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Abstract

Oxidative stress is recognized as one of the major wrongdoers in Parkinson’s disease (PD) while glutathione S-transferase
(GST), an endogenous antioxidant, protects from oxidative stress-induced neurodegeneration. Despite GST-pi (GST-x)
encounters the toxic manifestations in PD, its role in zinc (Zn)-induced nigrostriatal dopaminergic neurodegeneration remains
elusive. The study aimed to explore the role of GST-x in Zn-induced Parkinsonism and its underlying molecular mechanism.
Male Wistar rats were treated intraperitoneally with zinc (zinc sulfate), twice a week, for 2-12 weeks. GST-x inducer, benzyl
isothiocyanate (BITC) was also administered in a few sets of experiments along with respective vehicle. Catalytic activity
and expression of GST-x protein, total GST activity, neurobehavioral indexes, striatal dopamine and its metabolites, nigral
tyrosine hydroxylase (TH)-positive neurons and expression of TH and B-cell lymphoma-2 (Bcl-2) proteins were reduced
in Zn-treated rats. Conversely, oxidative stress indicators, c-jun N-terminal kinase (JNK) activation, c-jun phosphorylation,
cytochrome c release, Bcl-2-associated X protein (Bax) translocation, and procaspase 3/9 to caspase 3/9 conversion were
significantly increased in Zn-exposed rats. BITC ameliorated GST-r activity/expression and normalized Zn-induced changes
in neurodegenerative indicators, oxidative stress, JNK activation, c-jun phosphorylation and apoptotic indexes. The results
demonstrate that Zn inhibits GST-x expression leading to increased oxidative stress and JNK activation, which induce apop-
tosis thereby degeneration of the nigrostriatal dopaminergic neurons.
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Introduction

Parkinson’s disease (PD) is a prevalent, chronic neurologi-
cal disorder resulting in motor dysfunction caused by the
selective loss of the dopamine synthesizing neurons in the
substantia nigra (SN) region of midbrain. A multi-factorial
aetiology has been suggested with age, genetic and envi-
ronmental factors as the putative perils for the onset and
progression of PD [1, 2]. Meta analysis studies have revealed
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a strong positive correlation between the exposure to heavy
metals and increased risk of PD [3, 4]. Clinical evidences
documenting increased Zn levels in the substantia nigra
region of brain of PD patients implicated its role in PD
pathogenesis [5]. This is substantiated by experimental stud-
ies reporting Zn-induced dopaminergic neurodegeneration
and PD-like features in rodents [6-9].

Increased vulnerability of dopaminergic neurons towards
oxidative stress is attributed to the presence of high levels
of iron (Fe3%), a-synuclein, oxidized dopamine, polyun-
saturated fatty acid (PUFA), and impaired calcium sign-
aling [10]. Epidemiological evidences have established a
strong association between oxidative stress and increased
incidences of PD. It is supported by animal models of PD
developed through toxicants exposure, which cause oxida-
tive stress. Toxicants used for this purpose include 1-methyl
4-phenyl 1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxy
dopamine (6-OHDA), paraquat, rotenone, iron, and zinc
[9-11]. Furthermore, reduced glutathione (GSH) content,
elevated lipid peroxides, reduced mitochondrial complex I
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activity, quinines along with DNA damage and augmented
c-jun N-terminal kinases/JNK-mediated activation of c-jun
collectively signify the role of oxidative stress as a prime
culprit in the dopaminergic neuronal loss in PD [12, 13].

