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Abstract

1-Methy-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that selectively damages dopami-
nergic neurons in the substantia nigra pars compacta and induces Parkinson’s like symptoms in rodents.
Quercetin (QC) is a natural polyphenolic bioflavonoid with potent antioxidant and anti-inflammatory
properties but lacks of clinical attraction due to low oral bioavailability. Piperine is a well established bio-
availability enhancer used pre-clinically to improve the bioavailability of antioxidants (e.g., Quercetin).
Therefore, the present study was designed to evaluate the neuroprotective potential of QC together with
piperine against MPTP-induced neurotoxicity in rats. MPTP (100 pg/uL/rat, bilaterally) was injected in-
tranigrally on days 1, 4 and 7 using a digital stereotaxic apparatus. QC (25 and 50 mg/kg, intragastrically)
and QC (25 mg/kg, intragastrically) in combination with piperine (2.5 mg/kg, intragastrically) were ad-
ministered daily for 14 days starting from day 8 after the 3" injection of MPTP. On day 22, animals were
sacrificed and the striatum was isolated for oxidative stress parameter (thiobarbituric acid reactive sub-
stances, nitrite and glutathione), neuroinflammatory cytokine (interleukin-1p, interleukin-6, and tumor
necrosis factor-a) and neurotransmitter (dopamine, norepinephrine, serotonin, gamma-aminobutyric acid,
glutamate, 3,4-dihydroxyphenylacetic acid, homovanillic acid, and 5-hydroxyindoleacetic acid) evaluations.
Bilateral infusion of MPTP into substantia nigra pars compacta led to significant motor deficits as evi-
denced by impairments in locomotor activity and rotarod performance in open field test and grip strength
and narrow beam walk performance. Both QC (25 and 50 mg/kg) and QC (25 mg/kg) in combination with
piperine (2.5 mg/kg), in particular the combination therapy, significantly improved MPTP-induced be-
havioral abnormalities in rats, reversed the abnormal alterations of neurotransmitters in the striatum, and
alleviated oxidative stress and inflammatory response in the striatum. These findings indicate that piperine
can enhance the antioxidant and anti-inflammatory properties of QC, and QC in combination with piper-
ine exhibits strong neuroprotective effects against MPTP-induced neurotoxicity.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive hypokinetic movement disorder which results from
the selective degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) accompanied by
behavioral and motor abnormalities like resting tremor, ri-
gidity, bradykinesia, and postural instability (Fu et al., 2015).
The exact etiology of PD is unknown and it is believed to be
caused by increased oxidative stress, long term toxin expo-
sure, mitochondrial dysfunction and neurotransmitter im-
balance. Numerous bodies of evidences have indicated that
neurotransmitter imbalance (i.e., dopamine, norepinephrine
(NE), serotonin, gamma-aminobutyric acid (GABA) and
glutamate), excitotoxicity, increased cytokine level and ad-
vanced age are directly linked to the severity of PD (di Mi-
chele et al., 2013). Excessive degeneration of dopaminergic
neurons is well correlated with increased reactive oxygen
species (ROS) concentration and glutamate hyperactivity
(Singh et al., 2016). The treatment of PD is currently a major

problem worldwide so there is a need to determine effective
compounds that have fewer side effects in order to treat PD
either alone or as adjuvant with available therapy. More-
over, a large number of neurotoxins like 1-methy-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxy do-
pamine (6-OHDA), and rotenone are used in preclinical
practice to investigate the pathological background of PD.

MPTP is a widely used neurotoxin to mimic PD in ani-
mal models. It can directly inhibit mitochondrial complex
I activity, which leads to the death of striatal dopaminergic
neurons (Meredith and Rademacher, 2011). Previous reports
have demonstrated that MPTP results in striatal dopaminer-
gic destruction and alters GABA and glutamate levels and
therefore it is usually used to mimic the clinical practice in
idiopathic PD patients (Hajj et al., 2015; Caravaggio et al.,
2016).

