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Abstract
Epidemiological evidences have shown an association of exposure to pesticides or heavy metals with increased incidences 
of Parkinson’s disease (PD) in humans. Exposure to pesticides or metals during the decisive period of the brain development 
increases the susceptibility of dopaminergic neurons upon re-exposure in adult rodents. However, the effect of early life 
exposure to pesticide on the heavy metal-induced neurodegeneration or heavy metal on pesticide-induced neurodegeneration 
is not yet explored. The current study explored the effect of developmental exposure to zinc (Zn), a metal or paraquat (PQ), 
a pesticide on the nigrostriatal dopaminergic neurons of rats challenged to Zn or PQ during adulthood. Exposure of Zn or 
PQ during adulthood alone exhibited marked reduction in motor activities, striatal dopamine and metabolites, glutathione 
content and number of dopaminergic neurons. However, the levels of lipid peroxidation, protein carbonyls, superoxide dis-
mutase activity, pro-inflammatory cytokines and 4-hydroxynonenal-protein adducts were increased. While the expression of 
vesicular monoamine transporter-2 and tyrosine hydroxylase were attenuated, dopamine transporter and microglial marker 
Iba-1 expression, activated microglia, nuclear factor-kappa B activation, mitochondrial cytochrome c release and caspase-3/9 
activation were augmented following Zn or PQ exposure. Albeit postnatal alone exposure did not alter any of the studied 
parameters, the developmental administration of Zn/PQ in re-challenged adult rats produced more pronounced changes in 
the aforementioned variables as compared with adulthood Zn or PQ alone intoxicated animals. The results demonstrate that 
postnatal Zn/PQ intoxication dents the oxidative stress, inflammation, cell death and dopamine metabolism and storage 
regulating machineries, which speed up the toxicant-induced degeneration during adulthood.
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Introduction

Parkinson’s disease (PD) is an age-related debilitating neuro-
logical disorder characterized by symptoms depicting motor 
dysfunction due to marked striatal dopamine deficit, which 

is caused by selective loss of dopamine synthesizing neu-
rons in the substantia nigra pars compacta (SNpc) region of 
the mid brain [1, 2]. PD exhibits a multi-factorial etiology 
resulting from a composite interplay between age, genetic 
predisposition and environmental factors [2, 3]. Epidemi-
ological data have recognized exposure to pesticides and 
heavy metals as putative risk factors for increased incidences 
of PD in humans [3–6].

Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride; 
PQ), a widely used bipyridyl herbicide, is a well established 
environmental toxin associated with dopaminergic neuro-
degeneration leading to PD in animal models and humans 
[7, 8]. PQ is a free radical generator, which itself undergoes 
redox cycling leading to ROS generation and subsequently 
oxidative stress [9]. Increased oxidative stress, mitochon-
drial dysfunction, microglial activation and neuroinflam-
mation are recognized as main contributors of PQ-induced 
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dopaminergic neurodegeneration [8, 10]. PQ impairs the 
dopamine reuptake and storage by modulating the expres-
sion of monoamine transporters (dopamine transporter/
DAT and vesicular monoamine transporter-2/VMAT-2) and 
inhibiting dopamine binding to DAT resulting in dopamine 
dyshomeostasis [9, 11] thereby further facilitating loss of 
dopaminergic neurons.

Zinc (Zn), the second most abundant trace elements in 
biological systems, plays an imperative role in structural, 
catalytic and regulatory functions in cellular biology [12]. 
Presence of high levels of Zn in the brain of PD patients sug-
gested its contribution in disease pathogenesis [13], which 
was later experimentally supported by Zn-induced PD model 
in rodents [9, 14–16]. Despite Zn being redox inert, experi-
mental evidences have documented involvement of oxidative 
stress-mediated dopaminergic neuronal loss in Zn-induced 
Parkinsonism [9, 17]. Similar to PQ-induced neurotoxicity, 
microgliosis and neuroinflammation are implicated in Zn-
induced neurodegeneration [14, 15, 17, 18]. Zinc salts are 
widely employed in day-to-day life making human expo-
sure inevitable viz., used in anticorrosive coating for water 
supply pipes, cosmetics, plastics and pharmaceuticals and 
zinc sulfate is commonly used as weed killer/fertilizer in 
agricultural sector. People working/living near zinc mining 
area, smelting/galvanizing industries and paint industries 
also get exposed to high levels of zinc due to environment 
and anthropogenic activities. Additionally, zinc supplements 
are given to pregnant females and infants, which also result 
in postnatal exposure of zinc in humans.

Real life situations warrant for simultaneous or sequen-
tial exposure to different compounds rather than exposure 
to single environmental toxin substantiated by experimental 
evidences illustrating increased propensity to neuronal loss 
following combinatorial exposure to pesticides and/or met-
als [9, 19]. Maneb enhances susceptibility to PQ-induced 
neurodegeneration in humans and PD model [7, 20, 21]. Iron 
potentiates PQ-induced neurodegeneration via increased 
oxidative stress-mediated damage [22] and Zn increases 
neurotoxicity induced by 4-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP), dopamine and PQ [9, 23, 24]. Further-
more, early life exposures (perinatal and postnatal) to toxins 
result in increased vulnerability of nigrostriatal dopaminer-
gic system upon re-exposure in later life [25–28]. Neonatal 
exposure to inflammatory agent lipopolysaccharide (LPS) 
and hepatochlor results in increased neurotoxicity upon 
re-challenge with rotenone and MPTP, respectively during 
adulthood [29, 30]. Similarly, postnatal exposure to pesti-
cides viz., maneb + paraquat, rotenone and cypermethrin 
increases the extent of dopaminergic neuronal degeneration 
in re-challenged rodents suggesting that exposure to non-
toxic doses during critical developmental window causes 
changes at gene levels, which results in exacerbated response 
upon re-exposure during adulthood [20, 27, 31].