Free radicals produced via oxidative stress initiate chain
reaction in phospholipid bilayer of the cell membranes
resulting in the formation of lipid peroxides and reactive
aldehydes viz., malondialdehyde MDA, 4-hydroxy nonenal
(4-HNE), etc. and the process is termed as lipid peroxida-
tion. Glutathione S-transferases (GSTs) facilitate the removal
of free radicals and neutralization of lipid peroxides and
reactive aldehydes via conjugation with GSH thereby pro-
tecting from oxidative stress-mediated neuronal cell death
[14]. Out of three forms of the cytosolic GSTs, GST alpha
(GST-a), GST-mu (GST-p), and GST-pi (GST-x), GST-x is
predominantly expressed in the substantia nigra implicat-
ing its contribution in the detoxification of reactive oxygen
species (ROS) [14, 15]. Reduced GST-x expression owing
to single-nucleotide polymorphisms is associated with the
increased incidences of PD [16, 17]. Moreover, genetic
and pharmacological inhibitions of GST-n are known to
increase MPTP- and rotenone-induced neurodegeneration.
GST-r over-expression, on the other hand, protects from
dopaminergic neuronal cell death substantiating its amelio-
rative effect in PD [15, 18, 19]. GST-x is recognized as the
negative regulator of JNK pathway, which in turn directs
c-jun-mediated apoptosis [20, 21]. The protection afforded
by GST-r against MPTP and 6-OHDA-induced PD mod-
els via inhibition of JNK-activation further corroborates its
involvement in JNK signaling [19, 22].

Previous studies have shown that oxidative stress con-
tributes to the apoptotic neuronal cell death in Zn-induced
Parkinsonism in rodent models [6, 9]. Although reduced
glutathione (GSH) content and GST activity are reported
in the brain following Zn exposure, the role of GST-x in
Zn-induced dopaminergic neurodegeneration is not yet
explored. The study was undertaken to decipher the involve-
ment GST-n in Zn-induced nigrostriatal dopaminergic
neurodegeneration. Besides, an association of GST-r with
JNK-dependent programmed cell death is also elucidated by
investigating the effect of benzyl isothiocyanate (BITC), a
GST-r inducer [23] on the neurodegenerative indexes and
oxidative stress along with apoptotic cell death markers in
Zn-induced Parkinsonism.

Materials

Acetic acid, disodium hydrogen phosphate, dibutyl phthalate
xylene (DPX), heptane sulfonic acid, nicotinamide adenine
dinucleotide reduced form (NADH), nitroblue tetrazolium
(NBT), phenazine methosulfate (PMS), 1-chloro-2,4-di-
nitrobenzene (CDNB), potassium chloride, glutathione
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reduced (GSH), potassium dihydrogen phosphate, sodium
dihydrogen phosphate, sodium fluoride (NaF), and xylene
were purchased from Sisco Research Laboratories Pvt. Ltd.,
Mumbai, India. Mouse monoclonal anti-p-actin, anti-Bax,
anti-Bcl-2, anti-caspase 3, anti-TH, anti-cytochrome c, anti-
JNK, anti-p-JNK, anti-p—c-jun, goat polyclonal anti-Tim 44
and rabbit polyclonal anti-caspase 9 primary antibodies
along with goat anti-mouse, rabbit anti-goat, and bovine
anti-rabbit alkaline phosphatase (AP)-conjugated secondary
antibodies were procured from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Goat polyclonal anti-GST-x anti-
body was purchased from Abcam Technology, Cambridge,
MA (USA). Polyvinylidene difluoride (PVDF) membrane
and mouse monoclonal anti-NeuN primary antibody were
purchased from Millipore Corporation (MA, USA). Etha-
nol, Folin Ciocalteau reagent, nitric acid, hydrogen peroxide,
methanol, n-butanol, potassium dichromate, sodium chlo-
ride, sodium hydroxide, and sucrose were obtained from
Merck (Darmstadt, Germany). Acrylamide, bis-acrylamide,
biotinylated anti-mouse secondary antibody, bovine serum
albumin (BSA), 5-Bromo-4-chloro-3'-indolyl phosphate/
nitroblue tetrazolium (BCIP/NBT) system, bromophenol
blue, benzyl isothiocyanate (BITC), f-mercaptoethanol,
ethacrynic acid (EA), 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) system, dithiothreitol (DTT), ethylene
diamine tetraacetic acid (EDTA), ethylene glycol tetraacetic
acid (EGTA), 2-hydroxyethyl-1-piperazine ethane sulfonic
acid (HEPES), magnesium chloride (MgCl,), normal goat
serum, paraformaldehyde, phenylmethyl sulfonyl fluoride
(PMSEF), protease inhibitor (PI) cocktail, potassium hydrox-
ide, sodium deoxycholate, sodium dodecyl sulfate (SDS),
sodium orthovanadate, sodium pyrophosphate, thiobarbi-
turic acid (TBA), streptavidin peroxidase, Tris-base, triton
X-100, tween-20 and zinc sulfate (ZnSO,) were procured
from Sigma—Aldrich (St. Louis, MO, USA). Neg-50 was
purchased from Richard Allen Scientific (Kalamazoo, MI).
Perchloric acid was obtained from Ranbaxy Private Limited,
New Delhi, India. Other chemicals required for this study
were procured locally.

