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Abstract Clinical evidences showing zinc (Zn) accumulation
in the post-mortem brain of Parkinson’s disease (PD) patients
and experimental studies on rodents chronically exposed to Zn
suggested its role in PD. While oxidative stress is implicated
in Zn-induced neurodegeneration, roles of inflammation and
apoptosis in degeneration of the nigrostriatal dopaminergic
neurons have yet been elusive. The present study investigated
the contribution of the nuclear factor kappa B (NF-κB), tumor
necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), and B-
cell lymphoma 2 (Bcl-2) family proteins in Zn-induced
Parkinsonism.MaleWistar rats were treated with/without zinc
sulfate (Zn; 20 mg/kg, intraperitoneally), twice a week, for 2–
12 weeks. In a few sets, animals were treated intraperitoneally
with a NF-κB inhibitor, pyrrolidine dithiocarbamate (PDTC;
100 mg/kg), a TNF-α inhibitor, pentoxyfylline (PTX;
50 mg/kg), and an anti-inflammatory agent, dexamethasone
(DEX; 5 mg/kg), prior to Zn exposure along with respective
controls. Zn caused neurobehavioral impairments and reduc-
tion in dopamine and its metabolites, tyrosine hydroxylase
(TH)-positive neurons, catalase activity, and expression of

TH, Bcl-2, and NOXA. On the contrary, Zn augmented lipid
peroxidation, activity of superoxide dismutase, expression of
TNF-α, IL-1β, Bcl-xl, and p53-upregulated modulator of ap-
optosis (PUMA), and translocation of NF-κB and Bax from
the cytosol to the nucleus and mitochondria, respectively, with
concomitant increase in the mitochondrial cytochrome c re-
lease and activation of procaspase-3 and -9. Pre-treatment
with PTX, DEX, or PDTC invariably ameliorated Zn-
induced changes in behavioral and neurodegenerative index-
es, inflammatory mediators, and apoptosis. Results demon-
strate that inflammation regulates Bax expression that subse-
quently contributes to the nigrostriatal dopaminergic
neurodegeneration.
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Introduction

Parkinson’s disease (PD) is a widespread progressive degen-
erative movement disorder of the central nervous system. It
has a multi-factorial etiology with age and genetic and envi-
ronmental factors as the major putative risk factors, which lead
to the selective and progressive death of dopamine producing
neurons in the substantia nigra pars compacta (SNpc) region
of the midbrain [1]. Pesticides and heavy metals comprise the
main environmental factors associated with increased inci-
dences of PD [2, 3]. The role of Zn in PD pathogenesis, sug-
gested by the increased accumulation of Zn in the substantia
nigra region of the brain of PD patients [4], was supported by
the animal studies documenting dopaminergic neurodegener-
ation in rodents chronically exposed to Zn resulting in PD
phenotype [5–7]. Oxidative stress is established as a key play-
er in Zn-induced dopaminergic neurodegeneration; however,
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the complete molecular mechanism is not yet clearly under-
stood. Studies investigating mechanism of PD pathogenesis
have revealed that reactive oxygen/nitrogen species (RONS)
play an imperative role in inflammation by induction of pro-
inflammatorymediators viz., nuclear factor-kappa B (NF-κB),
tumor necrosis factor-α (TNF-α), and interleukins (IL-1β, IL-
6) [8].

Chronic inflammation is recognized as a wrongdoer in PD
[9, 10], which is supported by the fact that non-steroidal anti-
inflammatory drugs slow down the disease progression and
rescue from dopaminergic neurodegeneration [11, 12]. The
role of activated microglia is also attributed to oxidative stress
and inflammation-induced PD [13, 14]. This is substantiated
by an increased expression or display of pro-inflammatory
cytokines viz., TNF-α and IL-1β found in the cerebrospinal
fluid (CSF), SNpc, and peripheral blood mononuclear cells of
PD patients [15–17]. Furthermore, infusion with inflammato-
ry agents, lipopolysaccharide (LPS) and histamine, resulting
in the death of dopaminergic neurons [18, 19] also point to-
wards contribution of inflammation in PD progression.

