminate the reduced GSH, which was
obtained by subtracting the amount of GSSG from the total GSH.
The content of H,0, was expressed as units per gram brain
homogenate.

Concentration of MDA was determined using the thiobarbi-
turic acid (TBA) method. A pink chromogen compound which ab-
sorbance at 532 nm was formed as a result of combination of the
MDA and TBA determined the amount of LPO which was expressed
as nanomoles per milligram protein. All spectrophotometric mea-
surements were carried out in a multifunctional microplate-based
spectrophotometric reader (Epoch Multi-Volume Spectrophotome-
ter System, USA).

NQO1 activity was detected using NQO1 detection kit (ELISA)
(Catlog NO.: CSB-EL015671RA, Cusabio Biotech Co., Ltd. Wuhan,
China). It was measured as 2,6 -dichloro-indophenol reaction sys-
tem a second electron acceptor. A total of 5 L protein was added
into 0.9 mL reaction buffer (containing 50 mmol/L Tris-HCl (pH
7.5), 0.25 mmol/L NADPH, 80 pmol/L DCIP). The tests of enzyme
activities were carried out for 3 min at 405 nm, and the enzyme
activity unit was defined as the decrease of absorbance value per
minute per milligram.

HO-1 activity was tested using HO-1 ELISA detection kit (Cat-
alog No.: CSB-EL8742RA, Cusabio Biotech Co. Ltd. Wuhan, China).
The HO-1 content was calculated according to the HO-1 protein
standard curves with OD value of sample at 450 nm.

2.6. Real-time quantitative PCR

Real-time quantitative polymerase chain reaction (PCR) was
performed to determine the mRNA levels of Nrf2, GCLC, GCLM, and
HO-1. The total RNA was isolated from brain using a commercial
kit (AxyPrep™ Total RNA MiniPrep Kit; Axygen Biotechnology,
Hangzhou, China) in accordance with the manufacturer’s instruc-
tions. RNA purity was tested with BioPhotometer (Eppendorf,
Germany), which showed an optical density ratio (ODygp/0D2gg)
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that was between 1.8 and 2.0. First-strand cDNA was synthesized
(RevertAid™ First Strand cDNA Synthesis Kit; Fermentas, Lithua-
nia). Real-time RT-PCR was performed with an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems, USA) using Plat-
inum SYBR Green qPCR SuperMix-UDG (Invitrogen, USA). GAPDH
was used in parallel for each run as internal control. A 10 pL PCR
reaction system which included the appropriate cDNA concentra-
tion of 0.5 pL, 0.3 pL forward and reverse primers (10 pmol/L),
SuperMix 5 plL, and 3.9 pL DEPC-treated H,O were used.
A four-step experimental run protocol was carried out with
the following amplification conditions, initial denaturation for
10 min at 95 °C; followed by 40 cycles of denaturation for 15 s at
95 °C and 1 min of elongation at 60 °C. A melting curve was gen-
erated at the end of every run to ensure product uniformity (95 °C
for 15 s, 60 °C for 15 s, 95 °C for 15 s). The relative expression
of target genes (Nrf2, GCLC, GCLM, HO-1) was calculated using
2-24Ct The primer sequences were designed according to cDNA
sequence from GenBank (Table 1) and synthesized by the Sangon
Biotech (Shanghai, China).

Table 1

Description of primers used in present study.
Primers  Types Primer sequences Length/bp
Nfe2l2 Forward ATTGCCACCGCCAGGACTAC 310
Nfe2l12 Reverse AATGTGGGCAACCTGGGAGT
Hmox1 Forward ~ CGGAGCCAGCCTGAACTAGC 193
Hmox1 Reverse CAAGGAGGCCATCACCAGCTTA
Gclc Forward CAAGTGGGGTGACGAGGTGG 257
Gclc Reverse CCTCCTTCCGGCGTTTCCTC
Gclm Forward AGACCGGGAACCTGCTCAAC 75
Gclm Reverse AGTCTCGAAGCTCCTCGCTGT
GAPDH Forward GCACCGTCAAGGCTGAGAAC 138
GAPDH Reverse TGGTGAAGACGCCAGTGGA

