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Abstract
Oxidative stress plays a crucial role in the manifestations of maneb (MB) and paraquat (PQ)-induced toxicity including
MB�PQ-induced Parkinson’s disease (PD). Polymorphonuclear leukocytes (PMNs) actively participate in the oxidative
stress-mediated inflammation and organ toxicity. The present study was undertaken to investigate the MB- and/or PQ-
induced alterations in the indices of oxidative stress in rat PMNs. Animals were treated with or without MB and/or PQ in an
exposure time dependent manner. In some sets of experiments, the animals were pre-treated with NOS inhibitors NG-nitro-
L-arginine methyl ester (L-NAME) and aminoguanidine (AG) along with respective controls. A significant increase in
myeloperoxidase (MPO), superoxide dismutase (SOD), nitric oxide, iNOS expression and lipid peroxidation (LPO) was
observed in PMNs of MB- and/or PQ-treated animals, while catalase and glutathione S-transferase (GST) activities were
attenuated. L-NAME and AG significantly reduced the augmented nitrite content, iNOS expression and MPO activity to
control level in MB and PQ exposed animals. Although the augmented LPO was also reduced significantly in L-NAME and
AG treated rat PMNs, the level was still higher as compared with controls. Alterations induced in SOD and GST activities
were not affected by NOS inhibitors. The results thus suggest that MB and/or PQ induce iNOS-mediated nitric oxide
production, which in turn increases MPO activity and lipid peroxidation, thereby oxidative stress.
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Introduction

Pesticide exposure in humans and experimental

animals has been associated with the development

of various types of cancers and organ toxicity includ-

ing cardio-toxicity, immunological suppression and

neurodegenerative diseases. The involvement of oxi-

dative stress in the pathogenesis of pesticides-induced

diseases has been extensively studied [1�7]. The

prevention or reduction in the pesticides-induced

cell injury by treatment with antioxidants, such as

a-tocopherol and b-carotene, has demonstrated the

role of oxidative stress in pesticides-induced toxicity

[8].

Maneb (manganese ethylene bis-dithiocarbamate),

a commonly used fungicide and paraquat (1,1?-
dimethyl-4,4?-bipyridinium dichloride), a widely

used herbicide, exposure is implicated in the devel-

opment of various organ toxicities viz. lung, liver,

thoracic cancers, cardio-toxicity, neural tube defects,

etc., and associated with increased risk of Parkinson’s

disease (PD) development [7,9,10]. Animal experi-

mentation using mouse model showed that co-

exposure of maneb and paraquat selectively and
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synergistically target the nigrostriatal system leading

to significant reduction in motor activity and other

symptoms that mimic PD [11�14]. These investiga-

tions led to the development of a mouse model of

MB- and PQ-induced PD phenotype for understand-

ing the molecular mechanism of MB- and PQ-

induced PD [11�14]. Farmers quite often use both

the pesticides in the same field either simultaneously

or consecutively, which greatly increases their

chances of getting co-exposed to the pesticides.

The animal experimentation has clearly shown a

crucial role of oxidative stress in the onset and

progression of pesticides-induced PD [7,15,16]. PQ

and MB facilitate generation of ROS via inhibition of

complex I and complex III, respectively [10,17�20].

PQ2� is converted to free radical by accepting an

electron (PQ��) that reacts with oxygen to generate

superoxide free radicals, thereby starting a cascade of

free radical generating reactions [21,22]. PQ has also

been shown to produce superoxide radicals via

activation of NADPH oxidase in microglial cells,

which play an important role in the development of

PD [23]. MB, besides inhibition of complex III,

facilitates auto-oxidation of dopamine, which result

in excess free radical production leading to oxidative

stress [24].

Polymorphonuclear leukocytes (PMNs) actively

participate in the defense system against pathogens

and xenobiotics and are the first to reach the site of

inflammation through infiltration. The mode of

action of PMNs is mainly attributed to production

of oxidative stress via the involvement of free radical

generating enzymes, i.e. NADPH oxidase, myeloper-

oxidase (MPO) and nitric oxide synthase (NOS).

Nitric oxide (NO) is known to exhibit both beneficial

and deleterious effects depending upon its concen-

tration. If present up to a threshold level, NO plays a

vital role in signal transduction and contributes to the

endothelial muscle relaxation process but, if exceed-

ing beyond the normal limit, it changes its role and

facilitates cell injury through the formation of perox-

ynitrite anion (ONOO� �), which is highly toxic and

results in cell death by causing nitration of essential

macromolecules (proteins, DNA, etc.) and rendering

them inactive [25].

The role of NO in the case of pesticides-induced

toxicity has been investigated in several studies and is

reported to be controversial. Various studies have

demonstrated involvement of different isoforms of

nitric oxide synthase (NOS) in the manifestations of

toxicity in different models. PQ-induced toxicity in

isolated guinea pig lungs showed participation of

constitutive NOS (cNOS) [26], while neuronal NOS

(nNOS) is reported to be involved in rotenone-

induced neurodegeneration [27]. Non-specific NOS

inhibitors- N(G)-nitro monomethyl L-arginine hy-

drochloride (L-NMMA) and L-NAME showed a

protective role against deltamethrin-induced apopto-

sis and PQ-induced neurotoxicity in rats, respectively,

implicating the involvement of NO in deltamethrin

and PQ-induced toxicity [28,29]. On the other hand,

inducible NOS (iNOS) mediated PQ-induced cyto-

toxicity in primary cortical glial cultures and diquat-

induced gastrointestinal inflammation [30,31].

