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ARTICLE INFO ABSTRACT

Keywords: Xanthones are important chemical class of bioactive products that confers therapeutic benefits. Of several
AIZh‘eimefs xanthones, mangiferin is known to be distributed widely across several fruits, vegetables and medicinal plants.
Anxiety Mangiferin has been shown to exert neuroprotective effects in both in-vitro and in-vivo models. Mangiferin
g?;ry;tsl;s:ls attenuates cerebral infarction, cerebral edema, lipid peroxidation (MDA), neuronal damage, etc. Mangiferin
Mangiferin further potentiate levels of endogenous antioxidants to confer protection against the oxidative stress inside the
Neuroaging neurons. Mangiferin is involved in the regulation of various signaling pathways that influences the production
Neurodegenerative and levels of proinflammatory cytokines in brain. Mangiferin cosunteracted the neurotoxic effect of amyloid-
Neuroinflammation beta, MPTP, rotenone, 6-OHDA etc and confer protection to neurons. These evidence suggested that the man-
Neuropsychiatric giferin may be a potential therapeutic strategy for the treatment of various neurological disorders. The present
Parkinson’s review demonstrated the pharmacodynamics-pharmacokinetics of mangiferin and neurotherapeutic potential in
Pharmacokinetics several neurological disorders with underlying mechanisms.

Xanthone

1. Introduction

Xanthones are the secondary metabolites having wide range of bio-
logical properties and diverse pharmacological potential in the treat-
ment of various disorders. Structurally, xanthone are related to
flavonoids. However, flavonoids exist frequently in nature, whereas
xanthones have limited occurrence. Xanthone occur as mono- or poly-
methyl ethers or glycosides or polyhydroxylated compounds along with
other functional groups in three ring systems (Negi et al., 2013; Shan
et al., 2011). Among xanthones aryl C-glycosides present a unique class
having C-C glycosidic bonds in their core skeleton, exhibit wide range of
biological properties and possess remarkable stability toward both
enzymatic and chemical hydrolysis and are the most suitable drug
candidates (Levy and Tang, 1995; Wei et al., 2016). Dietary xanthone
have been found active against various neurodegenerative disorders due
to their anti-inflammatory, antioxidant and neuroprotective activities
(Li et al., 2013b, 2014; Newman and Cragg, 2016).

Of several compounds belongs to this class, mangiferin (C-gluco-
pyranoside of 1, 3, 6, 7-tetrahydroxyxanthone) is a yellow color poly-
phenolic natural xanthone and is the first xanthone which has been
investigated widely for the pharmacotherapeutic effects (Sethiya et al.,
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2009a, b; Padmapriya et al., 2012; Jyotshna et al., 2016; Wu et al., 2010;
Rashid and Sil, 2017). Chemically mangiferin is a stable C-glycoside,
having highly condensed aromatic ring system with aglycone (1, 3,
6.7-tetrahydroxyxanthone) and glycone (pyranose) moiety (Bhatia
et al., 1967). Mangiferin exhibit various properties including cytopro-
tection, scavenging action against reactive oxygen species (ROS),
complexation with metal ions, etc. (Li et al., 2008). Further mangiferin
exerts pharmacological activities including antioxidant, antiviral,
immunomodulatory, antimicrobial, antiparasitic, anticancer,
anti-diabetic, antiasthmatic, hepatoprotective, antiseptic,
anti-inflammatory, etc. (Matkowski et al., 2013; Pal et al., 2014; Rashid
and Sil, 2017). Particularly, mangiferin is known to interact with neural
components, downregulate stress pathways, improve memory and
counteract the neurodegeneration (Cao et al., 2017; Jung et al., 2009;
Zajac et al., 2013; Bertolini et al., 2007) (refer to Fig. 1). It is also sug-
gested that the mangiferin is a bioactive compound and could be a new
drug or a leading compound for the treatment of wide range of diseases
(Imran et al., 2017; Zhi-quan et al., 2011). However, despite of these
evidence regarding the beneficial effect of mangiferin in pharmaco-
therapy, there is no detailed description of neurotherapeutic potential of
mangiferin in literature. This narrative review describes the therapeutic
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Fig. 1. Mangiferin and its role in therapeutics.

potential of mangiferin in the treatment of various neurological disor-
ders with underlying mechanism of action.

2. Biological sources, distribution and biosynthesis of
mangiferin

The presence of mangiferin has been confirmed in 96 species, 28
genera and 19 families of angiosperm (Sekar, 2015; Hostettmann and
Hostettmann, 1989). Mangiferin is widely distributed in families
including Anacardiacae, Aphloiaceae, Celastraceae, Bignoniaceae,
Gentianaceae, Iridaceae, Malvaceae, Moraceae, Rubiaceae and Thyme-
laceae (Rashid and Sil, 2017). It is also reported in several monocots and
ferns (Sekar, 2015). In ferns it is present in Asplenium adiantum-nigrum,
Davallia subsolida, Trichomanes reniforme, Acystopteris sp., Cystopteris
sp., Gymnocarpium sp. and Woodsia sp (Matkowski et al., 2013). How-
ever, mangiferin occurs in the forms of the isomangiferin in Nano-
hammus rufescens, Nephrolepsis dryeri and Cardiomanes reniforrne
(Jyotshna et al., 2016). Mangiferin content varies from plant to plant
such that Anemarrhena asphodeloides (0.41%), Aphloia theiformis
(2.0-9.0%), Agquilaria sinensis (0.1%), Arrabidaea patellifera (0.1%),
Bombax malabaricum (0.02%), Cratoxylum cochinchinense (0.23%), Cra-
toxylum pruniflorum (0.23%), Cyclopia genistoides (0.70%), Hedysarum
alpinum (1.9%), H. flavescens (1.2%), Hiptage madablota (0.03%),
Hypericum aucheri (0.21-0.31%), Iris domestica (0.31-3.60), Mangifera
pajang (0.48%), Phaleria cumingii (0.46%), Salacia reticulata (1.4%),
Salacia chinensis (1.6%) and Swertia minor (6.38%) (Nedialkov et al.,
1998; Dimitrov et al., 2011; Matkowski et al., 2013; Jyotshna et al.,
2016; Tangah et al., 2017). A very small amount of mangiferin has been
reported in Aquilaria sinensis, Arrabidaea patellifera, Arrabidaea samy-
doides, Belamcanda chinensis, Bersama Abyssinia, Bersama engleriana,
Bombax ceiba, Canscora decussata, Cratoxylum cochinchinense, Curcuma
amada, Cuscuta reflexa, Dendrophthoe falcate, Gnidia involucrate, Hibiscus
liliastrum, Hypericum montbretii, Iris domestica, Mahkota dewa, Phaleria
macrocarpa, Polygala hongkongensis, Polygala tenuifolia, Pueraria tuberosa,
Rhynchosia suaveolens, Senecio mikanioides, Swertia ciliata and Zizyphus
cambodiana (Sethiya et al., 2012; Chauhan and Dutt, 2013; Demirkiran
et al., 2013; Matkowski et al., 2013; Ou et al., 2013; Sekar, 2015; Bera
etal., 2015; Rammohan et al., 2015; Bulugonda et al., 2017). Mangiferin
content (more than 6%) has been found in young leaves of coffee plants
(Coffea pseudozanguebariae) which is higher than that of Cyclopia gen-
isloides and Mangifera zeylanica (Jyotshna et al., 2016). However, the
main and the primary source of mangiferin is Mangifera indica and
almost every part of it is used for the extraction and isolation of man-
giferin. Further the content of the mangiferin is more in stem and bark as
compared to other parts of this plants (Jyotshna et al., 2016).