Quercetin (QC) is a polyphenolic bioflavonoid abundantly
found in vegetables, fruits, red wines, and black berries. QC
possesses potent antioxidant, anti-inflammatory and neu-
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roprotective properties (Bournival et al., 2009). Structurally,
QC contains two pharmacophores in its chain providing
optimal capacity to scavenge free radicals (Sandhir and
Mehrotra, 2013) and has been shown to protect nerve cells
that die in Parkinson’s disease (PD) (Ahn and Jeon, 2015).
Besides its numerous therapeutic applications, QC has low
plasma bioavailability and high tissue distribution as its agly-
cone moiety immediately undergoes a series of biotransfor-
mation reactions and converts into different types of active
metabolites upon oral administration (Gonzales et al., 2016).
Previous reports have shown the limited penetrability of QC
across blood-brain barrier and interpecies variation in bio-
availability (Reinboth et al., 2010; Ishisaka et al., 2011). The
other drug used in the present study is piperine, a nitroge-
nous and commercially available compound of plant origin
obtained from Piper nigrum and Piper longum. Piperine
has been reported to enhance the bioavailability of numer-
ous compounds through diverse mechanisms like reducing
biotransformation rate in gut by inhibiting cytochrome P3A
(CYP3A) and UDP-GDH and enhancing the blood supply in
the enteric vessel due to its local vasodilatory effect (Bhardwaj
et al,, 2002). Therefore, the present study was designed to
investigate the neuroprotective, anti-inflammatory and an-
tioxidant effect of QC in combination with piperine against
MPTP-induced neurotoxicity in rats.

Material and Methods

Experimental animals

Forty-five male Wistar rats weighing 250-280 g were housed
under standard laboratory conditions (room temperature 22
* 1°C and relative humidity of 60%) with 12-hour light/dark
cycles. These animals were fed with standard diet in accor-
dance with Institutional Animal Ethics Committee (IAEC)
guidelines. The experimental protocol was reviewed and ap-
proved by the Institutional Animal Ethics Committee (ISFCP/
IAEC/CPCSCE/M15/P276/2015) and performed according to
Indian National Science Academy (INSA) for the use and care
of experimental animals. Rats were randomly divided into five
groups containing nine animals in each (# = 9) to avoid vari-
ability: control group (normal control, intranigral injection of
normal saline), MPTP group (intranigral injection of MPTP),
QC 25 mg/kg and 50 mg/kg groups (intranigral injection of
MPTP followed by intragastric (i.g.) administration of QC 25
mg/kg and 50 mg/kg), and QC + piperine group (intranigral
injection of MPTP followed by i.g. administration of QC 25
mg/kg and i.g. administration of piperine 2.5 mg/kg).

Drugs and treatment schedule

The following drugs were used: MPTP (Sigma-Aldrich
Corporation, St. Louis, MO, USA) (100 pg/pL, intranigral
administration on days 1, 4 and 7) after dissolving in 0.9%
normal saline solution. QC (low dose 25 mg/kg, i.g. and high
dose 50 mg/kg, i.g. (Hi Media, Mumbai, India)) and piperine
[2.5 mg/kg, i.g. (Sigma-Aldrich Corporation)] were dissolved
in sodium carboxy methyl cellulose solution (0.5% v/w). QC
alone and in combination with piperine were administered
once daily for 14 days in two separate groups, starting from

1138

day 8 after the 3 injection of MPTP. Behavioral parameters
were assessed on days 1, 7, 14 and 21, respectively. On day
22, the animals were sacrificed, the striatum was isolated for
oxidative stress parameter [thiobarbituric acid reactive sub-
stances (TBARS), nitrite, reduced glutathione], pro-inflam-
matory cytokine [interleukin (IL)-1p, IL-6 and tumor necrosis
factor-alpha (TNF-a)] and neurotransmitter [dopamine (DA),
NE, 5-hydroxytryptamine (5-HT), gamma-amino butyric
acid (GABA), glutamate, 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic
acid (5-HIAA)] evaluations (Figure 1).