Although many studies have documented increased sus-
ceptibility of dopaminergic neurons by developmental expo-
sure to pesticides/metals, no study has explored the effect of 
early life exposure to metals on pesticide-induced neurode-
generation during adulthood re-exposure or vice versa. The 
present study was therefore undertaken to investigate the 
effect of developmental exposure of Zn or PQ on dopamin-
ergic neurodegeneration in rats re-challenged during adult-
hood. To evaluate the effects of developmental exposure 
on Zn/PQ-induced neurodegeneration in adults, the neuro-
degenerative indices were analyzed viz., neurobehavioral 
parameters, striatal dopamine and its metabolites, oxidative 
stress indices, levels of monoamine transporters, microglial 
activation along with neuronal apoptosis in unexposed and 
exposed animals.

Materials and methods

Chemicals

Mouse monoclonal antibodies against beta-actin (β-actin), 
DAT, VMAT-2, microglial marker Iba-1, pro-caspase-3, 
tyrosine hydroxylase (TH), tumor necrosis factor-alpha 
(TNF-α), lamin A, p65 subunit of nuclear factor-kappaB 
(NF-κB) and cytochrome c (cyt c); goat polyclonal antibod-
ies for detection of interleukin-1β (IL-1β), interleukin-6 
(IL-6), mitochondrial protein -Tim 44 and rabbit polyclonal 
antibody for pro-caspase-9 along with alkaline phosphatase 
(AP)-conjugated goat anti-mouse, rabbit anti-goat and 
bovine anti-rabbit secondary antibodies were supplied from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Acetic 
acid, dibutyl phthalate xylene (DPX), nicotinamide adenine 
dinucleotide phosphate reduced form (NADPH), disodium 
hydrogen phosphate, sodium dihydrogen phosphate, hep-
tane sulfonic acid, phenazine methosulfate, sodium fluoride, 
potassium chloride and xylene were obtained from Sisco 
Research Laboratories (SRL, Mumbai, India). Bovine serum 
albumin (BSA), biotinylated anti-mouse secondary anti-
body, 5-bromo-4-chloro-3′-indolylphosphate disodium salt 
(BCIP), normal goat serum, 5,5′-dithiobis(2-nitrobenzoic 
acid) [DTNB], nitro tetrazolium blue chloride (NBT), para-
quat dichloride hydrate, phenylmethyl sulphonyl fluoride 
(PMSF), protease inhibitor (PI) cocktail, protein carbonyl 
content assay kit, streptavidin peroxidase, diaminobenzi-
dine tetrahydrochloride (DAB) and zinc sulfate (ZnSO4) 
were procured from Sigma-Aldrich (St. Louis,MO, USA). 
Millipore Corporation (MA, USA) supplied polyvinylidene 
difluoride (PVDF) membrane and anti-NeuN antibody. Anti-
4-hydroxy nonenal (4-HNE) antibody and Neg-50 were 
ordered from Abcam (Cambridge, UK) and Richard Allen 
Scientific (Kalamazoo, MI), respectively. Alexa Fluor 488 
goat anti-mouse antibody and Prolong gold antifade reagent 
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with DAPI were supplied by Invitrogen, Thermo Fischer 
Scientific Corporation, USA. Remaining chemicals (ana-
lytical grade) used in the study were procured from Sigma-
Aldrich (St. Louis, MO, USA).

Animal treatment

The experiments were initiated after the approval by the 
Institutional Animal Ethics Committee of CSIR-IITR, Luc-
know. Male Wistar rats procured from the animal colony of 
CSIR-Indian Institute of Toxicology Research (CSIR-IITR), 
Lucknow (India), were housed under standard conditions 

of temperature and humidity and fed standard pellet diet 
and water. The male pups (10–15 g) were divided into three 
groups—control (C), zinc (Zn) and paraquat (PQ)-treated 
groups. The pups were treated intraperitoneally during 
postnatal days (5–19) with zinc sulfate (Zn; 2 mg/kg b.w.) 
or paraquat (PQ; 0.5 mg/kg b.w.) twice a week along with 
saline controls. The animals were then left untreated for 
2 months and each group was further divided into three 
groups—subsequently treated with vehicle  (Veh), Zn 
(20 mg/kg) or PQ (5 mg/kg, i.p.) twice weekly for 12 weeks. 
Treatment schedule is represented below by a flowchart.

Veh Zn PQ Veh Zn PQ Veh Zn PQ

Postnatal treatment of pups (5-19 days)
Zn (2 mg/kg; i.p.) or PQ (0.5 mg/kg; i.p.)

Veh Zn PQ

Animals left for two months followed by re-exposure during 
adulthood

[Zn (20 mg/kg) or PQ (5 mg/kg); i.p.; for 12 weeks]

[Total nine groups: Control group; groups exposed to Zn 
or PQ during adulthood only; groups exposed to Zn or PQ 
during postnatal days only; groups exposed to Zn during 
postnatal days and re-challenged with PQ in adulthood or 
vice versa and groups exposed to Zn or PQ during postnatal 
days and re-exposed to same agent in adulthood].