The biosynthesis of mangiferin mainly occurs through shikimate and
ketate pathways (Rashid and Sil, 2017). Mangiferin biosynthesis in-
volves the synthesis of xanthone aglycone (1, 3, 6, 7-Tetrahydroxyxan-
thone) and glycosylation of aglycone with glucose unit. The ring A is
formed by the acetate-malonate polyketide route whereas the ring B is
come up with the shikimic acid pathway followed by the condensation
of both to form benzophenone intermediate, maclurin, which reacts
intramolecularly to form the tetraoxygenated xanthone. C-glycosylation

Neurochemistry International 143 (2021) 104939

takes place and direct phenolic oxidative coupling of corresponding
3-C-glucosylmaclurin provides mangiferin (Ehianeta et al., 2016; Fujita
& Inoue, 1977, 1980, 1981) (refer to Figs. 2 and 3).

Mangiferin is sometime isolated as coloring matter known as iso-
mangiferin (from bark) and homomangiferin (from leaves and twigs)
(Wu et al, 2010). Isomangiferin is 4-C-glycoside regioisomer and
homomangiferin is the 3-O-methyl derivative of mangiferin and mainly
coexist with mangiferin (Aritomi and Kawasaki, 1970; Saleh and Ansari,
1975; Fujita and Inoue, 1982). However, the content of mangiferin is
suggested to be high when both isomangiferin and homomangiferin are
present together (Richardson, 1984).

3. Pharmacokinetics mangiferin

Mangiferin has poor solubility (0.111 mg/mL), low bioavailability,
high hepatic first-pass metabolism and high P-g, efflux (Jain et al., 2013;
Khurana et al., 2017) making its use in the therapeutics a challenging
task. Mangiferin is poorly soluble in aqueous solutions but the solubility
increases through its complexation with phospholipids (Ma et al., 2014).
Further, complexation of with f-cyclodextrin improves thermal stability
and water solubility of mangiferin (Yang et al., 2013). However, the
administration of mangiferin in the form of the complexes improves the
bioavailability and other of physical properties of mangiferin (Ma et al.,
2014; Yang et al., 2013; Boonnattakorn et al., 2016). So, it is important
to develop mangiferin derivatives with improved physicochemical
properties and pharmacological activities (Ehianeta et al., 2016). In
humans, the intestinal flora plays many important roles in the meta-
bolism of mangiferin (Li et al., 2000). The metabolites form after the oral
administration of mangiferin include glucuronide conjugate, methyl
derivatives, dehydroxylated and sulphated compounds (Liu et al., 2011,
2012; Wang et al., 2007). Bock et al. (2008) demonstrated that the
mangiferin concentrations in plasma and urine of the pigs administered
with mangiferin (74 mg/kg daily for 11 days). The blood sample
collected at day 9th and 11th of the study. The mean plasma mangiferin
level was 7.8-11.8 pmol/L, in urine it was about 1.4% and 1.6% and in
feces it was about 8.2% on days 9th and 11th day of study. The main
metabolite was norathyriol. Subsequently, in another study mangiferin
(10, 25 and 50 mg/kg, i.v.) was administered to rats followed by the
blood collection at different time intervals for the estimation of man-
giferin content using HPLC (methanol and glacial acetic acid in ratio
40:60). The results obtained demonstrated that mangiferin possess the
dose dependency and fitted in two-compartment model. The concen-
tration of mangiferin in retina was 5.69 + 1.48 pg/ml and 0.30 + 0.02
pg/ml after 30 min and 5.0 h of mangiferin (50 mg/kg, i.v.) adminis-
tration (Hou et al., 2010; Zhang et al., 2010). In another study, phar-
macokinetic profile of mangiferin in rats were determined by
administering the rats with mangiferin (50-500 mg/kg, p.o.). The re-
sults showed undetectable levels of mangiferin in plasma suggesting
poor bioavailability upon oral administration (Li et al., 2003). The
pharmacokinetics was studied after single oral dose of mangiferin (0.9
g/kg) in 21 male Chinese volunteers. Plasma mangiferin concentration
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po’ HO OH HO OH OH HO (¢} OH
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Fig. 2. Biological Synthetic pathway of mangiferin.
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Fig. 3. Structure of mangiferin.

was 38.64 + 6.75 ng/mL and elimination half-life was 7.85 + 1.72 h
after 1 h of mangiferin (0.9 g/p.o.) administration suggesting the ab-
sorption of mangiferin increases with dose and follows non-linearity
(Hou et al., 2012). Another study reported that administration of man-
giferin (17.5, 35 and 70 mg/kg) by intragastric administration resulted
in the increase in Cpax and AUC non-proportional to doses further sug-
gested non-linearity in kinetics of mangiferin (Liu et al., 2010).

Various studies reported different perspectives regarding the entry of
mangiferin in brain. The blood-brain barrier (BBB) consists of special-
ized tight junctions, specific transporters, a secretory body, and meta-
bolic enzymes and acts as the interface for communication between CNS
and peripheral circulation. BBB protect the brain and restricts the entry
of various solutes and substance in brain (Abbott et al., 2006). Man-
giferin, is a polar xanthones having mol. wt. 422 Da, and cannot traverse
across BBB. But the exact mechanism why mangiferin cannot cross the
BBB is not known (Zajac et al., 2013). However, some of the studies
suggested that the mangiferin can cross the BBB. Interestingly, it was
demonstrated that the oral administration of Mangifera indica L. extract
daily for 7 days provides dose-dependently neuronal protection against
the transient ischaemia and reperfusion injury in hippocampus of
experimental animals. The study suggested that the Mangifera indica L.
extract administered orally, absorbed through the BBB to confer
neuronal protection (Martinez Sanchez et al., 2001). Li et al. (2008)
determine mangiferin concentrations following single oral dose of Rhi-
zoma Anemarrhenae (15 g/kg) extract. Mangiferin concentration was
determined in different body tissues using RP-LC techniques. The result
suggested traces of mangiferin in brain, indicating that mangiferin can
pass through the BBB (Li et al., 2008). Thus, mixed results were reported
in the literature regarding the ability of mangiferin to traverse across
BBB. However, despite of these facts, mangiferin is known to possess the
wide range of neurotherapeutic potential.

4. Toxicity studies

Mangiferin is non-toxic, non-mutagenic, non-genotoxic and non-
embryotoxic but confers toxic effects on cancerous cells (Bulugonda
et al., 2017; Matsushima et al., 1985; Gonzalez et al., 2007). The LDsq
value for rats is 365 mg/kg and for mice is 400 mg/kg following i.p.
administration (Bhattacharya et al., 1972; Jagetia and Baliga, 2005).
Absorption index of mangiferin is about 0.1 (10%) (Dimitrov et al.,
2011). Mangiferin (2000 mg/kg) administration resulted in transient
dyspnoea, pain in flank position and pilo-erection. Further no abnormal
clinical signs or haematological alterations were observed following oral
administration of mangiferin (250-1000 mg/kg, p.o. for 28 days).
However, mangiferin (1000 mg/kg, p.o. for 28 days) administration
resulted in the vacuolar degeneration, necrosis and acinar cells
apoptosis (Prado et al., 2015).

5. Mangiferin a promising antioxidant

Oxidative stress is the condition characterized by the increased
production of ROS, the later confer damage to various cellular molecules
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and has been implicated in the pathogenesis of various pathologies
(Guptaetal., 2014; Li et al., 2015). ROS are production occurs inside the
mitochondria, produced under normal conditions and the production
increases with the increase in age (Wei et al., 2001; Smith et al., 2007;
Sohal et al., 1994; Sohal and Sohal, 1991) (refer to Fig. 4). The leakage
of electron from electron transport chain (ETC) resulting in the release of
free electron which is captured by molecular oxygen for the formation of
superoxide radical (0%7) which in the presence of enzyme in the pres-
ence enzyme superoxide dismutase (SOD) forms hydrogen peroxides
(H205) which then decompose by the enzyme catalase to form hydroxyl
radical (OH™) (Finkel and Holbrook, 2000; Valko et al., 2007). Both 0%
and Hy0, are mainly responsible for oxidative damage to the cell
(Balaban et al., 2005; Van Houten et al., 2006). ROS also inhibit the
complex-I, II, and III of ETC and generally interferes with the mito-
chondrial energetics (Ghezzi and Zeviani, 2012). Aging is characterized
by increased formation of ROS (Gerschaman et al., 1954; Harman,
1956). Age related increased production of ROS is responsible for
increased damage to various proteins, lipids, DNA and mitochondrial
dysfunction (Floyd and Hensley, 2002; Lin and Beal, 2006; Mattiazzi
et al., 2002; Kirkinezos et al., 2005). Further most of neurodegenerative
disorders develops in the aged individuals and are often associated with
the mitochondrial dysfunctions (Hirai et al., 2001; Baloyannis, 2006;
Harman, 1972). Aging associated mitochondrial dysfunctioning is
associated with the neuronal cell loss and the development of forms of
neurodegenerative diseases (Schon and Przedborski, 2011; Exner et al.,
2012). Therefore, to counteract such events there is a need of developing
the neuroprotective therapy (Guttmacher, 2003).