MPTP administration

Brain surgery was performed using a stereotaxic apparatus
(Stoelting, Wood Dale, IL, USA). Animals were anesthetized
with ketamine [80 mg/kg, intraperitoneally (i.p.)] and diaze-
pam (5 mg/kg, i.p.). After exposure of skull surface, cannulas
were implanted 2 mm above the SNpc using coordinates
(Paxinos and Watson, 2007): anteroposterior (AP): =5.0 mm
from bregma; mediolateral (ML): + 2.1 mm from midline;
dorsoventral (DV): —7.7 mm from skull as described by
Paxinos and Watson (2007). All groups were intranigrally
administered MPTP (100 pg/pL) except the control group in
which normal saline (0.9%) was used. All rats after surgery
were treated with antibiotic gentamicin (5 mg/kg, i.p.) and
were placed back to their home cages.

Measurement of body weight

The percentage change in body weight was calculated ac-
cording to the formula: Body weight change = (weight of an-
imal on day 1-weight of animal on day 22)/ weight of animal
on day 1x 100%.

Behavioral assessments

Spontaneous locomotor performance

Spontaneous locomotor activity was assessed by the open
field test (Kumar et al., 2011) in an apparatus made up of
wooden, rectangular box measuring 100 x 100 x 40 cm’. All
animals were provided with 3 minute habituation period be-
fore initiating the actual motor activity tasks. The rat’s hori-
zontal locomotor activity was recorded as the total number
of squares crossed during a 5-minute period as described
earlier (Kumar et al., 2011).

Rotarod performance

The Rotarod test apparatus (UgoBasile, Comerio, Italy) was
used to analyze the motor balance (latency to fall) and grip
performance of rats. All rats were trained before the initia-
tion of experimental procedure. Each rat was placed individ-
ually on the rod (diameter 7 cm, length 30 cm, rotating at 25
r/min) for measuring their locomotor ability. The maximum
retention (cut off) time on rotarod was 180 seconds (Kumar
etal., 2011).

Grip strength measurement
Forelimb grip strength of rats was measured by holding the
tail and then the tail was lowered toward the apparatus until
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it grabbed a mesh with the frontal paws. After holding the
platform, the rats were immediately pulled backward with
the tail in a horizontal plane. Total beam crossing time and
the number of foot errors were recorded in KgF (Karunanithi
etal., 2011).

Beam crossing task

Beam crossing task (Karunanithi et al., 2011) was used to
measure the gait abnormalities and foot slip counts. The ap-
paratus consisted of a flat wooden beam (length 130 cm and
width 1 cm) suspended at a height of 100 cm from the floor
to avoid the intentional fall. A black box containing nesting
material was placed at the end of beam as a target platform.
All animals were previously habituated (trained) with the
apparatus for 5 minutes prior to experimentation. The time
taken to cross the beam from one point to other end and the
number of foot slips were recorded in each trial.

Dissection and homogenization

On day 22, nine animals in each group were further divided
into three sub-groups for biochemical estimations, neuroin-
flammatory cytokine and neurotransmitter analysis imme-
diately after behavioral assessment. All the tested samples
were run in duplicate to minimize the statistical errors. After
sacrificing the animals, the brains were isolated and pre-
served at —80°C until analysis. On the experimental day, the
brains were removed from the deep freezer and the striatum
was isolated, weighed and homogenized in 0.1 M phosphate
buffer (pH 7.4). The homogenized striatal suspension solu-
tion was then used for oxidative stress, neuroinflammatory
cytokine and neurotransmitter estimations.

Measurement of striatal oxidative stress parameters
TBARS values

The level of striatal TBARS as a measure of lipid peroxida-
tion was quantified as described earlier (Wills, 1966). The
absorbance of the sample was determined at 532 nm using
a spectrophotometer (Shimadzu, UV-1700). The values of
TBARS were quantified using the molar extinction coeffi-
cient of the chromophore (1.56 x 10°/M/cm) expressed as
percentage of the normal control group (Kumar et al., 2012).

Nitrite level

The level of nitrite in the striatal tissue homogenate was car-
ried out using Griess reagent in accordance with the method
reported by Green et al. (1982). The absorbance of tested
sample was measured at 540 nm using a Shimadzu spectro-
photometer. The level of nitrite was determined from a sodi-
um nitrite standard curve and expressed as percentage of the
normal control group.

Reduced glutathione level

Reduced glutathione (GSH) in the striatal tissue was quanti-
fied according to the method of Ellman (1959). Yellow color
formed in the tested sample was measured at 412 nm using
a Shimadzu spectrophotometer. The results were calculated
and expressed as percentage of the normal control group.