Nuclear factor-kappa B (NF-κB), one of the major tran-
scription factors, is involved in inflammation since it regulates
the expression of pro-inflammatory cytokines [20]. Increased
nuclear translocation of NF-κB is reported in the brain of PD
patients and toxin-based Parkinsonian models [21–23] that
further suggests its involvement in PD pathogenesis. It is also
supported by the fact that NF-κB inhibitors offer protection in
1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) and
pesticides-induced PD phenotypes [22, 24]. Interplay of in-
flammation with apoptosis ultimately results in the death of
dopaminergic neurons [25]. Inflammation-mediated apoptotic
dopaminergic neuronal cell death is reported both in sporadic
and chemical-induced PD [26, 27]. Apoptosis is controlled by
the B-cell lymphoma 2 (Bcl-2) family of proteins, which can
function either as pro-survival or pro-apoptotic molecules
[28]. Pro-survival proteins mainly include Bcl-2 and Bcl-xl,
while Bcl-2 associated X protein (Bax), Bcl-2-antagonist/kill-
er (Bak), Noxa, and tumor suppressor protein p53-upregulated
modulator of apoptosis (Puma) are the proteins with pro-
apoptotic functions. Involvement of the aforementioned Bcl-
2 family proteins is implicated in sporadic and chemical-
induced PD [26, 29, 30]. Although previous studies have
shown the involvement of mitochondria-dependent caspase-
mediated neuronal apoptosis in Zn-induced Parkinsonism, the
role of Bcl-2 family of proteins is not yet explored.

Pyrrolidine dithiocarbamate (PDTC), dexamethasone
(DEX), and pentoxifylline (PTX) are anti-inflammatory
agents, which are known to alleviate inflammation in varying
pathological conditions [18, 31–33]. While PDTC is a selec-
tive inhibitor of NF-κB [34], pentoxifylline (PTX) is a meth-
ylxanthine derivative that is a phosphodiesterase inhibitor and
potent inhibitor of TNF-α biosynthesis [35]. Dexamethasone
(DEX), a synthetic glucocorticoid, is reported to reduce the

expression of the pro-inflammatory cytokines in several path-
ological conditions [36]. Neuroprotective effects of PDTC,
PTX, and DEX are known in PD and Zn is known to induce
PD-like features [22, 24, 31, 32]; however, the role of inflam-
mation and contribution of Bcl-2 family proteins in Zn-
induced PD have not yet been elucidated. The present study
was undertaken to investigate the contributions of inflamma-
tion and of Bcl-2 family proteins in Zn-induced dopaminergic
neurodegeneration employing PTX, DEX, and PDTC.