Mangiferin is a well-known antioxidant and exhibit tremendous free
radical scavenging action on ROS (Joubert et al., 2008; Rodriguez et al.,
2006; Wu et al., 2008; Martin et al., 2008; Bera et al., 2015). Further
therapeutic potential of mangiferin is mainly explained in context of its
free radicals scavenging activity and its antioxidant potential (Narkhede
et al, 2016; Yang et al, 2016). Mangiferin possess free
radical-scavenging activity and antioxidant potential due to the pres-
ence of C-glycosyl linkage and polyhydroxy components (Asensio et al.,
2000; Telang et al., 2013; Bors et al., 1990). It has been reported that the
presence of catechol moiety containing four hydroxyl groups makes
mangiferin an efficient antioxidant and anti-free radical molecule
(Matkowski et al., 2013). Mangiferin due to the presence of two hy-
droxyl groups at ortho position in catechol moiety forms complex with
iron (Dar et al., 2005; Pardo-Andreu et al., 2005, 2006, 2006a, 2007).
Mangiferin confers protection against oxidative stress and enhances the
levels of endogenous antioxidants such as glutathione (GSH) (Li et al.,
2013a; Muruganandan et al., 2002; Ling et al., 2009; Joubert et al.,
2008; Bertolini et al., 2007; Sato et al., 1992; Salvi et al., 2002).

Lietal. (2018) evaluated the antioxidant potential of mangiferin and
its derivatives using ferric reducing antioxidant power (FRAP) assay and
reported ICsy values for mangiferin, iso-mangiferin, neo-mangiferin,
7-O-methylmangiferin (45.8 &+ 0.9 pM, 50.5 = 1.9 uM, 5432.6 + 345.4
pM, 5881.7 + 315.3) respectively (Li et al., 2018). Mangiferin exerts
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strong DPPH scavenging activity (ECso = 5.8 + 0.96 pg/ml or 13.74 pM)
and suggested that the presence of free hydroxyl groups and catechol
moiety are essential for antioxidant activity (Dar et al., 2005). In another
study also the mangiferin exerted potent DPPH radical scavenging ac-
tivity (ICso value = 2.45 + 0.08 mM) (Pardo Andreu et al., 2006).
Further mangiferin is suggested to be a better antioxidant than the fla-
vonoids or phenylpropanoic acids in DPPH scavenging activity (Mat-
kowski, 2009; Ling et al., 2009; Dar et al., 2005; Joubert et al., 2008;
Pauletti et al., 2003).

Mangiferin forms complexes with iron and inhibit formation of Fe?*
ion (Kostyuk et al., 2007). Fe*™ is known to participate in
Fenton-Haber-Weiss reactions responsible for the formation of OH™
radical. In deoxyribose assay, OH™ are generated in a reaction mixture
(ascorbate, HyO» and Fe®t-EDTA) responsible for the degradation of
mangiferin. Fe>* ions form complex with deoxyribose, subsequently
reduced to Fe?* by the ascorbate. Fe?" so formed favors the formation of
OH™ ions by the degradation of Hy0,. Mangiferin because of its iron
chelating activity, forms chelate with Fe3* and inhibit its binding with
deoxyribose and subsequent formation of OH™ ions (Martinez et al.,
2000). Mangiferin not only stimulates Fe?* autoxidation, but also form a
stable complex with Fe3*, inhibiting its reduction and redox cycling to
FeZ* (Pardo Andreu et al., 2005). Mangiferin shows inhibiting capacity
against OH™ radicals through its chelating capacity (Stoilova et al.,
2008). Beside this mangiferin also acts as a scavenger for OH™ radicals
(Martinez et al., 2000). In contrast to typical OH™ scavengers, man-
giferin does not interfere with reaction between 2-deoxyribose and OH™
radicals suggesting that mangiferin acts by preventing OH™ formation
from Fe**-EDTA plus ascorbate rather than by trapping OH™ radicals
(Pardo Andreu et al., 2006).

Mangiferin (30 mg/kg, p.o.) treatment counteracted doxorubicin
induced oxidative stress, lipid peroxidation and suppression of SOD
activity (Zelko et al., 2002; Mohamed et al., 2011; Siswanto et al., 2016).
Mangiferin (50 pM) reversed the cytotoxic effects of magnesium chlo-
ride by increasing the levels of endogenous antioxidants (Agarwala
et al., 2012). Administration of mangiferin (100 mg/kg, p.o. for 6 days)
decreased the ROS formation and inhibit the Pb(I)-induced NF-kf
pathway, mitogen-activated protein kinases (MPAKs) and apoptotic cell
death (Pal et al., 2014). Mangiferin possess ROS scavenging capacity and
ferric reducing ability of plasma (FRAP) comparable with vitamin C and
E (Luo et al., 2012). Mangiferin prevented ROS and ROS mediated
oxidative tissue damage more as compared to vitamin C, E, quercetin,
curcumin and p-carotene (Sanchez et al., 2000; Martinez et al., 2000;
Ghosh et al., 2012). Mangiferin enhances cellular antioxidant defense
(Das et al., 2012) and increases the levels of SOD, CAT, and glutathione
peroxidase (Sellamuthu et al., 2013). Mangiferin is also devoid of
prooxidant activity and is thus superior to the conventional antioxidants
(Martinez et al., 2000).

Mangiferin inhibit the phospholipid peroxidation in spontaneous
autoxidation system greater than other plant extracts in TBARS assay
(Marti'nez et al., 2000). Mangiferin inhibits lipid peroxidation induced
by Fe®*_citrate (50 mM) in rat liver mitochondria (ICsg value = 7.89 +
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1.19 mM and complete protection against peroxidation at 50 mM)
(Pardo Andreu et al., 2005). Fe?*-citrate induces mitochondrial dys-
functions due to lipid peroxidation. Mangiferin inhibit the mitochon-
drial swelling and prevent the dissipation of mitochondrial membrane
potential induced by Fe?-citrate (50 mM) in dose-dependent manner
and shows full protection at 10 mM concentration (Pardo Andreu et al.,
2005). Mangiferin reduced formation of OH™ ions (through
Haber-Weiss-type reaction) responsible for mitochondrial membrane
peroxidation (Pardo Andreu et al., 2005) and also confers protection
against HyO, induced lipid peroxidation in erythrocytes (Jagetia and
Venkatesha, 2005; Pardo-Andreu et al., 2006; Rodriguez et al., 2006).

Therefore, mangiferin confer protection against oxidative stress, and
free from prooxidant effects and thus a superior antioxidant than the
conventional antioxidants.