Protein level

The protein level in the striatal tissue homogenate was mea-
sured according to the Lowry method (Lowry et al., 1951)
using Folin phenol reagent. The color change at the end of
reaction, indicating presence of protein, was measured at
650 nm using a Shimadzu spectrophotometer. The level of
the protein present in the tested sample was calculated from
the standard graph.

Striatal proinflammatory cytokines

The striatal levels of pro-inflammatory cytokines IL-1p, IL-6
and TNF-a were quantified using corresponding rat immu-
noassay kits (KRISHGEN Bio System, Paseo Drive, Brea,
CA, USA) according to the method described by Singh et al.
(2016).

Striatal neurotransmitter analysis

Catecholamines

Estimation of striatal catecholamines was performed by high
performance liquid chromatography using an electrochemi-
cal (EC) detector. Striatal levels of catecholamines (DA, nor-
epinephrine, 5-HT and their metabolites DOPAC, HVA and
5-HIAA) were determined according to the method of Patel
et al. (2005).

GABA and glutamate estimation

For the quantification of amino acids, striatal homogenate
solution was derivatized with o-phthalaldehyde/B-mercap-
toethanol (OPA/B-ME) following the method reported earli-
er (Reinhoud et al., 2013). The quantitative analysis of GABA
and glutamate in the striatal tissue sample was performed in
accordance with the method of Lasley and Gilbert (2002).

Statistical analysis

All data are presented as the mean + SEM and analyzed
via GraphPad Prism 5.0 software for Windows (GraphPad
Software, San Diego, CA, USA). Values were expressed as
the mean + SEM. Two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test was applied to check
the level of significance for behavior results, whereas the
biochemical results were analyzed using one-way analysis of
variance followed by Tukey’s post hoc test. A value of P < 0.05
was considered statistically significant.

Results

Protective effect of QC alone and in combination with
piperine on body weight and behavioral changes in
MPTP-treated rats

MPTP administered rats showed gradual declines in body
weight, locomotor activity, motor coordination and balance,
and grip strength at the end of the study (day 21) (P < 0.001)
as compared with normal control rats. QC (25 and 50 mg/kg)
treatment significantly restored rat’s body weight, locomotor
activity, motor coordination, and grip strength as compared
with administration of MPTP alone (P < 0.05). Further,
piperine treatment (2.5 mg/kg) together with low dose QC
(25 mg/kg) significantly enhanced its protective effect than
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Figure 1 Experimental procedure.

MPTP: 1-Methy-4-phenyl-1,2,3,6-tetrahydropyridine; TBARS: thiobar-
bituric acid reactive substances; GSH: glutathione; IL-1p: interleukin-1
beta; IL-6: interleukin-6; TNF-a: tumor necrosis factor-alpha; DA:
dopamine; NE: norepinephrine; 5-HT: serotonin; GABA; gamma-ami-
nobutyric acid; DOPAC; 3,4-dihydroxyphenylacetic acid; HVA: homo-
vanillic acid; 5-HIAA: 5-hydroxyindoleacetic acid.

[ Control [ MPTP MPTP + QC (25 mg/kg) B
MPTP + QC (50 mgtkg) E= MPTP + PP (2.5 mg/kg) + QC (25 mg/kg)
150 q
2
=
S 100 A § g
) NV
1o N
: N
g % é +
s so1| NN g
S N/ N/
3 N N/
s NI N/
5 N NI
a N N
o LLIENAE N7
Day 1
C [ Control [ MPTP MPTP + QC (25 mg/kg) D

MPTP + QC (50 mg/kg) EZ=3 MPTP + PP (2.5 mg/kg) + QC (25 mg/kg)
167 £
1.2
;!'5: 0.81
0.4
0

[ Control [ MPTP
MPTP + QC (50 mg/kg)

Fall off time

[ Control [ MPTP
MPTP + QC (50 mg/kg)

Time taken to cross

[ Control [ MPTP
MPTP + QC (50 mg/kg)

MPTP + QC (25 mglkg)
EZR MPTP + PP (2.5 mglkg) + QC (25 mg/kg)

201
£ —+
k=)

[} .
z 10
>

he)

8

c O
(0]

(o]

c

S 104

o

X
204

Figure 2 Protective effect of QC alone and its combination with
piperine on body weight of MPTP-treated rats.