2.7. Western blot

Brain homogenate were prepared in lysis buffer (1 mmol/L
phenylmethylsulfonyl fluoride, 2 mmol/L EGTA, 10 mmol/L EDTA,
20 mmol/L Tris-HCl (pH 7.4), 100 mmol/L PMSF, 250 mmol/L
sucrose, and 0.1% Triton X-100 to detect protein of Nrf2, GCLC,
GCLM, and HO-1. Each protein sample was measured by Protein
Assay Kit (Bio-Rad, Hercules, CA). Equivalent amounts proteins
(60 ng) were separated in 10% SDS-polyacrylamide gel and trans-
ferred electrophoretically onto a PVDF membrane. The membranes
were blocked in TBST containing 5% non-fat dry milk (w/v), and
then incubated at 4 °C overnight with rabbit anti-HO-1 (Santa
Cruz Biotechnology, USA, sc-1796) at a 1:200 dilution, anti-y-GCS
(Santa Cruz Biotechnology, Inc., USA, sc-22755) at a 1:500 dilution,
anti-Nrf2 (Santa Cruz Biotechnology Inc., USA, sc-722) at a 1:100
dilution or anti-B-actin (Santa Cruz Biotechnology Inc., USA, sc-
47778) at 1:2000 dilution. After being washed with TBST buffer,
membranes were incubated for 2 h at 37 °C with the secondary
antibody conjugated to horseradish peroxidase (Santa Cruz
Biotechnology Inc., USA, sc-2004) diluted at 1:5000. Subsequently
ECL Western blot detection system Image Station 4000 MM (KO-
DAK Digital Imaging System) was used to detect immune-reactive
protein and densitometric analysis of immunoblots was performed
with Gel pro 3.0 software.

The cytoplasmic protein and nuclear protein were extracted
according to instructions of Cytoplasmic and Nuclear Protein
Extraction Kit (Beyotime Biotech Inc., Nantong, China) to measure
the Nrf2. Equal amounts of protein were subjected to SDS-
polyacrylamide gel and transferred electrophoretically onto a PVDF
membrane as described above. The membranes were incubated
with primary antibody for Nrf2 (Santa Cruz Biotechnology Inc.,
USA, sc-722) at a 1:100 overnight at 4 °C. The next day, the

membranes were then washed in PBS and incubated for 1 h
at room temperature with the secondary antibody conjugated
to horseradish peroxidase (Santa Cruz Biotechnology Inc., USA,
sc-2004) diluted at 1:5000. Subsequently ECL Western blot de-
tection system Image Station 4000 MM (KODAK Digital Imaging
System) was used to detect immune-reactive protein and densit-
ometric analysis of immunoblots was performed with Gel pro 3.0
software.

2.8. Immunohistochemistry

Non-biotin two-step technique was used for IHC detection. It
allowed small monomer organic molecules coupling the rabbit
immunoglobulin and peroxidase to the multimeric form to al-
low each antibody to attach to multiple enzymes. It replaced the
secondary antibody in traditional method, amplified the antigen-
antibody binding signal, and fixed the antigens in tissue sec-
tions and smears. The primary antibody employed was rabbit anti-
Nrf2 (Santa Cruz Biotechnology Inc., USA, sc-722). Two-Step IHC
Detection Reagent (PV-6001) was obtained from Beijing Zhong-
shan Golden Bridge Company (Beijing, China). Dilution of the rab-
bit polyclonal primary anti-Nrf2 antibody was 1:50, and the goat
anti-rabbit secondary antibody was 1:500. Negative controls were
processed simultaneously by substituting primary antibodies with
normal IgG at the same dilution. Slides processed without primary
antibodies served as negative controls. Slides were observed under
a digital camera linked microscope (Olympus, Japan) and photos
were taken. Each slice was divided into multiple potential regions
of interest, and five non-overlapping regions were randomly se-
lected under 200x magnifications, with consistent brightness. Five
slides were prepared for each experiment group.

2.9. Statistical analysis

All statistical analysis was performed using the software Pack-
age for Statistical Analysis (SPSS), version 16.0 (SPSS Inc., USA).
Data were presented as mean + S.D. The significance of variables
among groups was analyzed using ANOVA, and a post hoc test was
performed when necessary. P values of <0.05 were considered sta-
tistical significance in this study.