Methodology
Animal treatment

Male Wistar rats (150-180 g) were obtained from the animal
house of CSIR-Indian Institute of Toxicology Research, Luc-
know. The animals were housed under standard conditions
of temperature and humidity with 12-h light/dark cycle and
fed standard pellet diet and water ad libitum. Animals were
treated with normal saline or ZnSO, [20 mg/kg body weight
(b.w.); intraperitoneally (i.p.)] twice a week for 2—12 weeks.
In subsets, the animals were treated with Zn for 12 weeks
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in the presence or absence of BITC along with respective
controls. BITC (10 mg/kg b.w.; i.p.) was administered, daily,
1 h prior to Zn treatment. The study was initiated after the
approval from Institutional Animal Ethics Committee.

Behavioral studies

Motor performance was measured by spontaneous loco-
motor activity (SLA) and rotarod test. SLA was measured
employing infrared beam-activated movement monitoring
chamber (OptoVarimax-Mini A; Columbus Instruments,
Columbus, OH) [24]. Rotarod performance was checked
using Omni rotor (Omnitech Electronics Inc., Columbus,
OH, USA). After offering the training to the animals for
three consecutive days, the time spent by the animals on the
rotating rod was recorded [24]. The results are expressed as
% of control.

Decapitation and dissection of brain

The animals were sacrificed by the cervical dislocation and
decapitated. The brain was dissected under ice cold condi-
tions and the nigrostriatal tissue (striatum and SN) was col-
lected as described previously [6]. Neurotransmitters were
estimated in the striatum while TH/NeuN-immunoreactivity
was performed in the frozen brain sections. All other experi-
ments were performed in the nigrostriatal tissue.

Striatal dopamine, its metabolites, and serotonin
content

Striatal dopamine, its metabolites, such as 3,4-dihydroxy-
phenyl acetic acid (DOPAC) and homovanillic acid (HVA)
along with serotonin were measured as described elsewhere
[6]. Values were calculated using known amount of respec-
tive standards. Results are expressed in the percent change
with reference to control.

Immunohistochemistry

TH-positive dopaminergic neurons in NeuN positive cells
were calculated in control and treated groups as described
previously [24]. In brief, animals were anaesthetized; brain
was perfused with ice-cold normal saline and paraformal-
dehyde. The brain was isolated, post fixed in paraformalde-
hyde and cryoprotected in sucrose gradients. The coronal
sections were cut and processed for TH/NeuN-immunore-
activity [24]. Image of the coronal sections was captured
with a bright field microscope (Leica Mikroskopie-GMBH;
Wetzlar, Germany) at 10X magnification. TH-positive neu-
rons were counted bilaterally using computerized analysis
software (QWin Pro, Leica, Germany).