Body weight change = (weight of animal on day 1- weight of animal on
day 22)/ weight of animal on day 1 x 100%. Results are expressed as the
mean + SEM and analyzed by two-way analysis of variance followed by
Bonferroni’s post hoc test. *P < 0.001, vs. control group; #P < 0.05, vs.
MPTP group; 1P < 0.05, vs. QC 25 mg/kg group; §P < 0.05, vs. QC 50
mg/kg group. QC: Quercetin; MPTP: 1-methy-4-phenyl-1,2,3,6-tetra-
hydropyridine; PP: piperine.
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Figure 3 Protective effect of QC alone and its combination with piperine (PP) on behavioral changes in MPTP-treated rats.

(A) Total locomotor activity (the number of squares crossed per 5 minutes) assessed by the open field test. (B) Motor coordination and balance
assessed by the rotarod test. (C) Grip strength. (D) Motor coordination and balance assessed by the beam walking task. Results are expressed as the
mean = SEM and analyzed by two-way analysis of variance followed by Bonferroni’s post hoc test. *P < 0.001, vs. control; #P < 0.05, vs. MPTP; 1P <
0.05, vs. MPTP + QC (25 mg/kg); §P < 0.05, vs. MPTP + QC (50 mg/kg). QC: Quercetin; MPTP: 1-methy-4-phenyl-1,2,3,6-tetrahydropyridine.

treatment with QC alone (P < 0.05) (Figures 2 and 3).

Protective effect of QC alone and its combination with
piperine on oxidative stress in MPTP-treated rats
MPTP-treated rats showed raised oxido-nitrosative stress as
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confirmed by high TBARS and nitrite levels and decreased
striatal reduced glutathione level on day 22 (P < 0.001) as
compared with normal control rats. QC (25 and 50 mg/kg)
treatment significantly and dose-dependently attenuated the
increase in TBARS and nitrite levels with decrease in gluta-
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Figure 4 Protective effect of QC alone and its combination with piperine on oxidative stress in MPTP-treated rats on day 22.

(A) TBARS; (B) nitrite level; (C) reduced glutathione level. Results are expressed as the mean + SEM. One-way analysis of variance followed by
Tukey’s post hoc test was used. *P < 0.001, vs. control; #P < 0.05, vs. MPTP; P < 0.05, vs. MPTP + QC (25 mg/kg); §P < 0.05, vs. MPTP + QC (50
mg/kg). All the tested samples were run in duplicate to minimize the statistical errors. QC: Quercetin; MPTP: 1-methy-4-phenyl-1,2,3,6-tetrahy-
dropyridine.
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thione level as compared with the control group (P < 0.05).
Piperine (2.5 mg/kg) together with low dose QC (25 mg/kg)
significantly ameliorated the oxido-nitrosative stress as com-
pared with QC alone (25 and 50 mg/kg) due to its enhanced
bioavailability (P < 0.05) (Figure 4).

Protective effect of QC alone and its combination with
piperine on neuroinflammatory cytokines in MPTP-
treated rats

MPTP-treated rats showed gradually increased striatal proin-
flammatory cytokines level on day 22 (P < 0.001) as compared
with normal control rats. QC (25 and 50 mg/kg) treatment
for 14 days substantially and dose-dependently reversed the
increases in the levels of TNF-a, IL-1P and IL-6 as compared
with MPTP group (P < 0.05). Piperine (2.5 mg/kg) together
with QC (25 mg/kg) further improved its protective effect as
compared with QC alone (P < 0.05) (Figure 5).