3. Results

3.1. Effects of MGN on hippocampal histological changes in
experimental rats

The changes shown in the brain of model group included neu-
ropile vacuole, abnormal dense bodies in cytoplasm and lysosome
in the peripheral vessels, and pyknotic compact of gliocyte. In the
DMSA-treated group, morphological changes were similar to the
model group, such as apoptotic cell with pyknotic nuclei contain-
ing small, dispersed chromatin clumps, necrotic cells with a lack
of identifiable nuclear membranes ultrastructure, and cytoplas-
mic vacuoles were frequently observed. While in the MGN-treated
groups, the anomaly was mild and the cells in the CA1 area in hip-
pocampus were almost normal (Fig. 2). The histological examina-
tion of the hippocampus revealed that MGN had protective effect
against Pb-induced toxicity and DMSA did not show that effect.
The morphological images of hippocampal areas CA1 in the con-
trol and experimental animals were coincident with our prelim-
inary work by Transmission electron microscopy (TEM) (Li et al.,
2013).
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3.2. Effects of MGN on MDA, H,0, content and SOD, CAT activities in And CAT activity was increased significantly in all MGN-treated
brain of experimental rats groups. The concentrations of MDA and H,0, were increased
in the model group when compared with that in the normal

CAT and SOD are two key enzymes in detoxifying intracellular group, while the concentrations of MDA and H,0, were signifi-
02~ and H,0,. As shown in Fig. 3, SOD activity was increased sig- cantly decreased in MGN-treated groups at the doses of 100 mg/kg
nificantly in the brain homogenate at the dose of 100 mg/kg and and 200 mg/kg when compared with the model group. More-
200 mg/kg but not at the dose of 50 mg/kg in MGN-treated groups. over, both SOD and CAT activities were significantly increased in
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Fig. 2. Effects of MGN on lead-exposed hippocampal histological changes in experimental rats. (H&E staining, magnification 200x, scale bars = 20 um, only a representative
picture was shown for each group). (A) Normal; (B) model; (C) DMSA; (D) MGN 50 mg/kg; (E) MGN 100 mg/kg; (F) MGN 200 mg/kg.

(A) Normal group showing neurons with large, rounded or ovoid, open face nuclei and normal distribution of cytoplasm. (B) and (C) Lead-exposed group and DMSA-treated
group showing pyknotic compact (triangle) of gliocyte, edema, congestion (circle arrow), perivascular and pericellular spaces (star), neuropile vacuole, abnormal dense bodies
(double arrow) in cytoplasm and lysosome in the peripheral vessels. Apoptotic cell with pyknotic nuclei containing small, dispersed chromatin clumps, necrotic cells, and
cytoplasmic vacuoles were observed. (D), (E) and (F) MGN-treated groups showing mild anomaly and the cells in the CA1 area in hippocampus were similar to that in normal
group.
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Fig. 3. Effects of MGN on content of MDA (A) and H,0, (B) and activities of SOD (C) and CAT (D) in brain of experimental rats (means + SD, n = 10). *P < 0.05; **P < 0.01 vs
model group.
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MGN-treated group at the dose of 200 mg/kg. when compared
with the model group, the concentrations of MDA and H,0, were
increased and SOD and CAT activities were increased in DMSA-
treated group, but the increase of SOD activities were not statis-
tically significant.

3.3. Effects of MGN on GSH, GSSG content and GSH/GSSG ration in
brain of experimental rats

GSH is well known for its antioxidant role in the central
nervous system (CNS). GSH not only scavenges multiple ox-
idative species such as hydroxyl radical, NO and superoxide
(Aoyama, Watabe & Nakaki, 2008); it also serves as a reservoir for
cysteine to protect against toxicity secondary to high cysteine con-
centrations (Janaky, Varga, Hermann, Saransaari & Oja, 2000). GSH
content significantly increased, but GSSG content did not signifi-
cantly changed in MGN-treated groups and DMSA-treated group,
and the GSH/GSSG ratio was increased in a dose dependent fash-
ion (Fig. 4).