Materials and Methods

Chemicals

Acetic acid, disodium hydrogen phosphate, dibutyl phthalate
xylene, heptane sulfonic acid, nicotinamide adenine dinucle-
otide reduced form, nitroblue tetrazolium (NBT), phenazine
methosulfate, potassium chloride, potassium dihydrogen
phosphate, sodium dihydrogen phosphate, sodium fluoride,
and xylene were purchased from Sisco Research
Laboratories (SRL, Mumbai, India). Ethanol, Folin
Ciocalteau reagent, nitric acid, hydrogen peroxide, methanol,
n-butanol, potassium dichromate, sodium chloride, sodium
hydroxide, and sucrose were purchased from Merck
(Darmstadt, Germany). Agarose, acrylamide, bisacrylamide,
pentoxyfylline (PTX), pyrrolidine dithiocarbamate (PDTC),
mouse monoclonal anti-TNF-α antibody, biotinylated anti-
mouse secondary antibody, bovine serum albumin,
bromophenol blue, β-mercaptoethanol, dithiothreitol, ethyl-
enediaminetetraacetic acid (EDTA), ethylene glycol
tetraacetic acid (EGTA), ethidium bromide (EtBr), 2-
hydroxyethyl-1-piperazine ethane sulfonic acid (HEPES),
paraformaldehyde, phenylmethyl sulfonyl fluoride (PMSF),
protease inhibitor cocktail, potassium hydroxide, sodium
deoxycholate, sodium dodecyl sulfate (SDS), 3,3′-diamino-
benzidine tetrahydrochloride (DAB) system, sodium
orthovanadate, sodium pyrophosphate, thiobarbituric acid
(TBA), Tris-base, triton X-100, Tween-20, xylene cyanol,
and zinc sulfate (ZnSO4) were procured from Sigma-Aldrich
(St. Louis, MO, USA). cDNA synthesis kits, dNTPs, magne-
sium chloride, Taq buffer, and Taq DNA polymerase were
procured from MBI Fermentas (Amherst, NY, USA). Gene-
specific primers were synthesized from Integrated DNA
Technologies Ltd., Singapore. Neg-50 was purchased from
Richard Allen Scientific (Kalamazoo, MI). Perchloric acid
was purchased from Ranbaxy Private Limited (New Delhi,
India). Mouse monoclonal anti-β-actin, anti-Bax, anti-Bcl-2,
anti-caspase 3, anti-TH, anti-lamin A, anti-NF-κB, anti-Bcl-xl
and anti-cytochrome c, goat polyclonal anti-IL-1β, and anti-
Tim 44 and rabbit polyclonal anti-caspase 9 primary antibod-
ies along with goat anti-mouse, rabbit anti-goat, and bovine
anti-rabbit alkaline phosphatase (AP)-conjugated secondary
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antibodies were procured from Santa Cruz Biotechnology
(San ta Cruz , CA, USA) . 5 -Bromo-4-ch lo ro -3 ′ -
indolylphosphate/nitroblue tetrazolium (BCIP/NBT) system,
normal goat serum, and streptavidin peroxidase were procured
from Bangalore Genei India Pvt. Ltd. (Bangalore, India).
Polyvinylidene difluoride (PVDF) membrane and mouse
monoclonal anti-NeuN primary antibody were purchased
from Millipore Corporation (MA, USA). Other chemicals re-
quired for this study were procured locally.

Animal Treatment

Male Wistar rats (150–180 g) were obtained from the animal
house of CSIR–Indian Institute of Toxicology Research,
Lucknow. The animals were housed under standard condi-
tions of temperature and humidity with 12 h light/dark cycle
and provided standard pellet diet and water ad libitum.
Animals were treated with ZnSO4 [20 mg/kg body weight
(b.w.)] intraperitoneally (i.p.) twice weekly for 2–12 weeks.
In few subsets of 12 weeks of exposure, the animals were
pre-treated with pentoxyfylline/PTX (50 mg/kg b.w.; i.p.),
dexamethasone/DEX (5 mg/kg b.w.; i.p.), or pyrrolidine
dithiocarbamate/PDTC (100 mg/kg b.w.; i.p.) 1 h prior to
Zn along with respective controls.

Neurobehavioral Studies

To evaluate neurobehavioral changes following exposure to
Zn and inflammatory modulators, spontaneous locomotor ac-
tivity (SLA) and rotarod performance tests were performed
using standard procedures as described elsewhere [14]. The
results are expressed in terms of percent of control.

Extraction and Dissection of Brain

Animals were sacrificed by cervical dislocation and brains
were dissected in ice-cold conditions to isolate the striatum
and SN separately as described previously [7]. Striatum and
SN were collectively used as nigrostriatal tissues in all the
experiments except for estimation of neurotransmitters (dopa-
mine, its metabolites, and serotonin) and immunohistochemi-
cal (IHC) studies where striatum and frozen brain sections
were used respectively. Aminimum of four animals were used
per group for biochemical, protein/gene expression, and IHC
analysis.