GST, GST-a, GST-y, and GST-m activities

Total GST activity was determined using CDNB method
as described previously [6]. Similarly, GST-a, GST-y, and
GST-m activities were estimated using enzyme-specific
substrates in terms of nmoles/min/mg protein. For GST-a
and GST-y, cumene hydroperoxide/CHP (2.5 mM) and
1,2-dichloro-4-nitrobenzene/DCNB (1.0 mM), respectively,
were used as substrates [25] while ethacrynic acid (0.2 mM)
was used as substrate for GST-x [26]. Briefly, the reaction
mixture contained GSH, tissue homogenate and substrate in
phosphate buffer (pH 6.5). The absorbance was measured at
270 nm (GST-n) and at 340 nm (GST-o/GST-p) for 3 min
at the interval of 30 s and enzyme activity was calculated.
Final results are expressed in terms of percent of control.

Lipid peroxidation (LPO), superoxide dismutase
(SOD), and catalase

LPO levels were determined in terms of nmoles MDA/mg
tissue by the standard TBA method [24]. SOD (units/ml/
min) and catalase (umoles/min/mg protein) were measured
as described earlier [24]. The results are expressed in per-
centage of control.

Western blotting

The cytosolic and mitochondrial fractions were separated
using standard procedure as described previously [9]. Pro-
tein content in tissue lysate or sub-cellular fractions was
determined using Lowry’s method [27] using bovine serum
albumin as a standard. The protein expression was analyzed
by western blotting in the cytosolic/mitochondrial fraction
of the nigrostriatal tissue. Translocation of Bax and cyt ¢
release was assessed by analyzing their relative levels in the
cytosolic and mitochondrial fractions. The denatured pro-
teins were resolved on SDS—polyacrylamide gel (10-15%)
and electroblotted onto PVDF membrane. Blots were
blocked with tris-buffered saline containing 0.1% Tween-
20 (TBS-T) and 5% non-fat dry milk or 3% BSA and subse-
quently incubated with primary antibodies against TH, INK,
p-INK, p—c-jun, GST-r, pro-caspase-9, pro-caspase-3, Bax,
Bcl-2, cyt ¢, B-actin, or Tim-44 for 2 h followed by incu-
bation with AP-conjugated respective secondary antibody.
Blots were visualized using BCIP/NBT as the substrate.
Relative band density was calculated with pB-actin and Tim-
44 as the reference for cytosolic and mitochondrial fractions,
respectively.

Statistical analysis

A minimum of four independent sets of experiments were
performed for the study. The results are expressed as
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mean + standard error of means (SEM). Statistical analysis
was performed by using one/two-way analysis of variance
(ANOVA) and the Newman—Keuls/Bonferroni post-test was
used for multiple comparisons. The differences were con-
sidered statistically significant only when ‘p’ value was less
than 0.05.

Results

Effect of Zn exposure on GST activity and protein
expression

Zn exposure significantly reduced total GST (CDNB-related)
and GST-r activities in a time-dependent manner while no
noticeable change was observed in GST-o or GST-p activity
(Table 1). Furthermore, the western blot analysis of GST-n
protein revealed the similar results i.e., Zn attenuated protein
expression of GST-x in an exposure time-dependent manner
as compared with control group (Fig. 1).

Neurobehavioral analysis

Zn exposure decreased the locomotor activity and rotarod
performance in the exposed groups (Fig. 2a). Pre-treatment
with BITC significantly attenuated Zn-induced neurobehav-
ioral anomalies (Fig. 2a). BITC per se did not alter the motor
activities in the exposed groups.

Measurement of the dopamine, its metabolites,
and serotonin levels

Zn caused marked decline in the striatal dopamine and its
metabolites (DOPAC and HVA) in the exposed groups.
However, BITC noticeably restored the level of dopamine
and its metabolites in Zn-exposed groups (Fig. 2b). BITC
alone did not exhibit any change in the dopamine and its
metabolites in the exposed groups. Striatal serotonin levels
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Fig.1 Effect of Zn on GST-x in the nigrostriatal tissue of rat brain
following 2-12 weeks of exposure. The upper panel shows the rep-
resentative western blot of GST-r and p-actin while the lower panel
shows the densitometric analysis of the same. Data are expressed as
mean+SEM (n=4) and the value *p<0.05 and ***p<0.001 are
expressed as compared with control

were unaffected in any of the exposed groups as compared
with controls (Fig. 2b).