3.4. Effects of MGN on activity of phase Il enzymes: GST, HO-1 and
NQOT1 in brain of experimental rats

GST is an abundant protein that has a number of iso-enzymes,
it conjugates GSH to electrophiles and xenobiotics (Raza, 2011) and
some of their isoenzymes participate in neuroprotection. HO-1 and
HO-2 are two isoforms of active heme oxygenase (HO). HO-1 be-
longs to the phase II enzymes and only expresses in an inducible
manner. HO-1 plays an important role in neuroprotection by break-
ing down heme to protect cells through a net reduction in superox-
ide and other ROS as well as by generation of antioxidants. NQO1,
also named DT-diaphorase, uses either NADPH or NADH as the hy-
dride donor to catalyze the two electrons reduction of quinone to
the redox-stable hydroquinone, thus preventing free radical forma-
tion from quinone derivatives (Talalay, Fahey, Holtzclaw, Prestera
& Zhang, 1995). In our study, the GST, HO-1 and NQOT1 activi-
ties were significantly increased in MGN-treated groups. While in
DMSA-treated group, the activities of GST, HO-1 and NQO1 were
increased, but the increase of the HO-1 and NQO1 activities were
not statistically significant (Fig. 5).

4

3.5. Effects of MGN on activities of GSH related enzymes: y-GCS,
GSH-Px and GR activity in brain of experimental rats

The synthesis of GSH requires the consecutive action of en-
zyme glutamate cysteine ligase GSH-Px (GCL; also known as y-
glutamylcysteine synthetase, y-GCS) and GSH synthetase. It is
the rate-limiting step in GSH biosynthesis. Glutathione peroxidase
(GSH-Px) is a specific enzyme that mediated the transfer of GSH
to its substrates (Cho, Reddy, Debiase, Yamamoto & Kleeberger,
2005). In the model group, the GSH related enzymes’ activities
were significantly decreased. The activity of y-GCS was signifi-
cantly increased in MGN-treated groups, especially at the dose of
100 and 200 mg/kg. The activity of GSH-Px was significantly in-
creased at the dose of 100 mg/kg and 200 mg/kg in MGN-treated
groups, while GR activity did not significantly change in MGN-
treated groups (Fig. 6). Their activities were increased but not sta-
tistically significant in DMSA-treated group.

3.6. Effects of MGN on Nrf2, GCLC, GCLM, HO-1 mRNA expressions in
brain of experimental rats

The antioxidant/phase Il detoxifying enzymes and GSH-related
enzymes were increased in MGN-treated group. As all of these en-
zymes are governed by Nrf2, we tested GCLC, GCLM, and HO-1
to assess the effect of MGN on Nrf2-regulated gene. The mRNA
levels of Nrf2 in rat brain homogenate were determined by real-
time quantitative PCR. The enzyme GCL is the downstream gene
of Nrf2, catalyzes the rate-limiting step of glutathione synthesis.
Its holoenzyme is composed of a catalytic (GCLC) and a modifier
(GCLM) subunit. Not only GCL, in this part, another downstream
gene of Nrf2, namely HO-1 was also determined. Fig. 7(A) indi-
cated that the levels of Nrf2 mRNA were increased in both model
and MGN-treated groups but not statistically significant (P > 0.05),
and that remained unchanged in DMSA-treated group (P > 0.05).
As indicated in Fig. 7B and C, mRNA expressions of GCLC and HO-
1 were inhibited in model group, while in MGN-treated groups,
they were improved significantly (P < 0.05) in a dose-dependent
manner. GCLC mRNA expression was remained unchanged and
HO-1 mRNA expression was increased in DMSA-treated group. No
difference was shown in GCLM mRNA expression among the six

groups.
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Fig. 5. Effects of MGN on activities of phase Il enzymes GST (A), HO-1(B) and NQO1 (C) in brain homogenate of experimental rats (means + SD, n = 10). *P < 0.05;

**P < 0.01 vs model group.
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3.7. Effects of MGN on total Nif2, nuclear nif2, y-GCS, HO-1 protein
expression in brain of experimental rats