Striatal Dopamine, its Metabolites, and Serotonin Content

Monoamine(s) and its metabolites (3,4-dihydroxy phenyl
acetic acid/DOPAC and homovanillic acid/HVA) were esti-
mated as described elsewhere [7]. Final results are expressed
as percent of control.

Immunohistochemistry

Tyrosine hydroxylase (TH)/NeuN immunoreactivity was per-
formed as described previously [6]. The number of TH-
positive neurons was calculated bilaterally. A minimum of
four animals were used per group for counting TH-positive
neurons. The results are expressed as percent of controls.

Oxidative Stress Indexes

Lipid Peroxidation (LPO), Superoxide Dismutase (SOD),
and Catalase

LPO levels in control and treated groups were determined
using thiobarbituric acid (TBA) method as described previ-
ously [7]. LPO levels are expressed as nanomoles of
malondialdehyde (MDA)/mg tissue.

SOD activity was estimated using the standard NBT meth-
od as described earlier [6]. The results are expressed as units
per milliliter per minute. Catalase activity was determined as
described elsewhere [7]. The enzymatic activity was calculat-
ed in terms of micromoles per minute per milligram of protein.

Protein Estimation

Protein content was determined in different sub-cellular frac-
tions by using Lowry’s method as described elsewhere [7].
Protein concentration was calculated using bovine serum al-
bumin as a standard.

Western Blotting

The protein expressions of TH, TNF-α, IL-1β, Bcl-xl, pro-
caspase-9, and pro-caspase-3 were analyzed in the cytosolic
fraction of the nigrostriatal tissue, protein expression of Bcl-2
was analyzed in the mitochondrial fraction, and Bax translo-
cation and mitochondrial cytochrome c (cyt c) release were
assessed by analyzing their relative protein levels in the cyto-
solic and mitochondrial fractions. The translocation of NF-κB
was monitored by analyzing its relative protein levels in the
nuclear and cytosolic fractions. The nuclear, mitochondrial,
and cytosolic fractions were prepared using standard proce-
dure described elsewhere [37]. The denatured proteins were
resolved on 10–15 % SDS-polyacrylamide gel and
electroblotted onto PVDF membrane. Blots were blocked
overnight with Tris-buffered saline containing 0.05 %
Tween-20 (TBS-T) and 5 % non-fat dry milk and subsequent-
ly incubated with specific primary antibodies for 2 h followed
by incubation in respective AP-conjugated secondary antibod-
ies for 1 h. Blots were developed using BCIP/NBT as the
substrate. Relative band density was calculated with β-actin,
lamin A, and Tim-44 as the reference for cytosolic, nuclear,
and mitochondrial fractions, respectively. The data are
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expressed as mean±standard error of means (SEM) of band
density ratio of at least four individual experiments.

Gene Expression

Total RNA was isolated from nigrostriatal tissues of control
and treated groups using Trizol reagent as described previous-
ly [7]. Revert Aid H-minus Mul M reverse transcriptase kit
was used to synthesize c-DNA from total RNA as per given
protocol. Amplification of BAX, BCL-2, BCL-XL, NOXA,
PUMA, and β-ACTIN was carried out employing gene-
specific primers designed using DNA star software under op-
timal conditions. Primer sequences were as follows—BAX:
forward: 5′-GGAGCAGCCGCCCCAGGATG-3′, reverse: 5′-
CACGCGGCCCCAGTTGAAGTTG-3′; BCL-2: forward:
5′-GCCGGGACGCGAAGTGCTATTG-3′, reverse: 5′-
GCGGGCGTTCGGTTGCTCTC-3′; BCL-XL: forward: 5′-
TAATCCCCATGGCAGCAGTGAAGC-3′, reverse: 5′-
TGGGGGCAAGGTGGGAGGTG-3′; NOXA: forward: 5′-
CGCGAAAGAGCACGATGAGA-3 ′ , reverse : 5 ′ -
TTGAAGAGCTTGGAAATAAAAT-3′; PUMA: forward:
5′-CTCCCCCAGTCCCCATCCATCC-3′, reverse: 5′-
TCCCTCCCCGCTCCCAGACTCC-3′; and β-ACTIN: for-
ward: 5′-CTGGGACGATATGGAGAAGATTTG-3′, reverse:
5′-CATGGCTGGGGTGTTGAAGG-3′. Densitometric anal-
ysis was performed employing computerized software with
β-ACTIN as the reference.