6. Mangiferin in neuroaging

Neuroaging is often understudied, under-expressed and under-
defined in literature and thus the exact mechanism is still not known.
Neuroaging is the condition characterized by decrease neuronal vol-
umes, neuronal loss in specific areas, alterations in cortical thickness,
impaired glial activity and control, etc. (Morrison and Hof, 1997; Pak-
kenberg and Gundersen, 1997; Resnick et al., 2003; Erraji-Benchekroun
et al., 2005). It has been reported that the oxidative stress mainly con-
tributes to neuronal aging or brain aging (Gerschman et al., 1954;
Harman, 1956; Cadet, 1988). Aging is the main cause of neuronal
degeneration and characterized by the presence of protein misfolding,
aggregation of misfolded protein, oxidative stress, metal dyshomeo-
stasis, mitochondrial dysfunction, impaired phosphorylation etc.
(Zhang, 2005). However, the neuronal aging or brain aging is not always
associated with the loss of neurons in brain areas, but in normal con-
ditions it involves cognitive decline (Gallagher et al., 1996). Neuroaging
also involve increase threshold for long term potentiation (LTP) induc-
tion and the lowering of threshold for long term depression (LTD) in-
duction suggesting that a shift in LTP/LTD balance results in the
declination of synaptic transmission and excessive synaptic depression
(Barnes, 1994; Foster et al., 2001). Further this shifts in synaptic plas-
ticity during aging is due to the reduced influx of Ca®"* through NMDARs
and increased influx Ca?* through voltage operated calcium channels
(Barnes, 1994; Bodhinathan et al., 2010; Lehohla et al., 2008; Norris
et al., 1996; Potier et al., 2000; Shankar et al., 1998; Thibault and
Landfield, 1996) resulting in the disruption of neuronal Ca®* homeo-
stasis and cell death (Toescu and Verkhratsky, 2004; Toescu and
Vreugdenhil, 2010). Excessive Ca?" levels is also responsible for over-
loading of Ca" into mitochondria responsible for mitochondrial
dysfunction (Petrosillo et al., 2004), and the release of cytochrome c
(Vercesi et al., 1997; Iverson and Orrenius, 2004) further responsible for
the initiation of apoptotic signaling pathway (Boehning et al., 2003)
suggesting severe mitochondrial dysfunction an underlying event
responsible for the neuronal degeneration (Gerlach et al., 1991; Kong
and Xu, 1998; Panov et al., 2005). Further increase Ca2" levels and
substantial loss of Ca®" buffering protein (i.e. calretinin and parvalbu-
min) has been observed during normal aging and in AD and PD patients
(Tacopino and Christakos, 1990; Riascos et al., 2011; Iacopino and
Christakos, 1990; Yamada et al., 1990; Tsuboi et al., 2000).

Mangiferin possess anti-ROS properties (Duang et al., 2011) and is a
promising antioxidant agent (Stoilova et al., 2005). Mangiferin also
abolished the oxidative damage mediated by the glutamate in the
cortical neurons and the treatment with the mangiferin (100 nM) inhibit
the glutamate induced ROS productions in the cortical neurons (Cam-
pos-Esparza et al., 2009). Mangiferin also attenuates the activation of
NMDA receptor activation and inhibit the cytosolic Ca?" overloading.
Mangiferin (100 nM) treatment inhibit the glutamate induced calpain
activity [In glutamate plus glycine group calpain activity was 139.6 +
0.8% whereas mangiferin (100 nM) + glutamate plus glycine group
calpain activity was 86.6 + 4.0%]. Mangiferin (1-104 nM) attenuates
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neuronal cell death in primary neuronal cell culture caused by the
activation of NMDA receptors (glutamate 50 pM + glycine 10 pM for 10
min). Mangiferin (100 nM) decreases mitochondrial membrane depo-
larization induced by the activation of glutamate receptors by glutamate
(50 pM) in the presence of glycine (10 pM) for 10 min in cortical neurons
(Campos-Esparza et al., 2009). It has also been reported that the man-
giferin (10 mM) pretreatment for 2 h inhibit the MeHg induced increase
in Ca®" concentrations in IMR-32 cells. Mangiferin (10 mM) pretreat-
ment significantly delayed the MeHg (10 mM) induced mitochondrial
membrane potential collapse but did not inhibit the disruption of same
as compared to control. Mangiferin (10 mM) also counteracted the
release of cytochrome c release and caspase-3 expression in MeHg (10
mM) treated IMR-3 cells (Das et al., 2011). Mangiferin counteracts the
deleterious effects of oxidative stress (Li et al., 2016) and prevents age
specific changes in various enzymes (Ochocka et al., 2017), alleviates
cognitive impairment (Liu et al.,, 2013), ameliorates morphological
damages in hippocampus (Li et al., 2013), reduces the intracellular Ca>*
concentration and may contribute neuroprotective effects (Martinez
et al., 2001) (refer to Fig. 5).

7. Mangiferin in the treatment of neuropsychiatric disorders

Anxiety is a coping strategy often characterized by the specific
neuronal and behavioral changes in response to a potential or actual
stressor (Steimer, 2002). Anxiety develops when an individual fail to
cope up with the stressor. Depression is a psychiatric disorder charac-
terized by depressed mood, anhedonia, loss of energy and low self-
esteem (Wong and Licinio, 2004). Anxiety is considered as a part of
depression, mainly coexist with depression making depression with
anxiety in rare cases (Brown et al., 1996; Morilak and Frazer, 2004). In
laboratory animals’ anxiety related behavioral alteration can be deter-
mine using behavioral paradigms such as elevated plus maze (EPM) and
light and dark box (LDB) (Pellow et al., 1985; Crawley and Goodwin,
1980; Walia et al., 2019b). In animals, the depression related behavior
can be determined using tail suspension test (TST) and forced swim test
(FST) (Steru et al., 1985; Porsolt et al., 1977a, b). It has been reported
that the chronic anxiety makes the patients susceptible for depression
and increase the chance of relapse also (Schapira et al., 1972; Flint and
Rifat, 1997; Regier et al., 1998).

Stress induces a behavioral state similar to anxiety and depression
(Bohus et al., 1993; Caspi et al., 2003; Vollmayr and Henn, 2003; Joo
et al., 2009; Qin et al., 2011; Kumar and Goyal, 2008) (refer to Figs. 6
and 7). Stress causes reversible atrophy of hippocampus (McEwen and
Sapolsky, 1995) and cortical areas (Lucassen et al., 2001). Stress causes
permanent loss of neurons in rodents (McEwen and Sapolsky, 1995) and
potentiated the lipopolysaccharide (LPS)-induced nuclear factor kappa
beta (NF-kb) activation in frontal cortex and hippocampus of brain
(Munhoz et al., 2006). Stress is known to activate
hypothalamus-pituitary-adrenal (HPA) axis responsible for the release
of corticotrophin-releasing hormone (CRF) which then stimulate the
release of adrenocorticotrophin hormone (ACTH), further responsible
for the release of glucocorticoids and catecholamines. Stress is thus
characterized by the elevated plasma glucocorticoids which are
responsible for hippocampal atrophy, inhibition of glucose transport in
neurons, decreases ATP levels of neuronal cells, increase calcium
mobilization and reduced reuptake of glutamate further responsible for
glutamate excitotoxicity and neuronal cell death (Munhoz et al., 2008).
Further both anxiety and depression are characterized by the elevated
levels of glucocorticoid (Airan et al., 2007; Grippo et al., 2005; Popa
et al., 2008). Also, the administration of glucocorticoid induces a state
analogous to anxiety and depression in terms of structural, functional,
behavioral and neurochemical alterations (Murray et al., 2008; Zhao
et al., 2008; Gourley et al., 2008). Stress is also characterized by the
increased release of inflammatory cytokines (such as TNF-a and IL-1)
(Dunn et al., 1999) and exposures to only 30 min of restraint stress in-
crease the expression of TNF-a convertase enzyme (TACE) in the brain
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cortex (Madrigal et al., 2002) responsible for the cleavage of pro-TNF-a
into TNF-a (Black and White, 1998). TNF-a so released is responsible for
the activation of NF-kb pathway resulting in the inducible degradation
of Ixba and the release of free nuclear factor of kappa beta (NF-kb)
followed by its translocation inside the nucleus (Hayden and Ghosh,
2014). Exposure to restraint stress of 4 h is responsible for the activation
of NF-kb pathway in brain (Madrigal et al., 2009). NF-kb is an inducible
transcription factors, present in association with Ikb proteins. NF-kb
when activated translocate inside the nucleus and is responsible for
the transcription of iNOS gene (Madrigal et al., 2009). Thus the acti-
vation of NF-kb pathway is responsible for the increased expression of
inducible nitric oxide synthase (iNOS) (Madrigal et al., 2001) and thus
considered as a key regulator of iNOS (Xie et al., 1994). iNOS is a
high-output isoform of NOS (Nathan and Xie, 1994) induced by the
exposure to the restraint stress of 6 h, responsible for the increased
production of NO for longer period of time (Madrigaal et al., 2009).
Beside iNOS, COX-2 expression is also dependent upon NF-kb pathway
(Appleby et al., 1994). COX-2 is constitutively expressed in brain but is
induced by cytokines, lipopolysaccharides, etc. (Yamagata et al., 1993;
Nogawa et al., 1998). It was observed that the COX-2 activation pre-
cedes NOS-2 (Yamagata et al., 1993). The specific blockade of NMDA
receptors during 6 h stress procedure inhibits the expression of COX-2
(Madrigal et al., 2003). COX-2 is associated with the production of
ROS and could act as a source of 0>~ for the formation of ONOO™ for-
mation (Vane et al., 1998).