The expression of Nrf2 protein in nuclear and cytoplasmic ex-
tracts were analyzed by Western blot. As shown in Fig. 8A and B,
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Nrf2 in normal group, were nearly undetectable in the cytoplasmic
and nuclear extract, respectively. Upon treatment with MGN, Nrf2

protein was rapidly accumulated in the nucleus. Nrf2 expression

was increased insignificantly in DMSA-treated group. y-GCS and
HO-1 were subjected to regulation by Nrf2, as indicated in Fig. 8C
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Fig. 6. Effects of MGN on activities of GSH related enzymes y-GCS (A), GSH-Px (B) and GR (C) in brain of experimental rats (means + SD, n = 10). *P < 0.05; **P < 0.01 vs
model group.
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Fig. 8. Effects of MGN on total Nrf2, nuclear nrf2, y-GCS and HO-1 protein expression in brain of experimental rats. At the last day of experiment, 10 rats in each group
were sacrificed and then their brains were collected as described in Materials and Methods. (A) The levels of total Nrf2 and nuclear nrf2 in brain tissues were measured by
Western blot. (B) Bar plot of the average relative density of total Nrf2 and nuclear nrf2. (C) The levels of y-GCS and HO-1 in brain tissues were measured by Western blot.
(D) Bar plot of the average relative density of -GCS and HO-1. Only a representative picture is shown for each group. Values shown were percent of B-actin control band
except for nuclear Nrf2 protein, and histone 1 as the control band for nuclear Nrf2 protein. The data are representative of three independent experiments and represented
as the means + SDs (n = 10). *P < 0.05; **P < 0.01 vs model group.
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and D, y-GCS, HO-1 were significantly decreased in model group,
significantly increased in all MGN-treated groups but remained un-
changed in DMSA-treated group.

3.8. Effects of MGN on Nrf2, y-GCS protein expression shown by IHC
detection in brain of experimental rats

In THC detection results, most of the Nrf2-positive cells were
detected in MGN-treated groups, a few of Nrf2-positive cells were
detected in model group and DMSA-treated group, and no Nrf2-
positive cells were detected in normal group (Fig. 9). Besides,
we found that y-GCS positive cells in the model group were
lesser than that in the normal group, but increased in DMSA-
treated group, and significantly increased in MGN-treated groups
(Fig. 10).

4. Discussion

Current data indicated that low-level exposures to Pb, may
cause cognitive dysfunction, neurobehavioral disorders, and neuro-
logical damage (Nyqvist et al., 2017). As a means of reducing the
body Pb burden, chelation therapy has been used for more than
half a century (Sakthithasan, Levy, Poupon & Garnier, 2018). How-
ever, it is not well known whether chelation therapy is equally
effective in the recovery of altered neurological disorders as they
were hampered in removing Pb from brain and skeleton (Flora,
Saxena, & Mehta, 2007). Nowadays, one of the aims of the treat-
ment of Pb-toxicities is to prevent the oxidation-related disease
(Gurer & Ercal, 2000; Patrick, 2006). The agents that can relieve
oxidative stress related pathological lesions are urgently needed.
Various herbal medicines and diet-derived natural products with
properties such as antioxidation (Winiarska-Mieczan, 2018), Nrf2
inducer, could be the suitable candidates for this purpose.

In our study, the Pb-exposed animal model was established in
weaned Wistar rats by exposing to 500 ug/mL of lead acetate in
the drinking water. DMSA (also called succimer), which has been
approved as the standard treatment for moderate Pb poisoning
(2017) was used as the positive control in our study.

Lead toxicity affects the central and peripheral nervous systems
(Vorvolakos, Arseniou & Samakouri, 2016), our results showed that

A B

two months’ exposure to Pb resulted in substantial pathological
changes in the hippocampus and cerebral cortex of model group
(Fig. 2). It was reported that the GSH metabolism and GSH related
enzymes such as GR, GSH-Px were affected when MDA occurred in
occupationally-exposed workers (Hsu & Guo, 2002; Lopes, Peixe,
Mesas & Paoliello, 2016). Consistent with these studies, our results
showed the decrease of the levels of CAT, GSH-Px, GR, GST, GSH,
SOD, GSH/GSSG ratio, and the increase of the levels of MDA and
H,0, in the brain homogenate of the model group (Figs. 3—6).
These results suggested that the body system was beginning to
lose its ability to maintain the critical balance of the redox states
after two months exposure to the lead acetate treated drinking
water.