TH-immunoreactivity and protein expression

Zn reduced the number of TH-positive dopaminergic neu-
rons as compared with control (Fig. 3a). BITC pre-treatment
markedly rescued from Zn-induced TH-positive neuronal
loss (Fig. 3a). No change was observed in the number of
TH-positive neurons in the groups exposed to BITC alone
as compared with control (Fig. 3a).

In addition to dopaminergic neuronal loss, a marked
attenuation was also observed in the level of TH protein fol-
lowing Zn exposure, which was restored towards normalcy
with BITC pre-treatment (Fig. 3b). BITC alone did not alter
the expression of TH protein in the exposed groups.

Table 1 Activity of total GS,’T’ Exposure time — 2 weeks 4 weeks 8 weeks 12 weeks
GST-a, GST-p, and GST-x in
the nigrostriatal tissue of control Enzyme activity |
and Zn exposed rats
Total GST Control 100 100 100 100
Zn-treated 88.72+2.79" 79.63+1.117" 66.09+2.00"" 47.92+2.06"
GST-n Control 100 100 100 100
Zn-treated 80.85+2.55™ 79.45+0.94™ 59.81+2.35"" 58.36 +4.92"*"
GST-«a Control 100 100 100 100
Zn-treated 103.72 +£6.55 108.70 +10.66 89.26+8.01 106.80 +8.42
GST-p Control 100 100 100 100
Zn-treated 102.03 £4.42 109.02 +£24.07 89.12+£11.40 93.74+8.04

Control value in each experiment is taken as 100. Data are expressed as mean+SEM (n=4) [¥*p <0.05;
**p <0.01 and ***p <0.001 as compared with control groups]
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and HVA along with serotonin. Data are expressed as mean+SEM
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Protein expression of GST-i

Zn-exposed groups exhibited reduction in the protein level
of GST-rn. However, BITC significantly rescued from Zn-
induced change in GST-r content (Fig. 3b). BITC per se also
increased the GST- & protein expression (Fig. 3b).

Total GST and GST-m activity

Zn significantly inhibited the activities of total GST and
GST-z in the exposed groups. BITC noticeably alleviated
Zn-induced reductions of total GST and GST-x activities in
exposed groups (Fig. 4a). BITC alone also augmented the
activities of total GST and GST-=n in the exposed groups as
compared with control groups (Fig. 4a).

Oxidative stress indices
Zn exposure resulted in elevated SOD activity and LPO lev-

els while a significant reduction was observed in the cata-
lase activity in the exposed groups. Pre-treatment with BITC
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Fig.3 a Effect of BITC on Zn-induced modulations in the number of
TH-positive neurons in the substantia nigra. The bar diagram depicts
the number of TH-positive neurons as % of control. b Effect of BITC
on Zn-induced alterations in the protein expression of TH and GST-r.
Upper panel shows the representative western blot and lower panel
depicts the densitometric analysis of the same. Data are expressed as
mean=+SEM (n=4). The value ***p<0.001 is expressed as com-
pared with control and #p <0.01 and *##p <0.001 as compared with
Zn-treated group

significantly ameliorated Zn-induced changes in LPO, SOD,
and catalase activities (Fig. 4b). No significant change was
observed in the aforementioned oxidative stress indexes in
the groups exposed to BITC alone (Fig. 4b).

Activation of JNK and its target protein c-jun

GST-zn is known to regulate JNK pathway therefore, JNK
activation was assessed in Zn-exposed groups. Zn treatment
exhibited drastic reduction in the level of JNK along with
simultaneous increase in p-JNK level. BITC treatment mark-
edly prevented the phosphorylation of JNK in Zn-exposed
groups (Fig. 5a). BITC per se did not affect JNK activation
in the exposed groups.