The substantia nigra and striatum were removed from rat 
brain under ice cold conditions, immediately frozen using 
liquid nitrogen and stored at − 80 °C till further use. The 
nigrostriatal tissues (pooled substantia nigra and striatal tis-
sues) were utilized for biochemical estimations and Western 
blotting experiments except for neurotransmitter measure-
ment where striatal tissues were used while frozen brain sec-
tions were employed for immunohistochemical and immu-
nofluorescence studies.

Neurobehavioral studies

Motor functions were assessed through spontaneous loco-
motor activity (SLA) and rotarod performance tests using 
standard procedures [17]. SLA was determined by measur-
ing the locomotor activity for 5 min in Opto-Varimex cham-
ber as described previously [17], while the rotarod perfor-
mance test was carried out in different groups using Omni 
rotor (Omnitech Electronics Inc., Columbus, OH, USA) by 
recording the time spent on the rotating rod as described 
earlier [17]. The results are expressed in terms of percent 
of control.
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Estimation of neurotransmitters

The level of striatal dopamine and its metabolites i.e., 
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic 
acid (HVA) were estimated using high performance liquid 
chromatography as described previously [16]. The known 
standards for the respective metabolites were used to cal-
culate the experimental values of neurotransmitters. Final 
results are expressed as % of control.

Immunohistochemistry

Degeneration of TH-positive dopaminergic neurons is the 
hallmark of PD therefore; TH/NeuN immunohistochemi-
cal (IHC) staining was performed to assess the neurotoxic 
potential of Zn/PQ in exposed and unexposed groups. IHC 
staining was carried out in brain sections (20 μm) obtained 
using cryostat as described earlier [14]. The slides were 
coded and number of TH-positive neurons was counted 
bilaterally in each section to ascertain unbiased counting. A 
minimum of 4 animals were used per group for TH/NeuN 
immunoreactivity. The data were calculated as mean ± stand-
ard error of means (SEM). The results are expressed as per-
cent of control.

Immunofluorescence (IF) analysis of microglial 
activation

The brain sections (14 µm) were used for IF studies to assess 
the microglial activation in control and treated groups as 
described earlier [15]. The sections were incubated with 
blocking solution followed by incubation with anti iba-1 
(1:300) antibody. Subsequently sections were washed, incu-
bated with Alexa fluor 488-labeled secondary antibody. The 
anti-fade mounting medium containing DAPI was used for 
mounting the sections and finally images were captured by 
fluorescence microscope at × 40 magnification. The number 
of iba-1 positive cells was counted bilaterally in each section 
and results are expressed in terms of % of control.

Oxidative stress indexes

Lipid peroxidation (LPO) and protein carbonyl content

LPO is an established oxidative stress marker therefore 
LPO levels were determined by standard thiobarbituric 
acid method in terms of n moles Malondialdehyde (MDA)/
mg tissue as described previously [17] and the results are 
expressed as percent of control.

Protein carbonylation, another indicator of oxidative dam-
age, was estimated in control and treated groups using com-
mercial kit for measuring protein carbonyl content (Sigma-
Aldrich) as per manufacturer’s protocol. The carbonyl 

content was calculated in terms of n moles carbonyl/mg 
protein and the results are expressed as percent of control.

Superoxide dismutase (SOD) and Glutathione (GSH) content

SOD activity and GSH content were determined in the 
nigrostriatal tissue of control and treated groups using a 
standard NBT and DTNB methods, respectively as described 
elsewhere [14, 17]. The results are expressed as % of control.

Protein estimation

Protein content was estimated in tissue lysate and differ-
ent sub-cellular fractions by Lowry method using BSA as a 
standard as described elsewhere [18].

Western blotting

4-HNE, a by-product of lipid peroxidation, forms adducts 
with proteins, which are established as a marker for oxi-
dative stress-mediated damage. The levels of HNE-pro-
tein adducts were analyzed by Western blotting of tissue 
homogenate from control and treated groups employing 
anti-HNE antibody. For remaining protein expression anal-
ysis, the tissue homogenate was fractionated into nuclear, 
mitochondrial and cytosolic fractions as previously [18]. 
The protein expression of TH, Iba-1, VMAT-2, pro-inflam-
matory mediators (TNF-α, IL-1β, and IL-6), pro-caspase-9 
and pro-caspase-3 was assessed in the cytosolic fraction of 
the nigrostriatal tissue homogenate while DAT level was 
analyzed in membrane fraction. Mitochondrial cyt c release 
was evaluated by analyzing its relative levels in the cytosolic 
and mitochondrial fractions while NF-κB activation was 
investigated by assessing relative protein levels of its p65 
subunit in the nuclear and cytosolic fractions. The denatured 
proteins were resolved on SDS-polyacrylamide gel (8–15%) 
and transferred onto PVDF membrane. The blots were pro-
cessed using specific primary antibodies and respective AP-
conjugated secondary antibodies as reported previously [18] 
and finally BCIP/NBT substrate system was used to develop 
the blots. Lamin, Tim-44 and β-actin were taken as the ref-
erence for nuclear, mitochondrial and cytosolic fractions, 
respectively to calculate the relative band density ratio of 
concerned protein and the data are expressed in terms of 
mean band density ratio ± SEM.