It has been demonstrated that Nrf2 activation is effective in
preventing oxidative stress related pathogenesis (Wang et al.,
2019). Under basal conditions, cells mediate the constant degra-
dation of Nrf2 through the ubiquitin proteasome systems (UPS),
keeping Nrf2 protein levels low and preventing transcription of un-
needed genes (Harder et al., 2015). Upon activation, Nrf2 accumu-
lates in the nucleus, where it formed to be a hetero-dimer with
small Maf proteins. These Nrf2-Maf heterodimers recognize antiox-
idant response elements (AREs), 11-(or16) bp enhancer sequences
in the regulatory region of Nrf2 target genes, thereby allowing the
recruitment of key factors for transcript synthesis (Hayes, McMa-
hon, Chowdhry & Dinkova-Kostova, 2010).

Up-regulation of this series of Nrf2-target genes helps the
cell to combat harmful stressors such as reactive oxygen species
(ROS) and electrophilic xenobiotics, effectively providing a cellu-
lar survival mechanism. This cytoprotective activity of Nrf2 has
been implicated in disease prevention, including neuroprotection
(Ikram et al., 2019; Yao et al., 2012).

Several studies have shown that phytochemical MGN is a Nrf2
inducer, Its neuroprotective effects were achieved via activating
Nrf2/ARE antioxidant response signaling pathway (Das et al., 2012;
Zhang et al., 2015). Therefore, in this study, we examined the his-
tological lesions, investigated the enzyme activities of Nrf2 down-
stream antioxidant enzymes, phase Il enzymes (HO-1, NQO1, GST)
and the GSH-related modulating enzyme (y-GCS), together with
the mRNA and protein expression, Nrf2 translocation, to find out
protective effects of antioxidant MGN in Pb-induced toxicity, and
its activation on Nrf2 signaling pathways.

G

Fig. 9. Effects of MGN on Nrf2 protein expressions shown by IHC detection in brain of experimental rats. (A) Normal; (B) Model; (C) DMSA; (D) MGN 50 mg/kg; (E) MGN
100 mg/kg; (F) MGN 200 mg/kg. At the last day of experiment, three male and three female rats randomly selected in each group were sacrificed and then their brains were
collected as described in Materials and Methods. The expression of Nrf2 in brain tissues was detected by IHC (magnification 200x, scale bars = 20 um), only a representative
picture is shown for each group. Most of the Nrf2-positive cells were detected in D, E and F, a few of Nrf2-positive cells were detected in B and C, and no Nrf2 positive cells

were detected in A.
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Fig. 10. Effects of MGN on y-GCS protein expressions shown by IHC detection in brain of experimental rats. (A) Normal; (B) Model; (C) DMSA; (D) MGN 50 mg/kg; (E)
MGN 100 mg/kg; (F) MGN 200 mg/kg. At the last day of experiment, 3 male and 3 female rats randomly selected in each group were sacrificed and then their brains
were collected as described in Materials and Methods. The expression of y-GCS in brain tissues was detected by IHC (magnification 200x, scale bars = 20 pm), only a
representative picture was shown for each group. y-GCS positive cells in B were lesser than that in A, but increased in C, and significantly increased in D, E and F.

In our study, the hippocampal histological lesion by HE stain-
ing in MGN-treated group was much less severe than that in
model group (Fig. 2). Remarkably, MGN blocked the Pb-induced
pathological lesions. Hence, MGN may alleviate Pb-induced
toxicity.

Oxidative stress has been identified as the primary contributory
agent in the pathogenesis of Pb poisoning, while there is ample
evidence in support of a very potent antioxidant activity of MGN
(Vyas, Syeda, Ahmad, Padhye & Sarkar, 2012). The primary an-
tioxidant mechanisms of MGN seems to be mediated through en-
hancing GSH levels (Wei, Yan, Deng & Deng, 2011), inhibiting lipid
peroxidation (Satish Rao, Sreedevi & Nageshwar Rao, 2009), mod-
ulating mitochondrial membrane potential (Lemus-Molina et al.,
2009), as well as scavenging ROS (Viswanadh, Rao & Rao, 2010).
In this study, supplementation of MGN after Pb exposure resulted
in the induction of a scope of antioxidant enzymes, phase Il en-
zymes (HO-1, NQO1, GST), the GSH-related modulating enzyme (y -
GCS) and GSH replenishment in a dose dependent fashion in MGN-
treated groups (Figs. 4—6). These findings demonstrated that MGN
supplementation maintained a favorable balance between protec-
tive antioxidants and potentially harmful oxidants.