Mangiferin is known to have a good impact on the mood and
behavior. Mangiferin (50 and 100 mg/kg, i.p.) treatment induced
tremors, piloerection, compulsive gnawing, and increased motor activ-
ity in rats. Mangiferin (50 mg./kg, i.p.) significantly increased the effect
of pentobarbital (30 mg/kg, i.p.) on sleeping time and potentiated the
effect of ethanol (20%, 4 g/kg, i.p.) on the righting reflex of rats. Man-
giferin (50 and 10 mg/kg, i.p.) exhibited a dose-related inhibition of
reserpine (5 mg/kg i.p.) induced ptosis, sedation, and depression of lo-
comotor activity in the rats. Mangiferin (25-100 mg/kg, i.p.) potenti-
ated the amphetamine (40 mg/kg, i.p.) induced toxicity in rats
(Bhattacharya et al., 1972).

Mangiferin has been shown to confer the beneficial effect in the
stress and the stress evoked pathologies. It is reported that the oral
administration of mangiferin (15, 30 and 60 mg/kg, daily for 7 days) in
the stressed rats (acute stress of 6 h) inhibit the stress induced increase in
plasma corticosterone (Plasma corticosterone levels: control = 265.0 +
62.2 ng/mL; acute stress = 509.2 + 32.7 ng/mL; mangiferin 15 mg/kg
= 199.7 + 32.4 ng/mL, mangiferin 30 mg/kg = 201.3 + 81.3 ng/mL,
mangiferin 60 mg/kg = 177.6 + 66.1 ng/mL) (Marquez et al., 2012).
Beside this mangiferin (60 mg/kg, po) administration prior to acute
stress inhibit the expression of TNF-a, activation of NF-kb pathway,
iNOS and COX-2 in the brain of stressed rats (Marquez et al., 2012).
Mangiferin (1-50 pM) decreases the expression of COX-2 and COX-2
mediated production of PGE; production in rat microglial cells
induced by LPS (10 ng/ml) in microglia cells (Bhatia et al., 2008).
Garrido et al. (2004) suggested that M. indica extract pre-treatment
inhibit the production of TNF-a (ICsy value = 76.0 + 0.5 mg/ml) and
total NO?~ levels (ICso value = 84.0 + 0.1 mg/ml) respectively. Man-
giferin attenuates the corticosterone induced anxiety and depression
related behavioral and biochemical alterations. Administration of
mangiferin (40 mg/kg, p.o. daily for 21 days) prior to the corticosterone
(40 mg/kg, s.c. for 21 days) reverses the corticosterone induced anxiety
like behavior in LDB and EPM and corticosterone induced depression
like behavior in TST and FST in treated mice (Luo et al., 2017). Man-
giferin administration also counteracts the corticosterone induced
increased levels of IL-1p and TNF-« in the hippocampus of brain (Luo
etal., 2017). Mangiferin (40 mg/kg, p.o.) pretreatment daily prior to the
corticosterone administration counteracted the corticosterone induced
increase in hippocampal nitrite levels (Luo et al., 2017). Mangiferin also
attenuate the LPS induced behavioral and biochemical alterations in
experimental animals. It has been suggested that the administration of
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LPS (0.83 mg/kg, i.p.) to the is responsible for the anxiogenic behavior
in mice in EPM and LDB. Administration of mangiferin (40 mg/kg, p.o.
daily for 14 days) prior to the LPS treatment reversed LPS induced
anxiety in mice in EPM and LDB tests. Administration of mangiferin (40
mg/kg, p.o. daily for 14 days) prior to the LPS treatment reversed LPS
induced depression like behavior in TST and FST. Daily administration
of mangiferin (40 mg/kg, po) for 14 days to the LPS treated mice
increased the consumption of sucrose solution and thus counteracted
LPS induced anhedonic behavior in mice (Jangra et al., 2014). Sethiya
et al., suggested that the mangiferin is a constituent of Canscora decus-
sata and canscora decussata and reverses the anxiety related behavior in
behavioral paradigms of anxiety (Sethiya et al., 2010). Administration of
hydroethanol stem bark extract of M. indica (HeMI) (3.125, 6.25, 12.5
and 25 mg/kg, p.o.) reverses the anxiety related behavior in EPM test.
HeMI (12.5 and 25 mg/kg, p.o.) significantly reduced the immobility
period of mice in FST as compared to control group whereas in TST only
HeMI (25 mg/kg, p.o.) decreased the immobility period of mice signif-
icantly as compared to control. Pretreatment of flumazenil (3 mg/kg, i.
p.) counteracted the effect of HeMI (3.125 mg/kg, po) in EPM test
(Ishola et al., 2016) suggesting the involvement of GABA-BZ-CI
pathway. The antidepressant like effect of the HeMI (25 mg/kg, po) was
abolished by the pretreatment of pCPA (100 mg/kg, i.p daily for 4 days)
suggesting the involvement of serotonergic in the antidepressant like
effect. (Ishola et al., 2016). Also, the administration of mangiferin (62.5,
125, 250, and 500 mg/kg, p.o.) decreases the immobility period of mice
in dose dependent manner in Porsolt’s test (FST) significantly as
compared to control mice. Further the repeated administration of the
mangiferin (250 mg/kg, p.o. for 7 and 14 days) reduced the immobility
period of the mice in Porsolt’s test compared to control. The antide-
pressant like effect was more as compared to the imipramine (50 mg/kg,
i.p.). Mangiferin at these doses did not influence the locomotor activity
of mice in actophotometer test. Mangiferin treatment shows the MAO-A
and B inhibitory action (ICsg value = 4.1 + 0.3 x 10*“Mand1 x 103
M) (Dimitrov et al., 2014). These lines of evidence suggested that the
mangiferin might be a potential therapy for the treatment of neuro-
psychiatric disorders in near future.

8. Mangiferin in the treatment of neurodegenerative disorders

Neurons are vulnerable to oxidative stress and oxidative stress con-
tributes to the age specific to neuronal cell death in many neurodegen-
erative disorders (Coyle and Puttfarcken, 1993; Andersen, 2004; Nabavi
et al.,, 2015). Mangiferin has been reported to possess antiapoptotic
actions (Campos-Esparza et al., 2009) and confer neuroprotective action
(Gottlieb et al., 2006) suggesting the therapeutic potential for the
treatment of neurodegenerative disorders like Alzheimer’s disease (AD)
and Parkinson’s disease (PD) (Lemus-Molina et al., 2009).