Statistical analysis

The results are represented as mean ± SEM of at least four 
independent sets of experiments and statistical analysis was 
performed using one-way analysis of variance (ANOVA). 
Multiple comparisons within different groups were carried 
out using Newman-Keul’s post-test and only the differences 
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Fig. 1   a Depicts the effect of Zn/PQ exposure on spontaneous loco-
motor activity (SLA) and rotarod performance while b shows striatal 
dopamine content and its metabolites in animals treated during post-
natal days and/or during adulthood. (C = control group; Zn(A) = Zn 
exposure during adulthood; PQ(A) = PQ exposure during adulthood; 
Zn(PN) + Veh = Zn treatment during postnatal days and vehicle dur-
ing adulthood; Zn(PN) + Zn(A) = Zn exposure during postnatal 
days and adulthood; Zn(PN) + PQ(A) = Zn exposure during post-
natal days + PQ exposure during adulthood; PQ(PN) + Veh = PQ 

exposure during postnatal days and vehicle during adulthood; 
PQ(PN) + Zn(A) = PQ exposure during postnatal days + Zn expo-
sure during adulthood; PQ(PN) + PQ(A) = PQ exposure during post-
natal days and adulthood). (*** = p < 0.001 denotes comparison 
with control group; ### = p < 0.001, ## = p < 0.01 and # = p < 0.05 
denote comparison with group exposed to Zn during adulthood only; 
$$$ = p < 0.001, $$ = p < 0.01 and $ = p < 0.05 denotes comparison 
with group exposed to PQ during adulthood only)
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showing ‘p’ value less than 0.05 were considered statisti-
cally significant.

Results

Neurobehavioral analysis

Zn/PQ exposure in adult rats caused significant reduction 
in locomotor activity and rotarod performance of exposed 
groups as compared with controls (Fig. 1a). Although post-
natal exposure to Zn/PQ alone did not affect SLA or rotarod 
performance in treated animals, it markedly attenuated the 
motor activities in rodents re-exposed during adulthood 
as compared to groups exposed during adulthood only 
(Fig. 1a). Postnatal and adulthood exposure to Zn exhibited 
greater motor impairment than animals exposed to Zn or 
PQ during adulthood only; however, the changes were less 
prominent than groups exposed to different toxins during 
postnatal and adulthood. The most prominent motor dys-
function among all exposed groups was observed in groups 
exposed to PQ during postnatal days and adulthood (Fig. 1a).

Striatal dopamine and its metabolites

Zn or PQ exposure during adulthood markedly attenuated 
the levels of striatal dopamine, DOPAC and HVA in the 
treated groups as compared with controls while postnatal 
treatment alone was ineffective in altering the levels of 
dopamine and its metabolites (Fig. 1b). Groups exposed to 
Zn/PQ during postnatal days followed by re-exposure dur-
ing adulthood exhibited greater decline in the monoamine 
neurotransmitters as compared to groups exposed during 

adulthood alone (Fig. 1b). Most marked decline in the level 
of neurotransmitters was observed in groups exposed to 
PQ during postnatal days and adulthood both followed by 
groups exposed to different toxicants in postnatal period and 
adulthood and subsequently in groups exposed to Zn in post-
natal + adulthood period.

Immunohistochemical analysis and level of TH 
protein

A significant reduction in the number of TH-positive cells 
was observed in the substantia nigra region of brain of Zn 
or PQ exposed adults as compared with controls; how-
ever, greater loss of TH-positive neurons occurred in the 
groups exposed to Zn/PQ during postnatal days and adult-
hood as compared to groups exposed during adulthood only 
(Fig. 2a). Postnatal exposure alone did not affect the number 
of dopaminergic neurons in treated groups (Fig. 2a).

Adulthood exposure with Zn/PQ abated the levels of 
TH protein in exposed groups as compared with controls 
while postnatal exposure to Zn/PQ alone did not affect the 
level of TH protein in treated animals (Fig. 2b). Adulthood 
re-exposure to Zn/PQ in developmentally exposed animals 
caused more pronounced decrease in the levels of TH protein 
as compared with groups exposed during adulthood only 
(Fig. 2b).

The groups exposed to PQ during postnatal + adulthood 
exhibited most pronounced reduction in the number of dopa-
minergic neurons and TH protein levels followed by groups 
exposed to Zn (postnatal) and PQ (adulthood) or vice versa 
and groups exposed to Zn during postnatal + adulthood 
period.

Oxidative stress indexes

LPO levels and carbonyl content were increased in groups 
treated with Zn or PQ during adulthood as compared with 
controls (Fig. 3a). Adulthood re-exposure to Zn/PQ in devel-
opmentally exposed animals caused significant augmenta-
tion in the LPO levels and carbonyl content as compared 
with groups exposed during adulthood only (Fig. 3a). How-
ever, postnatal exposure to Zn/PQ did not affect LPO levels 
and carbonyl content in exposed animals.

SOD activity was elevated in groups treated with Zn/PQ 
during adulthood as compared with controls while SOD 
activity was unaffected in groups treated only during post-
natal days (Fig. 3b). Adulthood re-exposure to Zn/PQ in 
developmentally exposed animals caused greater increase in 
the SOD activity as compared with groups exposed during 
adulthood alone (Fig. 3b).