Zn exposure increased the level of phosphorylated c-jun
(p—c-jun) protein. However, BITC pre-treatment discern-
ibly mitigated Zn-induced increase in the level of p—c-jun
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protein (Fig. 5a). BITC alone did not alter the expression
of p—c-jun protein in the exposed groups.

Protein expression of Bcl-2 and Bax translocation

A noteworthy reduction was observed in the level of Bcl-2
protein in Zn-exposed groups. Pre-treatment with BITC
significantly attenuated Zn-induced changes in the level of
Bcl-2 (Fig. 5b). The level of Bcl-2 protein was not affected
in the groups exposed to BITC alone (Fig. 5b).

Zn exposure resulted in the marked increase in the
translocation of Bax from the cytosol to the mitochondria
as evident from the reduced level of Bax in the cytosolic
fraction with a concomitant increase in the level of Bax
associated with the mitochondrial fraction (Fig. 6a). Pre-
treatment with BITC noticeably prevented Zn-induced
translocation of Bax to the mitochondria (Fig. 6a). BITC
alone did not affect the translocation of Bax in the exposed
groups.
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Cyt crelease and caspase activation

Zn exposure exhibited decrease in the level of mitochon-
drial cyt ¢ with a corresponding increase in the cytosolic
cyt ¢ level indicating increased mitochondrial cyt c release
into cytosol (Fig. 6b). Pre-treatment with BITC significantly
ameliorated Zn-induced mitochondrial cyt c release. BITC
per se did not affect the cyt c levels in the exposed groups
(Fig. 6b).

Zn exposure caused decrease in the level of pro-caspase
3 and pro-caspase 9 showing their activation into respective
caspases (Fig. 6¢). Pre-treatment with BITC significantly
mitigated Zn-induced alterations in the level of pro-caspase
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Fig.7 Schematic representation
of role of GST-pi in Zn-induced
dopaminergic neurodegen-
eration. [BITC benzyl iso-
thiocyanate, GST-pi glutathione
S-transferase-pi, JNK c-Jun
N-terminal Kinases, ¢yt ¢
cytochrome c. Positive sign (+)
denotes induction and negative
sign (—) denotes inhibition]

Apoptosis

3 and pro-caspase 9 (Fig. 6¢). BITC alone did not affect the
activation of pro-caspase 3/9 in the exposed groups.

Discussion

Ocxidative stress is one of the pioneer perpetrators in the
onset and progression of PD while GSTs provide defence
against oxidative stress-mediated damage [15-18, 28, 29].
Moreover, free radicals are established as the key players
in Zn-induced neuronal cell death leading to PD phenotype
in rodents so the current study was performed to delineate
the role of GST-x in Zn-induced Parkinsonism [7-9]. Time-
dependent reduction in CDNB-related total GST activity and
GST-r activity without any change in GST-o or GST-p activ-
ity with concurrent attenuation in GST-=x protein level in the
nigrostriatal tissue of Zn-exposed groups was found in this
study. The results were in concurrence with many previous
reports [15, 30] suggesting that GST-x might be involved in
Zn-induced Parkinsonism. Reduced GST-r activity and pro-
tein expression are also reported in the brain of PD patients
and toxin-based models [14, 15, 31] implicating its role in
PD pathogenesis.

Neurobehavioral deficits in Zn-exposed groups were in
agreement with earlier studies documenting that Zn induces
PD-like features in rodents [6, 32]. The role of GST-n was
explored by evaluating the effect of GST-n inducer on Zn-
induced dopaminergic neurodegeneration. Marked rescue
from the motor impairments in groups pre-treated with
BITC, a GST-r inducer, indicated the protective effect of
GST-zn in Zn-induced Parkinsonism. Depletion of the stri-
atal dopamine, DOPAC, HVA, TH protein expression and
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number of TH-positive neurons and unaltered serotonin level
in exposed groups reaffirmed that Zn leads to PD phenotype
[7-9]. Restoration of neurotransmitter levels, the number
of TH-positive neurons, TH-protein expression by BITC
suggested the protective role of GST-x in Zn-induced PD.
These results are supported by the previous reports where
over-expression of GST-n and its homologue are found to
protect against dopaminergic neuronal death [15, 19, 22, 30].