Statistical Analysis

Statistical analysis was performed by using two-way or one-
way analysis of variance (ANOVA), and Bonferroni post hoc
test and Newman-Keul’s post-test were used for multiple com-
parisons, respectively. The results are expressed as mean±
SEM. The differences were considered statistically significant
when p values were less than 0.05.

Results

Gene Expression of BAX, BCL-2, BCL-XL, NOXA,
and PUMA

Zn augmented the mRNA levels of BAX, BCL-XL, and
PUMA in rats following 2, 4, 8, and 12 weeks of exposure
in a time-dependent manner. However, the mRNA levels of
NOXA and BCL-2 were found to be decreased in a time-
dependent manner in Zn-exposed groups (Fig. 1a–c).

Neurobehavioral Analyses

Zn exposure exhibited a marked decrease in the SLA and
rotarod performance in the exposed groups. Pre-treatment

with PTX, DEX, or PDTC significantly attenuated the Zn-
induced neurobehavioral impairments (Fig. 2a, b). PDTC
was most effective in rescuing the animals from Zn-induced
modulations in neurobehavioral activities followed by DEX
and PTX (Fig. 2a, b). PTX, DEX, or PDTC per se did not alter
the motor activities in the exposed groups.

Dopamine, its Metabolites, and Serotonin Levels

Zn significantly attenuated the striatal dopamine content and
its metabolites (DOPAC and HVA) in the exposed groups,
which were noticeably alleviated in PTX, DEX, or PDTC
pre-treated Zn-exposed groups (Fig. 3a–c). Maximum protec-
tion was observed in PDTC pre-treated groups followed by
DEX and PTX pre-treated groups (Fig. 3a–c). No change was
obtained in the dopamine and its metabolite levels in the
groups treated with PTX, DEX, or PDTC alone. Striatal sero-
tonin levels were unaltered in any of the groups as compared
with controls (data not shown).

Immunohistochemical Analysis

There was a significant decrease in the number of TH-positive
cells in the Zn-exposed groups as compared with controls.
Pre-treatment with PTX, DEX, or PDTC significantly mitigat-
ed the Zn-induced changes in the number of TH-positive neu-
rons. Maximum protection was observed in PDTC pre-treated
groups from Zn-induced dopaminergic neuronal loss followed
by DEX and PTX pre-treated groups (Fig. 4a). PTX, DEX, or
PDTC per se did not alter the number of TH-positive cells in
the exposed groups as compared with controls (Fig. 4a).

TH Protein Expression

Zn markedly attenuated the level of TH protein in the
nigrostriatal tissues of exposed animals. Pre-treatment with
PTX, DEX, or PDTC significantly prevented Zn-induced al-
terations in the TH protein expression (Fig. 4b). PDTC was
more effective as compared to DEX or PTX in protecting
against Zn-induced decrease in the TH protein level of ex-
posed groups (Fig. 4b). PTX, DEX, or PDTC alone did not
affect the expression of TH protein in the exposed groups.

Oxidative Stress Indexes

Zn elevated LPO levels and SOD activity in the nigrostriatal
tissues of the exposed groups (Fig. 5a, b). Conversely, a sig-
nificant reduction was observed in the catalase activity in the
Zn-exposed groups (Fig. 5c). Pre-treatment with PTX, DEX,
or PDTC significantly alleviated Zn-induced modulations in
the LPO levels, SOD, and catalase activities. PDTC was the
most effective as compared with DEX or PTX in preventing
Zn-mediated modulations in the oxidative stress indices
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(Fig. 5a–c). PTX, DEX, or PDTC alone did not alter the LPO
level, SOD, and catalase activities in the exposed groups.