GSH content was reduced in groups treated with Zn 
or PQ during adulthood as compared with controls while 
GSH content was unaltered in animals exposed during 

Fig. 2   Effect of Zn/PQ exposure on dopaminergic neuronal degenera-
tion and expression of TH protein in groups exposed during postna-
tal period alone, adulthood only or during developmental and adult 
life a upper panel shows the representative images (scale: 500  µm) 
of TH/Neu N immunoreactivity in the substantia nigra (SN) of the 
brain and lower panel shows bar diagram depicting number of TH/
Neu N-positive cells in control and treated groups; b Western blot 
analysis of TH protein levels in nigrostriatal tissues of animals 
exposed to Zn/PQ during postnatal days and/or during adulthood. 
Data are expressed as mean ± SEM (n = 4). (C = control group; 
Zn(A) = Zn exposure during adulthood; PQ(A) = PQ exposure dur-
ing adulthood; Zn(PN) + Veh = Zn treatment during postnatal days 
and vehicle during adulthood; Zn(PN) + Zn(A) = Zn exposure during 
postnatal days and adulthood; Zn(PN) + PQ(A) = Zn exposure during 
postnatal days + PQ exposure during adulthood; PQ(PN) + Veh = PQ 
exposure during postnatal days and vehicle during adulthood; 
PQ(PN) + Zn(A) = PQ exposure during postnatal days + Zn exposure 
during adulthood; PQ(PN) + PQ(A) = PQ exposure during postnatal 
days and adulthood). (*** = p < 0.001 denotes comparison with con-
trol group; ### = p < 0.001 and # = p < 0.05 denote comparison with 
group exposed to Zn during adulthood only; $$$ = p < 0.001 and 
$$ = p < 0.01 denote comparison with group exposed to PQ during 
adulthood only)

◂



34	 Molecular and Cellular Biochemistry (2020) 467:27–43

1 3

postnatal days only (Fig. 3b). Adulthood re-exposure to Zn/
PQ in developmentally exposed animals caused significantly 
greater decline in the GSH content as compared with groups 
exposed during adulthood alone (Fig. 3b).

Western blot analysis revealed marked elevation in HNE-
protein adducts in Zn or PQ exposed adult animals; however, 
greater augmentation was exhibited in the postnatal + adult-
hood exposed groups (Fig. 3c). The postnatal exposure per 
se did not affect the levels of the HNE adducts as compared 
with controls (Fig. 3c).

Alterations observed in all of the above-mentioned oxida-
tive stress indices were most noticeable in groups exposed 
to PQ in postnatal + adulthood followed by groups exposed 
to Zn during postnatal days and re-challenged with PQ in 
adulthood or vice versa and then in the groups exposed to 
Zn during postnatal days as well as adulthood.

Expression of monoamine transporters

Adulthood exposure with Zn/PQ augmented DAT protein 
expression while VMAT-2 protein expression was reduced 
in exposed groups as compared with controls (Fig. 4). Adult-
hood re-exposure to Zn/PQ in developmentally exposed ani-
mals caused further elevation in the expression of DAT pro-
tein while VMAT-2 protein levels were attenuated markedly 
as compared with groups exposed during adulthood alone. 
No change was observed in DAT/VMAT-2 levels in groups 
treated during postnatal days alone (Fig. 4). Although devel-
opmental exposure augmented the modulations in DAT/
VMAT-2 levels in all the groups re-challenged during adult-
hood, the most prominent modulations were observed in ani-
mals exposed to PQ at both time periods (postnatal + adult-
hood) followed by animals exposed to Zn (postnatal) and 
PQ (adulthood) or vice versa and consequently in groups 
exposed to Zn during both periods (postnatal + adulthood).

Microglial activation

IF analysis exhibited increase in the number of iba-1 posi-
tive cells/activated microglia following adulthood exposure 
to Zn/PQ as compared with controls; however, no change 
was observed in the number of iba-1 positive cells in ani-
mals exposed during postnatal days alone as compared with 
controls (Fig. 5a, b). Adulthood re-exposure to Zn/PQ in 
developmentally exposed animals caused further increase in 
the number of activated microglia as compared with groups 
exposed to Zn/PQ during adulthood only (Fig. 5a, b).

Western blot analysis of iba-1 protein expression in 
exposed groups supported IF results. A marked elevation 
was exhibited in the protein expression of iba-1 in groups 
exposed to Zn/PQ during adulthood as compared to controls 
(Fig. 5c). The levels of iba-1 were augmented to a greater 
extent in developmentally exposed animals re-challenged 

with Zn/PQ in adulthood as compared with groups exposed 
only during adulthood (Fig. 5c). Postnatal treatment alone 
was ineffective in altering the expression of the iba-1 pro-
tein in exposed groups. Among re-challenged groups, most 
discernible microgliosis was exhibited in groups exposed 
to pesticide during both time periods followed by groups 
exposed to combination of PQ and Zn and then in groups 
exposed to Zn during postnatal days and adulthood.

Inflammatory mediators

Zn or PQ exposure in adult rats caused significant activation 
of NF-ĸB as evidenced by the marked reduction in the cyto-
solic NF-ĸB with concomitant increase of nuclear NF-ĸB 
levels (Fig. 5d). Adulthood re-exposure to Zn/PQ in devel-
opmentally exposed animals exhibited greater translocation 
of p65 subunit of NF-ĸB from cytosol to nucleus i.e., NF-ĸB 
activation as compared with groups exposed during adult-
hood only (Fig. 5d). Postnatal treatment alone did not cause 
any change in cytosolic and nuclear levels of p65 subunit of 
NF-ĸB (Fig. 5d).