In this study, BITC alleviated Zn-induced changes in GST
activity/expression as also documented by other investiga-
tors [23]. Zn-induced inhibition of the total GST and GST-x
activities along with diminished protein level of GST-x in
the brain of exposed groups was in concurrence with the
previous reports that have shown the reduced GST-x activity
and protein expression in the brain of PD patients and toxin
models [15, 30]. Increased LPO levels and SOD activity
along with reduced catalase activity found in Zn-exposed
brain tissue suggest the involvement of the oxidative stress
in Zn-induced dopaminergic neurodegeneration [7-9]. Pre-
treatment with BITC significantly prevented Zn-induced oxi-
dative stress indexes indicating that antioxidant property of
GST-z could be responsible for reduced oxidative stress [18,
33, 34]. BITC augmented the GST-x activity and expression
in the Zn-exposed group with concomitant restoration in Zn-
induced neurobehavioral deficits, neurodegenerative indices
and oxidative stress implying that GST-x provided protection
against Zn-induced neuronal death [19, 22, 30].

GST-n negatively regulates JNK activation via pro-
tein—protein interaction thereby controls the phosphorylation
of the downstream target protein, c-jun [19, 21, 35, 36]. The
JNK pathway represents a central oxidative stress-activated
response, which contributes to apoptotic cell death. The
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increased level of p-JNK accompanied by increased phos-
phorylation of its target protein c-jun in Zn-exposed groups
clearly pointed towards the activation of the INK pathway
following Zn exposure. Alleviation of Zn-induced increase
in the levels of p-JNK and p—c-jun in BITC-treated groups
suggested that reduced GST-x could be the plausible reason
for increased oxidative stress and subsequently activation of
JNK and phosphorylation of c-jun in Zn-exposed animals.
Increased levels of p-JNK and p—c-jun are already reported
in the brain of PD patients and toxin-based models [12, 19,
37, 38]. Increased resistance in JNK null mice and protection
afforded by selective INK inhibitors in MPTP-induced neu-
rodegeneration further substantiated its role in dopaminergic
neuronal death [39, 40].

JNK signaling results in modulation of anti-apoptotic
B-cell lymphoma-2 (Bcl-2) protein and mitochondrial
translocation of Bcl-2 associated X protein (Bax) that cause
cytochrome c (cyt c) release and caspase cascade activation
leading to apoptotic cell death [39, 41]. The reduced levels
of Bcl-2 with concurrent increase in translocation of the
Bax, mitochondrial cyt c release and activation of pro-cas-
pase 3/9 in the Zn-exposed groups implied that Zn induces
dopaminergic neuronal death via apoptotic pathway [9, 32]
and suggested the involvement of INK-mediated apoptosis.
Furthermore, a marked amelioration in Zn-induced decrease
in Bcl-2 levels, increased Bax translocation to mitochondria
along with mitochondrial cyt ¢ release and pro-caspase 3/9
activation with concomittant inhibition of JNK activation by
BITC signifies the role of GST-x in JNK-mediated apoptotic
dopaminergic neuronal cell death in Zn-induced Parkinson-
ism in concurrence with other toxin-based PD models [19,
42] as illustrated in the schematic diagram (Fig. 7).

Conclusion

The results of the study demonstrate that Zn inhibits GST-x,
increases oxidative stress, and activates JNK pathway that
eventually lead to Bax-dependent cell death. On the other
hand, BITC restores GST-r activity/expression and protects
from Zn-induced oxidative stress and JNK-mediated intrin-
sic apoptotic cell death. Taken as a whole, the study indi-
cates that GST-zn protects from Zn-induced dopaminergic
neurodegeneration leading to Parkinsonism.
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