Translocation of NF-κB

Translocation of NF-κB from cytosol into nucleus indi-
cates its activation, which in turn regulates the expres-
sion of several pro-inflammatory genes. Zn exposure re-
sulted in increased translocation of NF-κB from the cy-
tosol to the nucleus as denoted by decreased NF-κB pro-
tein level in the cytosolic fraction with a concurrent in-
crease in the protein expression of the NF-κB in the
nuclear fraction (Fig. 6a). Pre-treatment with PTX,

DEX, or PDTC significantly prevented Zn-induced
NF-κB translocation in exposed groups. Since PDTC is
the known inhibitor of NF-κB activation, it showed max-
imum protection against Zn-induced NF-κB activation as
compared with DEX followed by PTX (Fig. 6a). PTX,
DEX, or PDTC alone did not modulate the translocation
of NF-κB from cytosol to the nucleus (Fig. 6a).

Expression of TNF-α and IL-1β

Zn significantly elevated the protein expression of
TNF-α and IL-1β in the nigrostriatal tissues of exposed
groups, which was markedly mitigated by pre-treatment
with PTX, DEX, or PDTC (Fig. 6b). PDTC and PTX
pre-treatment exhibited greater rescue in the levels of
TNF-α protein in Zn-exposed groups as compared with
DEX pre-treated groups. Similar results were obtained in
case of IL-1β protein, i.e., all the three agents alleviated
Zn-induced increase in the levels of IL-1β protein with

�Fig. 1 Effect of Zn on mRNA expression of BCL-2/BCL-XL (a),
NOXA/PUMA (b), and BAX (c) along with β-ACTIN in rats
following 2, 4, 8, and 12 weeks of exposure. Upper panel shows the
representative gel picture and the lower panel shows the densitometric
analysis of the same. Data are expressed as mean±SEM (n=4).
***p<0.001 and **p<0.01 as compared with controls
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control; ###p<0.001 and
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Mol Neurobiol (2016) 53:5782–5795 5787



PDTC being the most effective followed by DEX and
PTX (Fig. 6b). PTX, DEX, or PDTC treatment per se
did not change the protein levels of TNF-α and IL-1β
in the exposed animals.

Protein Expression of Bcl-2 and Bcl-xl

The protein expression analysis for anti-apoptotic proteins
Bcl-2 and Bcl-xl was also performed to validate the results
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observed in gene analysis of Zn-exposed animals. Zn expo-
sure resulted in a decline of Bcl-2 protein expression in the
mitochondrial fraction of the nigrostriatal tissues of the ex-
posed groups showing results similar to that obtained in gene
expression experiments, while Bcl-xl protein levels were ele-
vated in the cytosolic fraction of the Zn-exposed groups, fur-
ther affirming the gene expression results (Fig. 7a, b). Pre-
treatment with PTX, DEX, or PDTC significantly attenuated
Zn-mediated modulations in the protein expression of Bcl-2
and Bcl-xl (Fig. 7a, b). The effect was more pronounced in
PDTC pre-exposed groups as compared with DEX and PTX
(Fig. 7a, b). PTX, DEX, or PDTC treatment alone exhibited
no significant change in the protein expression of Bcl-2 and
Bcl-xl as compared with controls.

Translocation of Bax

The translocation of Bax from cytosol to mitochondrial mem-
brane is an indicator for mitochondrial outer membrane

permeabilization (MOMP) leading to mitochondria-
dependent apoptotic pathway. The protein expression of Bax
was attenuated in the cytosolic fraction with a concurrent in-
crease in the level of mitochondria-associated Bax protein of
Zn-exposed groups indicating increased translocation of Bax
from the cytosol to the mitochondria in Zn-treated groups
(Fig. 7a, b). Pre-treatment with PTX, DEX, or PDTC signifi-
cantly abated Zn-induced translocation of Bax from cytosol to
mitochondria. Mitigation of Zn-induced Bax translocation
was more pronounced in PDTC pre-exposed groups as com-
pared with DEX or PTX (Fig. 7a, b). PDTC, DEX, or PTX per
se did not influence the Bax translocation in the exposed
groups.