Furthermore, blot analysis of pro-inflammatory cytokines 
exhibited elevated levels of TNF-α, IL-6 and IL-1β in Zn or 
PQ exposed adult rats as compared with controls (Fig. 5e). 
Adulthood re-exposure to Zn/PQ in developmentally 
exposed animals noticeably augmented the levels of TNF-
α, IL-6 and IL-1β as compared with groups exposed during 
adulthood alone (Fig. 5e). Postnatal treatment per se was 
ineffective in altering the expression of pro-inflammatory 
cytokines. Among developmentally exposed re-challenged 
adults, groups exposed to PQ in postnatal + adulthood exhib-
ited most pronounced augmentation followed by groups 
exposed to different agents in postnatal and adulthood and 
groups exposed to Zn in postnatal and adulthood periods.

Cytochrome c release and caspase activation

Adulthood exposure to Zn/PQ markedly augmented mito-
chondrial cyt c release as observed by the marked reduction 
of cyt c levels in mitochondrial fraction with simultaneous 
increase in cytosolic cyt c expression as compared with 
unexposed groups (Fig. 6a). A more prominent increase in 
mitochondrial cyt c release was exhibited in developmentally 
exposed animals re-challenged during adulthood (Fig. 6a). 
No change was observed in mitochondrial and cytosolic cyt 
c levels in groups exposed during postnatal days only.

A significant reduction was obtained in the levels of 
pro-caspase 3 and 9 in groups exposed to Zn/PQ during 
adulthood as compared to control group indicating caspase 
cascade activation (Fig. 6b). Animals exposed both during 
postnatal days and adulthood illustrated considerably higher 
attenuation in the levels of pro-caspase 3/9 as compared with 
groups exposed only during adulthood (Fig. 6b). Analysis 
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Fig. 3   a LPO levels and carbonyl content, b SOD activity and GSH 
content and c Western blot analysis of HNE-protein adducts in the 
nigrostriatal tissues of animals exposed to Zn/PQ during postnatal 
days and/or during adulthood. Data are expressed as mean ± SEM 
(n = 4). (C = control group; Zn(A) = Zn exposure during adult-
hood; PQ(A) = PQ exposure during adulthood; Zn(PN) + Veh = Zn 
treatment during postnatal days and vehicle during adulthood; 
Zn(PN) + Zn(A) = Zn exposure during postnatal days and adult-
hood; Zn(PN) + PQ(A) = Zn exposure during postnatal days + PQ 

exposure during adulthood; PQ(PN) + Veh = PQ exposure during 
postnatal days and vehicle during adulthood; PQ(PN) + Zn(A) = PQ 
exposure during postnatal days + Zn exposure during adulthood; 
PQ(PN) + PQ(A) = PQ exposure during postnatal days and adult-
hood). (*** = p < 0.001 and * = p < 0.05 denote comparison with 
control group; ### = p < 0.001 and ## = p < 0.01 denote comparison 
with group exposed to Zn during adulthood only; $$$ = p < 0.001 
and $ = p < 0.05 denote comparison with group exposed to PQ during 
adulthood only)
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of pro-caspase 3/9 expression in groups treated with Zn or 
PQ during postnatal days only did not exhibit any significant 
alterations as compared to control group (Fig. 6b).

Apoptosis also exhibited similar trend among groups 
exposed during postnatal and adulthood to that observed in 
aforementioned parameters. In other words, developmen-
tal exposure to PQ increased apoptosis in PQ re-challenged 
group the most followed by groups exposed to different 
agents during developmental period and adult life and sub-
sequently groups exposed to Zn in postnatal days as well as 
during adulthood.

Discussion

PD is a chronic neurodegenerative disorder wherein the 
environmental factors also play a crucial role. While single 
toxin is shown to induce Parkinsonian features in experi-
mental animals, the multiple-hit hypothesis appears to be 
more apt in real life situations in humans [19, 22]. Early life 

exposure is found to increase the incidences of PD during 
the latter phase of life in humans. Besides, the developmen-
tal or early exposure to a few selected neurotoxins is found 
to enhance the susceptibility of dopaminergic neurons upon 
adulthood re-exposure [27, 32, 33]. The present study inves-
tigated whether or not the developmental exposure of Zn 
or PQ enhances the vulnerability of dopaminergic neurode-
generation in rats if re-challenged during adulthood. Parkin-
sonism in experimental rats is often assessed by measuring 
the reductions in motor activities. Moreover, the depletion 
of the striatal dopamine content is another hallmark of the 
Parkinson’s disease phenotype in experimental animals and 
humans. As observed in the previous studies, Zn or PQ alone 
induced motor impairments and reduction in striatal dopa-
mine [14, 18]. However, early exposure to Zn augmented 
the motor deficits and loss of the striatal dopamine in the 
animals re-challenged with Zn/PQ during the adulthood 
as compared with groups exposed during adulthood alone. 
Besides, the similar response was observed in the animals 
treated with PQ during postnatal days followed by adulthood 
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Zn/PQ exposure. The more pronounced motor dysfunction 
and striatal dopamine decrease in the postnatal and adult-
hood exposed animals than adulthood alone suggested that 
developmental exposure potentiates the susceptibility of ani-
mals for PD. The results are supported by the reports exhib-
iting increased vulnerability of dopaminergic neurons in the 
animals pre-challenged to low doses of pesticides followed 
by adulthood exposure [27, 33]. Absence of neurobehavio-
ral changes and dopamine deficiency in the brain of only 
developmentally exposed animals could be due to the low/
non-toxic dose used (1/10th the adult dose) or recovery of 
minor injury caused because of exposure in such a long time 
lag (~ 5 months after postnatal exposure). A significantly 
higher neurodegeneration was evident by the pronounced 