The series of genes, as aforementioned, GSH, HO-1 and NQO1,
governed by Nrf2, participates in neuroprotection through their
own properties (Kwon et al., 2012; Yang et al., 2015). As Nrf2 is the
common upstream transcription factor (Sun et al., 2016), the mod-
ulatory effects of MGN on the Nrf2 pathway were further evaluated
to clarify their preventive functions against Pb-induced neurotoxi-
cities.

We have selectively tested mRNA and protein expression of
Nrf2, y-GCS, HO-1, and also tested the protein expression of Nrf2,
y-GCS by IHC to further study whether these enzyme activi-
ties were affected by the expression of Nrf2, y-GCS and HO-1
genes.

It was observed that mRNA of GCLC, corresponding gene of
y-GCS, together with HO-1 improved statistically significantly in
MGN-treated groups, and the levels of Nrf2 mRNA were not in-

creased significantly (Fig. 7(A)). The protein expression levels of
Nrf2, HO-1 and y-GCS were significantly increased in the brain ho-
mogenate in MGN-treated group (Fig. 8) and Nrf2 protein expres-
sion was significantly increased in nucleus (Fig. 9). The expression
of related genes is consistent with that of protein. Thus, it was
implied that MGN could effectively activate the Nrf2 pathway to
induce the expression of the antioxidative enzymes, phase Il en-
zymes (HO-1, NQO1, and GST) and the GSH-related modulating en-
zyme.

Our findings showed that IHC, MGN notably promoted the
translocation of Nrf2 from the cytoplasm to the nucleus (Fig. 9). In
IHC and Western blot, Nrf2 mainly localized in the nucleus (Fig. 9),
most of Nrf2-positive cells were detected in MGN-treated groups,
a few of Nrf2-positive cells were detected in model group and
DMSA-treated group, and no Nrf2-positive cells were detected in
normal group (Fig. 9). It indicated that Nrf2 could be activated by
Pb, while MGN can further activate it, enhance the accumulation
of Nrf2 inside the nucleus without affecting the amount of that in
cytoplasm. It was consistent with recent findings (Nguyen, Nioi &
Pickett, 2009; Stewart, Killeen, Naquin, Alam, & Alam, 2003).

Nrf2 is a substrate of the protein kinase associated with the
MAPK/ERK (extracellular signal-regulated kinase) signaling cas-
cade (Zipper & Mulcahy, 2000). The MAPK cascade, protein ki-
nase C (PKC), and phosphatidylinositol 3-kinase (PI3K) are involved
in the activation of Nrf2-Keap1 (Kelch-like ECH-associated pro-
tein 1) with a functionally significant cross talk (Su et al., 2013;
Wei, Yan, Deng & Deng, 2011). Yao et al. (2012) had reported in
this kind of activation, the increased protein expression was due
to Nrf2-Keap1 uncoupling, the regulation may not be based on the
level of gene transcription, but may be in the post-transcriptional
level.

From the results mentioned above, we have concluded that
MGN exerts neuroprotective activity against Pb-induced toxicity
and oxidative stress via Nrf2 pathways. However, it is still un-
clear how MGN induced the expression of Nrf2 protein, and fur-
ther study is required to interpret the mechanism. The schematic
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diagram of the Nrf2 signaling pathway and the possible mecha-
nism is as indicated in Fig. 11.
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Fig. 11. Schematic diagram of Nrf2/ARE signaling pathway and possible mechanism.
5. Conlusion

In conclusion, our studies have shown that MGN ameliorated
morphological damage in the hippocampus. Its neuroprotective ef-
fects were achieved by the activation of the Nrf2 downstream
genes such as antioxidant enzymes, phase I detoxification en-
zymes and GSH related enzymes. The data from this in vitro study
indicates that MGN targeting Nrf2 activation is a feasible approach
to reduce adverse health effects associated with Pb exposure. Thus,
MGN could be an effective candidate agent for the Pb-induced ox-
idative stress and neurotoxicity in the human body.
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