Mitochondrial cyt c Release

Zn exposure increased mitochondrial cyt c release as evident
by reduced cyt c levels in the mitochondrial fraction and con-
comitant increase in the cyt c levels of cytosolic fraction of
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Zn-exposed groups (Fig. 8a). Pre-treatment with PTX, DEX,
or PDTC markedly abated Zn-induced mitochondrial cyt c
release (Fig. 8a). PDTC was more effective in alleviating
Zn-induced cyt c release as compared with DEX and PTX
(Fig. 8a). PTX, DEX, or PDTC alone did not affect the cyt c
release in the exposed animals.

Caspase Activation

Zn exposure decreased the protein levels of pro-caspase 3 and
pro-caspase 9 suggesting their activation in Zn-exposed
groups (Fig. 8b). Pre-treatment with PTX, DEX, or PDTC
noticeably mitigated this Zn-induced activation of pro-
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caspase 3 and pro-caspase 9 (Fig. 8b). The maximum protec-
tive effect was observed in PDTC pre-treated groups followed
by DEX and PTX pre-treated groups (Fig. 8b). PTX, DEX, or
PDTC treatment alone did not alter the levels of pro-caspase 3
and pro-caspase 9 in the exposed groups.

Discussion

Inflammation in conjunction with apoptosis plays a critical
role in the death of dopaminergic neurons [25]. The present
study was conducted to investigate the link among NF-κB,
inflammatory molecules, oxidative stress, and apoptosis lead-
ing to Zn-induced PD. Neurobehavioral impairments includ-
ing reduced SLA and rotarod performance and decline in do-
pamine content and its metabolites observed in Zn exposed
animals were in concurrence with the previous reports

documenting that Zn exposure results in PD phenotype in
rodents [6, 7, 14]. Unaltered serotonin levels in exposed
groups (data not shown) further confirmed the preferential
loss of TH-positive neurons and not the serotoninergic neu-
rons as reported earlier [6, 7]. Loss of dopaminergic neurons
and decreased TH expression observed in the SNPc following
Zn exposure further established neurotoxic potential of Zn as
also illustrated in the previous reports [6, 14]. Mitigation of
Zn-induced changes in neurobehavioral indexes and levels of
dopamine and its metabolites in PDTC, DEX, and PTX pre-
treated groups indicated that NF-κB and pro-inflammatory
mediators (TNF-α, IL-1β, etc.) might be associated with
Zn-induced Parkinsonism. These results are supported by
the studies, which have shown the protective effect of anti-
inflammatory agents in pesticides- and LPS-induced
Parkinsonism [18, 22, 31]. PDTC, DEX, and PTX conferred
neuroprotection against Zn-induced loss of TH-positive
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neurons and also implicated the role of inflammation in Zn-
mediated neurotoxicity as observed in pesticides and other
toxicant models of the nigrostriatal dopaminergic neurodegen-
eration [22, 38, 39].

Increased LPO and SOD activity along with reduced cata-
lase activity in Zn-treated animals reaffirmed the role of oxi-
dative stress in Zn-induced Parkinsonism [5–7]. Amelioration
of Zn-induced changes in oxidative stress indexes by PTX,
DEX, or PDTC observed in the current study implicated the
participation of inflammatory mediators in Zn-induced oxida-
tive stress. The results are consistent with the previous inves-
tigations that have illustrated the involvement of inflammatory
mediators in PD phenotypes and ameliorative potentials of
PDTC, DEX, etc. [18, 31, 41].