8.1. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder charac-
terized by memory and learning impairment (Waldemar et al., 2007).
AD generally affect the people in late stage of life and is the main cause
of dementia in approx. 60-80% individuals of age above 65 years
(Plassman et al., 2007). Approx.1-6% of AD cases has younger onset
[known as early onset AD (EOAD)] while nearly 60% cases has
late-onset AD (LOAD) (Campion et al., 1999; Brickell et al., 2006). EOAD
is accompanied by lesser memory deficits, more hippocampal atrophy,
language problems and altered visuospatial presentations as compared
to LOAD patients (Gerritsen et al., 2016; Caso et al., 2015; Cerami et al.,
2013). Pathological hallmark of AD is the deposition of amyloid beta
(Ap) plaques, synthesized by the action of enzyme p-secretase and
y-secretase upon amyloid precursor protein (APP) (Kamal et al., 2001;
Cole and Vassar, 2007; Gustaw et al., 2008). Af in its monomeric form is
not toxic however when aggregates it exerts toxicity (Wegiel et al., 2007;
Hartley et al., 1999) particularly to the cholinergic neurons responsible
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for cholinergic dysfunction, cognitive impairment and memory loss in
AD patients (Boncristiano et al., 2002; Bronfman et al., 2000; Francis
et al., 1999; Blusztajn and Berse, 2000; Wong et al., 1999; Bell et al.,
2006; Terry et al., 1991; Selkoe, 2002) (refer to Fig. 8). Ap accelerate the
production of ROS, resulting in the impaired mitochondrial dynamics,
synaptic dysfunction, lipid peroxidation and neurotoxicity in AD
(Christen, 2000; Beal, 2005; Baloyannis et al., 2004; Garcia-Matas et al.,
2010). Ap further phosphorylates tau proteins responsible for disruption
of cytoskeletal network and neuronal cell death (Igbal et al., 1998; Brion
et al., 2001; Tamagno et al., 2003).

Mangiferin is known to exert the beneficial effects in the AD and
related pathologies (refer to Fig. 9). It has been reported that the
administration of mangiferin (40 mg/kg, p.o.) ameliorates AlCls-
induced neurotoxicity in the. Administration of mangiferin (40 mg/kg,
p.o. for 21 days) to AlCl3 (100 mg/kg, p.o. for 42 days) treated mice
resulted in the significant reduction in the retention latency, decreases
the number of crossings over a platform position, and thus improved the
memory outcomes in MWM test (Kasbe et al., 2015). Further the
administration of mangiferin (40 mg/kg, p.o.) to AlCls treated mice
counteracted the AlICl3 induced decrease preference for novel objects
(Kasbe et al., 2015). Administration of mangiferin (20 and 40 mg/kg, p.
0.) to AlCl3 treated mice significantly decreased the brain nitrite levels
(Kasbe et al., 2015) suggesting the beneficial effect of mangiferin against
the AlCl3 induced neurotoxicity, nitrostative stress and memory
impairment. Kumar et al. demonstrated that the administration of
alcoholic extract of mango fruit (MI extract) (250 and 500 mg/kg, p.o.
daily for 7 days) to the scopolamine (1 mg/kg, i.p.) treated mice
significantly decreased the transfer latency (TL) in EPM test and
increased the step down latency in passive avoidance test scopolamine
treated young mice compared with respective controls suggesting that
the MI extract promotes the retention of memory (Kumar et al., 2009).

The anti-dementic effect of mangiferin was also studied in the
senescence-accelerated mouse prone 8 (SAMP8) mouse (lifespan of 12
months, accelerated aging within 4-6 months, activity loss, hair loss,
higher level of soluble Ap and Ap deposition, increased phosphorylated ©
and CDK-5 expression, progressive dementia, learning and memory
impairment) which is considered as an ideal model for senile dementia
(Takeda et al., 1997; Morley et al., 2000; Pallas et al., 2008). Du et al.
demonstrated that the administration of mangiferin (200 mg/kg, p.o. for
60 days) to SMAP-8 mice resulted in the restoration of the ability to
navigate the platform in MWM test as compared to the respective con-
trol. Mangiferin treatment to the SMAP-8 mice decreased the level of
Ap1-40 and AB1-42, promote the recovery of cerebral cortex and hip-
pocampus and restored the structure of mitochondrial crista nearly
normal with only mild swelling. These findings suggests the beneficial
effects of the mangiferin in senile dementia and aging also (Du et al.,
2019). Mangiferin treatment ameliorate the neuronal structural alter-
ations, dystrophies in APP/PS1 and improve episodic and spatial
memory in APP/PS1 treated mice (Infante-Garcia et al., 2017). Man-
giferin significantly reduced cell damage in rat cortical slices mediated
by A oligomers exposure. Ag (5 uM) increases the neuronal [Ca?*]mi; by
2.35-fold and the preincubation with mangiferin did not affect the
[Ca2+]mit overload but decreased the [Ca2+]cyt overload from 2 to
2.3-fold suggesting that the mangiferin prevent the A oligomers induce
mitochondrial dysfunction and neuronal cell death (Alberdi et al.,
2018).

In context of cholinergic dysfunction, mangiferin (20 mg/kg, p.o.)
counteracted the scopolamine-induced cholinergic dysfunctions, inhibit
the enzyme AChE and stimulate cholinergic receptor to promote the
improvement of long-term memory and the counteraction of cholinergic
and memory deficits induced by the scopolamine treatment (Jung et al.,
2009). Also, the chronic administration of mangiferin (40 mg/kg, p.o.)
to AICI3 treated mice inhibit the activity of AChE (Kasbe et al., 2015)
suggesting that the mangiferin inhibit the AlCl3 induced AChE
expression.

Insulin signaling in the brain is known to regulate glucose uptake,
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glucose level, behavior, memory, and cognitive functions (Derakhshan
and Toth, 2013; Benedict et al., 2004; Kern et al., 1999; Park et al.,
2000). Binding of insulin to its receptors resulting in the activation of
PI3K/AKT pathway (Lemmon and Schlessinger, 2010) responsible for
the inhibition of Bax, Bad, caspase-9, and glycogen synthase kinase-3
(GSK-3) to halt the cellular apoptosis and to promote the cellular sur-
vival (Boucher et al., 2014; De Meyts 2016; Kim and Feldman, 2012;
Levenga et al., 2017; Manna and Jain, 2013; Noguchi and Suizu, 2012).
Insulin prevents the formation of A fibril, clears Ap across the BBB and
thus prevents Ap neuronal damage (Rensink et al., 2004; Ribe and
Lovestone, 2016; Barroso et al., 2013). Thus impaired insulin signaling
and the emergence of insulin resistance results in the sustained activa-
tion of enzyme GSK-3f and increased release of TNFa and IL-6 respon-
sible for oxidative stress, metabolic disturbance, neuroinflammation,
and subsequent neuronal damage (Lyman et al., 2013; Beurel and Jope
2009; Wang et al., 2010; Duarte et al., 2012; de la Monte and Wands
2005; Correia et al., 2012; Gasper et al., 2016). It has been reported that
the administration of mangiferin (10 and 20 mg/kg, i.p. daily for 21
days) to the STZ treated rats resulted in the lowering of glucose level and
lipid level in STZ treated rats (Muruganandan et al., 2005). Oral
administration of mangiferin (20 mg/kg, i.p. for 4 weeks) to STZ treated
rats improves the insulin sensitivity, lipid profile, and adipokine levels
(Saleh et al., 2014). Mangiferin thus ameliorate the insulin resistance by
reducing the FFA levels and by inhibiting the accumulations of TG
(Zhang et al., 2019). Administration of mangiferin (15 mg/kg, p.o. daily
for 7 weeks) mitigates insulin resistance (in rat model of
fructose-induced metabolic syndrome) by increasing the clearance of
plasma NEFA, improve OGTT and decreases TG accumulation (Zhou
et al., 2016). Mangiferin improves the glucose utilization and insulin
sensitivity by up-regulation of AMPK phosphorylation (Wang et al.,
2014). Administration of mangiferin (40 mg/kg, p.o.) also reduced the
AlCl;3 induced increased release of IL-1f and TNF-a (Kasbe et al., 2015).

These lines of evidence suggested the beneficial effects of the man-
giferin in the treatment of AD and AD related dementia (refer to Fig. 6).