Protective effect of QC alone and its combination with
piperine on neurotransmitters in MPTP-treated rats
Bilateral infusion of MPTP into SNpc showed significant
reduction in the levels of striatal catecholamines (norepi-
nephrine, dopamine and serotonin) at the end of the study
(on day 22) (P < 0.01) as compared with the control group.
QC (25 and 50 mg/kg) treatment significantly increased
catecholamine levels as compared with MPTP control (P <
0.05). Piperine (2.5 mg/kg) together with QC (25 mg/kg)
significantly increased striatal catecholamine levels as com-
pared with QC alone (P < 0.01). MPTP treatment resulted in
elevated DOPAC and HVA levels as well as decreased striatal
5-HIAA levels. QC (25 and 50 mg/kg) administration sig-
nificantly attenuated the increased DOPAC and HVA levels
and decreased 5-HIAA levels as compared with MPTP con-
trol (P < 0.05). Piperine (2.5 mg/kg) together with QC (25
mg/kg) significantly enhanced the protective effect of QC as
compared with QC alone (P < 0.05) (Figure 6).

MPTP-treated rats showed gradually decreased striatal
GABA level and increased glutamate level at the end of the
study (on day 22) (P < 0.001) as compared with normal control
rats. QC (25 and 50 mg/kg) significantly and dose-dependently
reversed the alteration in striatal GABA and glutamate levels as
compared with MPTP control (P < 0.05). Co-administration
of piperine (2.5 mg/kg) together with QC (25 mg/kg) dose-de-
pendently increased GABA level and decreased glutamate level
than administratin of QC alone (P < 0.05) (Figure 6).

Discussion

The present study evaluated the neuroprotective effect of QC
alone and its combination with piperine against MPTP-in-
duced neurotoxicity in rats. Intranigral administration of
MPTP to rats led to significant motor deficits, oxidative
stress, pro-inflammatory cytokine activation and neurotrans-
mitter alterations. 1-Methyl-4-phenylpyridinium (MPP") is
a neurotoxic metabolite of MPTP, which selectively inhibits
complex I (NADH dehydrogenase) of the mitochondrial
electron transport chain, decreases ATP production and
thereby causes destruction of dopaminergic neurons in SNpc
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(Hutter et al., 2012). The MPTP-induced behavioral and
motor changes in rats are considered to be likely observed
in humans suffering from PD as evidenced by bradykine-
sia, rigidity, and hypokinesia. Treatment with QC alone
and in combination with piperine not only improved mo-
tor dysfunction but also restored striatal neurotransmitter
signalling. These findings indicate that QC when given in
combination with piperine could significantly reverse toxin
induced motor abnormalities and magnitude of depleted
level of nigrostriatal dopamine in rats.

An increasing number of evidence has demonstrated that
increased oxidative stress, mitochondrial dysfunction, and
neuroinflammation further exacerbate the damage to mac-
romolecules including DNA, proteins, and lipids (Guo et al.,
2013). However, degeneration of the membrane lipid yields
high intracellular ROS level eventually leading to the loss of
membrane integrity and finally dopaminergic neurodegen-
eration. Moreover, dopaminergic neuron loss is not only due
to decreased mitochondrial functionin but also increased
level of reactive oxygen species (ROS) and proinflammatory
cytokines also play a crucial role. Dopaminergic neurons of
nigrostriatal area are more sensitive to oxidative damage as
this area is associated with high energy consumption and
low antioxidant (GSH) makes them more prone to oxidative
damage (Yamaguchi and Shen, 2007). In the present study,
administration of QC alone and in combination with piperine
significantly decreased ROS as evidenced by elevated GSH
level indicating the antioxidant potential of QC. Structurally
GSH contains thiol moiety, which tends to plays a pivotal role
in preventing oxidative damage and hence acts as a biomarker
of oxidative stress in biological systems. It is well implicated
that high iron content in the brain makes the substantia nigra
more susceptible to PD and is also evidenced by postmortem
reports. QC prevents against iron induced striatal toxicity by
acting as ion chelator (Lee and Andersen, 2010).