NF-κB regulates the expression of TNF-α, IL-1β, IL-6,
and other inflammatory mediators, thereby contributing to
toxic manifestation of PD involving oxidative stress and in-
flammation [21, 24, 25, 38–40]. Increased levels of NF-κB in
the nuclear fraction with a concomitant decrease in the cyto-
solic fraction, i.e., increased nuclear translocation of NF-κB,
indicated Zn-induced activation of NF-κB. Additionally, ele-
vated expression of TNF-α and IL-1β observed in Zn-
exposed animals suggested the involvement of pro-
inflammatory cytokines in Zn-induced Parkinsonism.
Mitigation of Zn-induced expression of TNF-α, IL-1β, and
translocation of NF-κB by PDTC indicated that NF-κB is
involved in the regulation of TNF-α and IL-1β [34, 41].
Alleviation in Zn-induced expression of TNF-α by PTX,
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along with reduction of NF-κB translocation and IL-1β pro-
tein expression, could be due to either its anti-inflammatory
efficacy or due to TNF-α-mediated regulation of NF-κB and
IL-1β expression [35, 42]. Amelioration of Zn-induced
NF-κB activation and expression of TNF-α and IL-1β by
DEX affirmed a crosstalk between NF-κB and pro-
inflammatory cytokines [43, 44]. Results also suggested an
association of inflammation with Zn-induced neurodegenera-
tion akin to other models of PD [8].

Apoptosis is the major pathway involved in neuronal cell
death leading to PD and is regulated by Bcl-2 family of pro-
teins [26, 28]. Therefore, the effects of Zn on Bcl-2 family
proteins were examined in the study. Bcl-2 family proteins
regulate the structural integrity of the mitochondrial

membrane by controlling mitochondrial outer membrane per-
meabilization (MOMP) through Bax and Bak [45, 46]. Pro-
apoptotic proteins, Noxa and Puma, facilitate mitochondrial
permeabilization via Bak and Bax oligomerization. Noxa in-
directly activates Bak oligomerization while Puma facilitates
Bax translocation to the outer mitochondrial membrane [47].
While decreased gene expression of NOXA and increased
gene expression of BCL-XL suggested negative regulation
of Bak-mediated pathway, attenuation in BCL-2 gene expres-
sion with concurrent increase in PUMA after Zn exposure
implicated participation of Bax in neuronal cell apoptosis
[48, 49]. A significant augmentation in the mitochondrial
Bax and decline in the cytosolic Bax reaffirmed its contribu-
tion in Zn-induced apoptosis. Bax is known to induce
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mitochondrial cyt c release [50], and increased cyt c content in
the cytosolic fraction with concurrent reduction in the mito-
chondrial fraction observed in Zn-exposed animals indicated
that Bax-mediated mitochondria-dependent apoptosis could
contribute in Zn-induced neurodegeneration as observed in
the previous studies [29, 30, 51]. Mitigation of Zn-induced
changes in the expression of Bcl-2 and Bcl-xl and Bax trans-
location by PDTC, PTX, and DEX implied that inflammation
guided the Bax-mediated neuronal apoptosis in Zn-induced
Parkinsonism. Attenuated levels of pro-caspase 9 and pro-
caspase 3 observed in Zn-exposed animals clearly indicated
the cyt c-mediated activation of the caspase cascade [6, 14].
Marked alleviation of Zn-induced mitochondrial cyt c release
and pro-caspase activation by DEX, PTX, or PDTC showed
the contribution of inflammation in Zn-induced dopaminergic
neuronal apoptosis. The results showed that inflammation led
to the activation of Bax-mediated and mitochondria-
dependent neuronal apoptosis and an existence of a crosstalk
between oxidative stress and inflammation, which collectively
lead to the nigrostriatal dopaminergic neurodegeneration in
Zn-induced Parkinsonism.

Conclusions

The results demonstrate that inflammation regulates Bax-
mediated mitochondria-dependent apoptosis of the
nigrostriatal dopaminergic neurons leading to Zn-induced
Parkinsonism.
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