8.2. Parkinson’s disease (PD)

Parkinson’s disease (PD) is a neurodegenerative disorder character-
ized by the progressive degeneration of dopaminergic neurons in sub-
stantia nigra (SN) region of midbrain (Dauer and Przedborski, 2003)
resulting in the development of motor dysfunctions in PD patients
(Walia et al., 2019a). PD generally affect the individuals in later stages
of life (Olanow and Tatton, 1999; Tanner, 2003). The prevalence rate of
familial PD is approx. 5% whereas that of sporadic PD is 95% (Farrer,
2006; Tanner, 2003). PD related motor dysfunctions include bradyki-
nesia, postural imbalance, resting tremor, rigidity, etc. (Clarke, 2002).
In PD, neuronal damage is prominent mainly in striatum, basal ganglia
(BG) and subthalamic nucleus (STN) (Forno, 1996; Hornykiewicz and
Kish, 1987). The exact mechanism of neuronal degeneration in PD is not
known completely, but the mutation and impaired expression of various
genes might be the possible cause of PD (Mizuno et al., 2001; Van Den
Eeden et al., 2003). a-synuclein is a synaptic protein and the aggregation
of misfolded a-synuclein has been implicated in the pathogenesis of PD
(Campelo et al., 2017). Further the aggregation of a-synuclein contrib-
utes to mitochondrial dysfunction (Ved et al., 2005), membrane
disruption (Conway et al., 2001) and lysosomes dysfunction (Marti-
nez-Vicente et al., 2008) all of which contributes to the neuronal
degeneration in PD. Also, the a-synuclein protofibrils themselves are
responsible for the modulation of vesicular membranes and transport of
dopamine (Lotharius and Brundin, 2002). Dopamine also interact with
a-synuclein to confer neurotoxicity (Caudle et al., 2008; Chen et al.,
2008; Edwards, 1993; Pardo et al., 1995).

Mangiferin might be the future therapeutic option for the treatment
of PD and has shown beneficial effects in various models of PD. Man-
giferin shows the neuroprotective effect against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) induced PD in mice. MPTP is a
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lipid-soluble compound, readily crosses BBB, captured into lysosomes
and astrocytes, oxidized by MAO-B resulting in the formation of 1-
methyl-4-phenylpyridinium (MPP™) that inhibit the complex-I of mito-
chondrial ETC, inhibit the ATP production in neuronal cells responsible
for neuronal damage. MPP" also increases the oxidative stress and
disrupt the neuronal calcium homeostasis resulting in the neuronal cell
damage. (Sian et al., 1999; Matsui et al., 2009; Walia et al., 2019a).
Mangiferin inhibit the conversion of MPTP into MPP™ by inhibiting the
enzyme MAO-B (Dimitrov et al., 2014). Kavitha et al. demonstrated that
the administration of mangiferin (40 mg/kg, po, daily for 14 days) to the
MPTP (30 mg/kg, i.p. for 5 days daily) treated mice inhibit the
expression of MAO-B as compared to control mice respectively (Control:
3.19 £+ 0.24 mU/mg protein; MPTP: 5.34 + 0.41 mU/mg protein;
mangiferin (40 mg/kg, p.o. for 14 days) alone: 3.02 + 0.23 mU/mg
protein and mangiferin (40 mg/kg, p.o. for 14 days) + MPTP was 4.25 +
0.30 mU/mg protein). Mangiferin (40 mg/kg, p.o.) treatment to the
MPTP treated mice restore the expressions of Bax and Bcl-2 and atten-
uate the MPTP-induced GSH depletion, lipid peroxidation, oxidative
damage and depletion of striatal DA (Kavitha et al., 2013). Mangiferin
treatment to MPTP treated mice resulted in the increased performance
in swim test, increased swim score, increased hanging time and
decreased cataleptic time significantly as compared to MPTP alone
treated mice (Kavitha et al., 2013). Mangiferin also counteracted the
MPP"-induced cell death and oxidative stress in murine neuroblastoma
cell line N2A cells (Amazzal et al., 2007).

Rotenone has been reported to induce various degrees of Parkin-
sonism in rats (Phinney et al., 2006). Mangiferin (2.5, 5, 10, 20 and 40
mg/ml) treatment for 4 h to SK-N-SH cells followed by the incubation
with rotenone (100 nM) for 24 h showed the dose-dependent protection
against rotenone induced neuronal cell death (Kavitha et al., 2014).
mangiferin (20 mg) treatment prior to rotenone counteracted the dele-
terious effect of the rotenone (Kavitha et al., 2014). Rats injected with
rotenone in the SN region and ventral tegmental area (VTA) produces
behavioral and neuronal deficits (Erbas et al., 2012) and oxidative
damage in the dopaminergic neurons of midbrain region (Testa et al.,
2005). Rotenone resulted in the inhibition of complex-1 of mitochon-
drial ETC resulted in the ATP depletion and damage to the dopaminergic
neurons in the SN region of midbrain (Sherer et al., 2003; Testa et al.,
2005). Rotenone treatment is also responsible for the increase mito-
chondrial membrane permeability, mitochondrial swelling, and opening
of mitochondrial permeability transition pores (Kurosaki et al., 2004),
release of mitochondrial cytochrome c and the latter binds to apoptotic
protease-activating factor-1 (Apaf-1) leading to the caspase-3 activation
(Tatton et al., 1999) resulting in the neuronal death in PD (Hartley et al.,
1994). Mangiferin treatment counteracted the rotenone induced inhi-
bition of oxidative phosphorylation, neuronal ATP depletion, prevent
the release of cytosol cytochrome c and subsequent activation of caspase
3 to prevent the neuronal cell death in PD (Kavitha et al., 2014).

Beside MPTP and rotenone, mangiferin has also been reported to
counteract the neurotoxicity induced by 6-hydroxydopamine (6-OHDA).
6-OHDA is used frequently for the induction of PD in rodents and confer
neurotoxicity by ROS formation and inhibition of complex I and IV of
mitochondrial ETC (Glink et al., 1997). It has been observed that the
administration of 6-OHDA (40 pmol/L) results in dopaminergic
neuronal cell loss and motor dysfunctions as seen in PD patients
(Rodriguez-Pallares et al., 2007; Simola et al., 2007). Rao et al.
demonstrated the neuroprotective effect of mangiferin against 6-OHDA
neurotoxicity in rats mesencephalic cell culture (containing neuronal
and non-neuronal cells). It was observed that mangiferin (10, 30, and
100 pM) alone treatment did not affect the cell viability of mesence-
phalic cells. However, mangiferin (10, 30, and 100 pM) treatment prior
to 6-OHDA (40 pM) exposure resulted in the gradual and significant
increase in cell survival particularly at concentration 30 and 100 pM.
Mangiferin (30 pM) treatment prior to 6-OHDA (40 pM) treatment
decreased the cellular apoptosis and decreased the nitrite level signifi-
cantly as compared to 6-OHDA treated cells (Rao et al., 2012). Beside
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this mangiferin inhibit the production of 0%~ radical and alleviate the
neuronal cell loss in response to disruption of intracellular calcium
signaling in cell cultures (Campos-Esparza et al., 2009). Mangiferin
maintain Ca®* homeostasis, intracellular antioxidant activities, and
improve the mitochondrial function to confer neuroprotection in PD
(Das et al., 2017).