reductions of TH-positive neurons and TH expression in 
groups exposed to Zn/PQ during postnatal days and adult-
hood as compared with adulthood alone suggest that though 
postnatal exposure itself was not toxic enough to cause neu-
rodegenerative changes, it enhanced the neurotoxic potential 
of Zn/PQ upon re-exposure as documented in case of pesti-
cides/toxin-induced neurodegeneration [20, 29, 34].

Oxidative stress is a key perpetrator in pesticide- and 
heavy metal-induced neurodegeneration [14, 17]. Adult-
hood exposure to Zn or PQ augmented the LPO, protein 
carbonyl content, SOD activity and HNE-protein adducts 
and reduced the GSH content in rats reaffirming the involve-
ment of oxidative stress in Zn/PQ-induced neurotoxicity in 
accordance with earlier reports [14, 17]. Increase in the 
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Fig. 4   Modulation in the protein levels of monoamine transport-
ers (DAT, VMAT-2) in nigrostriatal tissues of groups exposed to 
Zn/PQ during postnatal days and/or during adulthood. Data are 
expressed as mean ± SEM (n = 4). (C = control group; Zn(A) = Zn 
exposure during adulthood; PQ(A) = PQ exposure during adult-
hood; Zn(PN) + Veh = Zn treatment during postnatal days and vehi-
cle during adulthood; Zn(PN) + Zn(A) = Zn exposure during post-
natal days and adulthood; Zn(PN) + PQ(A) = Zn exposure during 
postnatal days + PQ exposure during adulthood; PQ(PN) + Veh = PQ 

exposure during postnatal days and vehicle during adulthood; 
PQ(PN) + Zn(A) = PQ exposure during postnatal days + Zn expo-
sure during adulthood; PQ(PN) + PQ(A) = PQ exposure during post-
natal days and adulthood). (*** = p < 0.001 denotes comparison 
with control group; ### = p < 0.001, ## = p < 0.01 and # = p < 0.05 
denote comparison with group exposed to Zn during adulthood only; 
$$$ = p < 0.001 and $$ = p < 0.01 denote comparison with group 
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Fig. 5   Effect of Zn/PQ exposure during postnatal days and/or dur-
ing adulthood on microglial activation and inflammatory mark-
ers. a Depicts immunofluorescence images of brain sections (scale: 
50  µm), and b shows bar diagram indicating the number of Iba-1 
positive cells in the substantia nigra region of brain in control and 
treated groups. c–e  illustrate Western blot analysis of protein expres-
sion of Iba-1, NF-ĸB (p65 subunit) translocation (cytosol to nuclear) 
and pro-inflammatory cytokines (TNF-α, IL-6, IL-β), respectively in 
the nigrostriatal tissues of unexposed and exposed groups. Data are 
expressed as mean ± SEM (n = 4). (C = control group; Zn(A) = Zn 
exposure during adulthood; PQ(A) = PQ exposure during adult-
hood; Zn(PN) + Veh = Zn treatment during postnatal days and vehi-

cle during adulthood; Zn(PN) + Zn(A) = Zn exposure during post-
natal days and adulthood; Zn(PN) + PQ(A) = Zn exposure during 
postnatal days + PQ exposure during adulthood; PQ(PN) + Veh = PQ 
exposure during postnatal days and vehicle during adulthood; 
PQ(PN) + Zn(A) = PQ exposure during postnatal days + Zn exposure 
during adulthood; PQ(PN) + PQ(A) = PQ exposure during postna-
tal days and adulthood). (*** = p < 0.001 and ** = p < 0.01 denote 
comparison with control group; ### = p < 0.001, ## = p < 0.01 and 
# = p < 0.05 denote comparison with group exposed to Zn during 
adulthood only; $$$ = p < 0.001, $$ = p < 0.01 and $ = p < 0.05 denote 
comparison with group exposed to PQ during adulthood only)
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enzymatic endogenous antioxidant SOD might be an adap-
tive mechanism against elevated oxidative stress in the 
groups exposed during postnatal as well as adult life. Whilst 
further decline in GSH content in groups exposed both dur-
ing developmental period and adulthood could plausibly be 
due to its increased consumption by GSH utilizing enzymes 
to combat elevated oxidative stress. Greater modulation in 
above-mentioned parameters in the groups exposed during 
postnatal period and adulthood suggest that developmental 
exposure results in irretrievable yet invisible changes, which 
later potentiate the neurotoxicity induced by Zn/PQ follow-
ing re-exposure during adulthood [27, 29].

Microglial activation and inflammation enhance the 
pathophysiological aberrations in sporadic and toxicant-
induced PD [34–36]. An increase in the number of activated 
microglia and augmented expression of microglial activation 
marker, iba-1 and inflammatory mediators (NF-kB, TNF-
a, IL-1b and IL-6) in adulthood Zn/PQ intoxicated groups 
indicate the role of microglia and neuroinflammation in the 
event as reported previously [15, 16, 18, 34]. The greater 
augmentation of microglial activation and inflammatory 
mediators in groups exposed to Zn/PQ in both developmen-
tal days and adulthood point towards their role in enhancing 
the Zn/PQ-induced neurotoxicity in the later life of exposed 
animals.