In recent years, the involvement of neuroinflammatory
mediators in the nigrostriatal degeneration of dopaminergic
neurons in PD has gained increasing attention. Moreover, con-
sistent increase in oxidative stress due to mitochondrial failure
after MPTP challenge activates the microglial cells which
initiate the inflammatory responses responsible for neuronal
dysfunction particularly in the SNpc as evidenced by various
experimental models of PD. A postmortem study has also
demonstrated that detection of microglial expression in the ni-
grostriatal region and cerebrospinal fluid particularly including
TNF-q, IL-1B and IL-6 suggested the involvement of immune
components in PD pathogenesis (Chao et al., 2014). Similarly
in the present study, the levels of inflammatory mediators were
significantly increased after MPTP treatment, indicating that
neuroinflammation plays a crucial role in the neurodegener-
ative disorders particularly in PD. These results were consis-
tent with clinical findings from a reported study (Wang et al.,
2015). In the present study, quercetin significantly attenuated
MPTP-induced neuroinflammation.

The imbalance between direct and indirect dopaminergic
pathway in the basal ganglia produces uncontrolled involun-
tary movements in PD due to degeneration of dopaminergic
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Figure 7 Quercetin acts as a potential neuroprotective agent through antioxidant and anti-inflammatory mechanisms.

Intranigral administration of MPTP is readily converted to MPP" ions by monoamine oxidases. These ions are highly lipophilic, enter the mito-
chondria of neurons and reduce the adenosine 5'-triphosphate synthesis by interfering with ETC. Further, they increase inflammatory response by
activating COX/LOX enzymes and ultimately cause degeneration of dopaminergic neurons. Flavanoids through antioxidant and anti-inflammatory
mechanisms protects the dopaminergic neurons against oxidative insult and acts as potential neuroprotective agents. MPTP: 1-Methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine; MPP: 1-methyl-4-phenylpyridinium; ROS: Reactive oxygen species; COX/LOX: Cyclooxygenase/Lipooxygenase.

neurons and subsequent alterations in striatal neurotrans-
mitter signaling (Liu et al., 2015; Grosch et al., 2016). In
the present study, intranigral administration of MPTP in-
tensively caused regression of nigrostriatal area and signifi-
cantly altered the level of neurotransmitters like dopamine,
NE, serotonin, GABA, glutamate, and their metabolites in
striatum. However, this damage is not only due to its direct
toxicity but also increased ROS, excessive excitotoxicity and
mitochondrial failure are considered to be the prevalence
factors responsible for oxidation of catecholamines and their
metabolism by monoamine oxidase enzymes. QC does not
directly modulate the level of neurotransmitters in the brain
but it prevents degeneration of dopaminergic, GABAergic
and glutamatergic neurons in striatum and thereby restores
their levels in the brain (Bournival et al., 2009). There is ev-
idence that elevation in neurotransmitter level was likely to
be attributable to the inhibitory activity of QC on MAO and
COMT or due to decreased oxidative stress load on neurons
(Chakraborty et al., 2014).

QC, a powerful neuroprotective agent, attenuates the
death of striatal neuronal cells and thereby improves motor
dysfunction (Karuppagounder et al., 2013). QC is also pre-
clinically reported as a neuroprotective agent in Alzheimer’s
disease and other neurological disorders due to retention of
antioxidant and anti-inflammatory activities (Sabogal et al.,
2015). QC was reported to act as a pro-antioxidant and thus
curb the oxidative stress dependent release of neuroinflam-
matory mediators like interleukin (IL-6, IL-1B) and tumor
necrosis factor (i.e. TNF-a) (Figure 7) (Sun et al, 2015). In

addition to this, QC was reported to decrease the expres-
sion of inducible cyclooxygenase-2 and thus protect the
dopaminergic neurons in SNpc (Pany et al., 2014). Piperine
is a natural component reported to have antioxidant and
anti-inflammatory activities in in vitro studies (Shrivastava
et al,, 2013). It has been evaluated that piperine at low dose
reduces neuronal loss and doubles the plasma concentration
of some herbal antioxidants (Wadhwa et al., 2014).

In summary, the present findings confirmed the neuropro-
tective effect of combined administration of QC and piper-
ine against MPTP-induced motor deficits, oxidative stress,
neuroinflammatory and neurotransmitter alterations. The
present findings suggest that QC prevents MPTP-induced
degeneration of dopaminergic neurons through its powerful
antioxidant and anti-inflammatory mechanisms supported
by its metal ion scavenging properties. Therefore, the use of
these antioxidants alone or in combination with available
drugs may serve as potential therapeutic targets for the treat-
ment of neurodegenerative disorders like PD.
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