9. Mangiferin counteracts neuroinflammation in several
neurological disorders

Neuroinflammation is a condition characterized by the increased
production of inflammatory cytokines and emergence of neuropsychi-
atric and neurodegenerative disorders (Rhie et al., 2020). In CNS, these
cytokines are produced by group of specialized microglial cells
(Graeber, 2010; Wake et al., 2009). The increased activation of micro-
glia cells has been observed in the neurodegenerative disorders like AD
and PD (Amor and Woodroofe, 2014). The activated microglia cells
resulted in the recruitment and infiltration of monocytes into the brain
resulting in the enhanced production of pro-inflammatory cytokines
(Peracoli et al., 2003). Increased activation of microglia cells and levels
of pro-inflammatory cytokines (TNF-a, IL-1p and IL-6) has been reported
in brain of aged individuals (Niraula et al., 2016; Bruunsgaard et al.,
2001; Ward et al., 2015) further responsible for the emergence of several
neurological disorders (Miller and Raison, 2016). Earlier it was thought
that the peripherally produced pro-inflammatory cytokines cannot gain
access to brain, however it has been reported that these cytokines can
enter into brain due to the altered permeability of BBB (Lacroix and
Rivest, 1998; Wong et al., 1996; Quan and Banks, 2007). Thus, increased
activation of microglia cells, cytokine levels and corresponding neuro-
inflammation is responsible for the age associated neuronal damage
(von Bernhardi et al., 2015; Zilka et al., 2012). Altered function of
microglia cells has been implicated in the pathogenesis of AD. Microglia
cells play an important role in the phagocytosis and clearance of Ap
(Mandrekar et al., 2009; Koenigsknecht and Landreth, 2004). The spe-
cial types of receptors present on the surface of microglia cells, recognize
AP fibrils, engulf and transport it to the endolysosomal system (Bam-
berger et al., 2003; Paresce et al., 1997). However, it has been reported
that Ab fibrils so internalized, can remain intact without getting
metabolized for 72 h or may be resecreted also (Paresce et al., 1997;
Chung et al., 1999). Thus, microglia cells protect the neurons against the
Ab toxicity. However, in the presence of inflammatory cytokines,
microglial cells loss their activity resulting in the retention and deposi-
tion of AP and corresponding progression of AD (Koenigsknecht-Talboo
et al., 2005; Zelcer et al., 2007; Yamamoto et al., 2008). Beside this,
microglia cell has been implicated in the pathogenesis of PD charac-
terized by the damage of the dopaminergic neurons in the SN region of
midbrain (Rocha et al., 2015), increased expression of misfolded
a-synuclein (Ward et al., 2015; Grimmig et al., 2016; Yamada, 1992)
and increased production of inflammatory cytokines (Zhang et al., 2005;
Beraud et al., 2012). Further the over-activation of microglia cells,
proinflammatory cytokines and neuroinflammation has been observed
in PD brain (Ferrari et al., 2006; McCoy et al., 2006; McGeer et al., 1988;
Hirsch and Hunot, 2009). Neuroinflammation is also involved in the
pain and related response (Sawynok, 2003). Inflammatory cytokines
(such as TNF-q, IL-1, IL-6 and [FN-y) contributes to the activation of HPA
axis, impairment of 5-HT signaling pathway and the behavioral alter-
ations analogous to anxiety and depression (Dantzer, 2001; Salim et al.,
2012; Dorr, 1993; Guo et al., 2014; Nunes et al., 2002; Kim et al., 2002;
Maes et al., 1993, 1995, 1997, 1999).

Mangiferin inhibit the activation of microglia cells and confer pro-
tection against glial cell induced neuroinflammation (Bhatia et al., 2008;
Prabhu et al., 2006). It has been reported that the stem extract of
M. indica (4 pg/ml) reduces the expression of NF-kb, mRNA, NOS-2,
COX-2, IL-B, TNF-a but did not affect the expression of IL-6 mRNA and
TGF-b (Leiro et al., 2004). Mangiferin (10 pM) inhibits LPS induced
activation of NF-kp pathway and production of cytokines production
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(Jeong et al., 2014; Telang et al., 2013; Das et al., 2012). Administration
of doxorubicin (DOX) (15 mg/kg, i.p.) increases the expression of TNF-«
level in brain. Administration of mangiferin (60 mg/kg, p.o.) prior to
DOX decreased the levels and expression of TNF-a level (Siswanto et al.,
2016). TNF-a promotes the activation and translocation of NF-kb inside
the nucleus responsible for the increase expression of enzyme iNOS
further responsible for the increase production of NO for longer time
period (Alderton et al., 2001; Bogdan, 2001). Mangiferin treatment re-
duces the levels and expression of TNF-a, inhibit the activation and
translocation of NF-kp, inhibit the iNOS expression and subsequently
reduced the NO production (Garrido et al., 2004; Martin et al., 2008a). It
has been reported that the daily immobilization of 6 h for 7 days in-
creases the levels of glucocorticoids and pro-inflammatory cytokines
(IL-1B, TNF-a NF-kb, iNOS and COX-2) in brain. Administration of
mangiferin prior to the stress exposure ameliorate the stress induced
increase in the levels of pro-inflammatory cytokines (Marquez et al.,
2012). Mangiferin also inhibit NF-kb dependent COX-2 and iNOS
expression and their downstream signaling molecules (Garcia et al.,
2002, 2003; Bhatia et al., 2008). Mangiferin further inhibits COX-2
mediated production of PGE, and LTB4 (Garcia et al.,, 2002, 2003;
Bhatia et al., 2008). Mangiferin thus inhibit the synthesis of inflamma-
tory mediators and suppress the pain (Garrido-Suarez et al., 2010).
Mangiferin attenuates neurogenic and inflammatory pain induced by
capsaicin, acetic acid and formalin treatment. Mangiferin (30 and 100
mg/kg, p.o.) exerted antinociceptive effects without the activation of
opioid receptors and thus free from the central side effects (Lopes et al.,
2013). However, mangiferin fails to demonstrate the antinociceptive
effects in the tail flick test and Eddy’s hot-plate test which are known to
involve the spinal and supraspinal mechanisms of nociception (Yaksh
and Rudy, 1976). Mangiferin activate peripheral opioid receptors, de-
creases the excitability of sensory nerves, inhibits the release of
pro-inflammatory cytokine and exerts anti-inflammatory and anti-
nociceptive effects without any central action (Lopes et al., 2013). It has
also been reported that the mangiferin treatment ameliorate the
neurological dysfunction and neurological pain in contusive SCI rats
(Luo et al., 2015). Mangiferin also exerted neuroprotective effect by
preventing Wallerian degeneration in mononeuropathic rats (Garrido--
Suarez et al., 2014). These lines of evidence suggested that the man-
giferin counteract the neuroinflammation (He et al., 2014; Li et al.,
2017) and subsequently inhibit the neuroinflammation induced
neuropathologies.

10. Conclusion

Mangiferin belongs to the class of the xanthone and exhibit wide
range of the pharmacological properties. Previous studies has suggested
that the mangiferin can pass through the BBB and this fact made it a
compound of interest for the treatment of neurological disorders.
Mangiferin counteracts the deleterious effects of oxidative stress and is
thus considered as a promising antioxidant. Mangiferin has been re-
ported to be a better antioxidant than the flavonoids or phenylpropanoic
acids in DPPH scavenging activity. Mangiferin possess ROS scavenging
capacity and ferric reducing ability of plasma (FRAP) comparable with
vitamin C and E and prevented ROS production and ROS mediated
oxidative tissue damage more as compared to vitamin C, E, quercetin,
curcumin and p-carotene. Mangiferin enhances cellular antioxidant de-
fense (i.e. increases the levels of SOD, CAT, and glutathione peroxidase).
Further mangiferin is devoid of prooxidant activity and is thus superior
to the conventional antioxidants. Mangiferin also prevents the age
specific changes in various enzymes, alleviates cognitive impairment,
ameliorates morphological damages in hippocampus and reduces the
neuronal intracellular Ca®* concentration to confer neuroprotective
effects. Mangiferin attenuate the corticosterone and LPS induced anxiety
and depression related behavioral and biochemical alterations in
various studies. Mangiferin mediated antinociceptive effects is devoid of
the opioid receptor activation and thus free from the central side effects.
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Mangiferin counteracts the effect of MPTP, rotenone and 6-OHDA on
dopaminergic neurons. Mangiferin treatment also counteracted
neuronal ATP depletion, prevent the release of cytosol cytochrome ¢ and
subsequent activation of caspase 3 to prevent neuronal cell death in PD.
Mangiferin significantly reduced cell damage in rat cortical slices
mediated by Ap oligomers exposure and prevent A induce mitochon-
drial dysfunction and neuronal cell death in AD models. Mangiferin
mitigates insulin resistance and improves insulin sensitivity by up-
regulation of AMPK phosphorylation. Mangiferin inhibit the activation
of microglia cells and confer protection against glial cell induced neu-
roinflammation. Thus, mangiferin could be new drug for the treatment
of neurological disorders in near future.
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