Monoamine transporters, DAT and VMAT-2, regulate 
dopamine content and alteration in their ratio results in 
dopamine dyshomeostasis, which is reported in chemical-
induced PD models [25, 37]. Elevated protein expression 
of DAT and reduced VMAT-2 levels observed in Zn/PQ 
exposed adults indicated impaired dopamine homeostasis as 
documented previously [9, 15]. The developmental exposure 
amplified the Zn/PQ-induced modulations in DAT/VMAT-2 
in re-challenged adult groups suggesting that postnatal expo-
sure worsens the dopamine dyshomeostasis thereby making 
the nigrostriatal system more prone to neurodegeneration 
following adulthood re-exposure by Zn/PQ.

Apoptosis is documented to be major pathway responsible 
for neuronal cell death in idiopathic and chemical-induced 

Fig. 6   Effect of Zn/PQ on apoptotic end points i.e., mitochondrial 
cytochrome c release (a) and caspase cascade activation (b) in nigros-
triatal tissues of animals treated during postnatal days and/or during 
adulthood. Data are expressed as mean ± SEM (n = 4). (C = control 
group; Zn(A) = Zn exposure during adulthood; PQ(A) = PQ exposure 
during adulthood; Zn(PN) + Veh = Zn treatment during postnatal days 
and vehicle during adulthood; Zn(PN) + Zn(A) = Zn exposure during 
postnatal days and adulthood; Zn(PN) + PQ(A) = Zn exposure during 
postnatal days + PQ exposure during adulthood; PQ(PN) + Veh = PQ 
exposure during postnatal days and vehicle during adulthood; 
PQ(PN) + Zn(A) = PQ exposure during postnatal days + Zn expo-
sure during adulthood; PQ(PN) + PQ(A) = PQ exposure during post-
natal days and adulthood). (*** = p < 0.001 denotes comparison 
with control group; ### = p < 0.001, ## = p < 0.01 and # = p < 0.05 
denote comparison with group exposed to Zn during adulthood only; 
$$$ = p < 0.001, $$ = p < 0.01 and $ = p < 0.05 denote comparison 
with group exposed to PQ during adulthood only)

◂

Fig. 7   A flowchart depicting the 
effect of Zn/PQ postnatal expo-
sure on dopaminergic neurode-
generation in rats re-challenged 
during adulthood. Black arrows 
show Zn/PQ-induced altera-
tions following adult exposure 
only while red arrows indicate 
enhancement of Zn/PQ-induced 
modulations in the neurodegen-
erative indexes in animals pre-
exposed during postnatal days. 
Upward blue arrows exhibit 
augmentation and downward 
green arrow depicts reduction in 
the given parameter
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PD. The increased mitochondrial cyt c release along with 
diminished levels of pro-caspase-3/9 reaffirmed mitochon-
dria-mediated apoptotic cell death in groups exposed to Zn/
PQ in accordance with earlier reports [15, 16]. Developmen-
tal exposure to Zn/PQ showing greater mitochondrial cyt c 
release and caspase cascade activation in rats re-challenged 
during adulthood confirms that postnatal exposure increases 
the susceptibility of dopaminergic neurons to toxic insults 
during the latter phase of life as documented [20, 27, 33]. 
The results suggest that exposure during critical period of 
the brain development (5–19 days) causes undetectable but 
irreversible changes in the brain that makes it more vulner-
able to toxic insults during adulthood (Fig. 7).

The developmental exposure increased the neurodegen-
eration via aggravation of Zn/PQ-induced modulations in 
aforementioned neurodegenerative indexes as compared 
with adult exposure alone; however, the groups exposed to 
PQ during both time periods exhibited the most pronounced 
neuronal damage followed by groups exposed to different 
agents during postnatal and adult life and subsequently the 
groups exposed to Zn during postnatal days and adult life. 
Several reasons could be responsible for this disparity. First 
of all, Zn is redox inert while PQ is a redox active molecule 
therefore; PQ itself converts into free radical and induces 
free radical generation thus causing greater oxidative stress 
than Zn [4]. PQ, being a xenobiotic its metabolism also 
results in free radical production as by-products, thereby 
elevating its neurotoxic potential as compared to Zn. The 
differential mechanisms of Zn and PQ-induced neurotoxic-
ity could also be a plausible reason for variable neurotoxic 
effect [14, 38, 39]. Zn is an essential micronutrient therefore 
stringent regulatory mechanisms exist for controlling free 
intracellular [Zn2+] concentration viz. metallothioneins, zinc 
transporters (ZnT) and zinc- and iron-like regulatory pro-
teins (ZIPs), which guard against increasing Zn levels till 
certain extent thus regulating its neurotoxicity and rendering 
it less neurotoxic than PQ [40].

Conclusion

Developmental exposure to low doses of Zn/PQ does not 
produce any visible effect but it can generate a signal that 
induces the oxidative stress, dopamine dyshomeostasis and 
inflammation leading to enhanced vulnerability of dopamin-
ergic neurons upon adulthood if re-challenged with another 
agent in latter life.
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