Several studies have reported an increased level of

oxidative stress and NO in circulating neutrophils in

neurodegenerative diseases like Alzheimer’s disease

(AD) and sporadic form of PD along with increased

expression of neuronal NOS in brain of PD patients,

indicating the role of PMNs and NO in the patho-

genesis of these diseases [32,33]. Circulating PMNs

with higher levels of oxidative stress and NOS activity

may act as a rich source of ROS and RNS, thereby

aggravating the toxicity induced by various toxins and

affecting non-target tissues as well [32]. The role of

PMNs in the neurotoxicity through generation of

soluble factors like ROS, cytokines and matrix

metalloproteinases (MMPs) has been suggested re-

cently [34]. Over-expression of NOS in neutrophils

and brain of PD patients is reported, suggesting that

PMNs may contribute in the pathogenesis of sporadic

PD [32,33]. Oxidative stress has been implicated in

neurodegeneration induced by PQ either alone or in

combination with MB. The present study was, there-

fore, undertaken to investigate the MB- and PQ-

induced oxidative stress in PMNs of exposed rats and

to evaluate the role of NO. Additionally, the mechan-

ism of MB- and PQ-induced oxidative stress has also

been looked into.

Materials and methods

Materials

Acetic acid, disodium hydrogen phosphate, glu-

tathione reduced (GSH), nicotinamide adenine di-

nucleotide reduced form (NADH), potassium

chloride and sodium dihydrogen phosphate were

procured from Sisco Research Laboratories (SRL;

India). Hydrogen peroxide (H2O2), nitroblue tetra-

zolium (NBT), orthophosphoric acid, phenazine

methosulphate (PMS) and potassium dichromate

were purchased from Merck (Germany). Aminogua-

nidine (AG), Bradford’s reagent, 1-chloro 2,4-dini-

trobenzene (CDNB), dextran, histopaque 1119/

1077, maneb (MB), N(1-naphthyl) ethylene diamine

dihydrochloride, NG-nitro-L-arginine methyl ester

(L-NAME), o-dianisidine dihydrochloride, paraquat

dihydrochloride (PQ), sodium azide, sodium dodecyl

sulphate (SDS), sodium nitrite, sodium pyropho-

sphate, sulphanilamide, thiobarbituric acid (TBA),

Tri reagent and trisodium citrate were obtained from

Sigma-Aldrich (USA). cDNA synthesis kits were

procured from MBI Fermentas (USA). dNTPs,

MgCl2, Taq buffer and Taq DNA polymerase were

purchased from Bangalore Genei India Pvt. Ltd.
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Gene specific primers were synthesized from Meta-

bion GmbH (Germany).

Animal treatment

Male Wistar rats (180�200 g) were obtained from the

animal colony of Indian Institute of Toxicology

Research (IITR; Lucknow). Animals were main-

tained under the standard conditions in the animal

house. The animal ethics committee of IITR for the

use of laboratory animals approved the study (No. 54/

CPCSEA/1999). The animals were maintained under

standard conditions of temperature and humidity

with 12 h light/dark cycle and fed ad libitum. Animals

were divided into controls, maneb (MB), paraquat

(PQ) and MB�PQ treated groups. MB (30 mg/kg

body wt) and PQ (10 mg/kg body wt) were adminis-

tered intraperitoneally either alone or in combination,

twice a week, for 1, 2 and 3 weeks. Control animals

received normal saline. In some sets of experiments of

2 weeks exposure, animals were treated with either

non-specific NOS inhibitor-L-NAME (20 mg/kg

body wt, i.p.) or specific iNOS inhibitor-AG (20

mg/kg body wt, i.p.) 1 h prior to MB and/or PQ

treatment. Doses for MB, PQ and NOS inhibitors

(L-NAME and AG) were selected from previous

studies [13,35,36].

Isolation of PMNs

Blood was collected from the animals through cardiac

puncture under ether anaesthesia using sodium

citrate (0.129 mol/L, pH 6.5, 9:1 v/v) as an anti-

coagulant. PMNs were isolated from buffy coat by

dextran sedimentation and further purified by Histo-

paque density gradient centrifugation at 700�g for

30 min at 208C [37,38]. The PMNs rich layer

obtained at the interface of Histopaque 1119/1077

was washed with Hank’s balanced salt solution

(HBSS*sodium chloride 138 mmol/L, potassium

chloride 2.7 mmol/L, potassium dihydrogen phos-

phate 1.5 mmol/L; pH 7.4) containing magnesium

chloride (0.6 mmol/L), calcium chloride (1.0 mmol/

L) and glucose (10 mmol/L). Viability of the cells was

tested by trypan blue exclusion test and was never less

than 95%.

Biochemical estimations

Superoxide dismutase (SOD). SOD was measured as

described by Nishikimi et al. [39] with slight mod-

ifications. Briefly, assay mixture (3.0 ml) containing

sodium pyrophosphate buffer (pH 8.3, 0.052 M),

phenazine methosulphate (186 mM), nitroblue tetra-

zolium (300 mM), nicotinamide adenine dinucleotide

reduced form disodium salt (NADH; 780 mM) and

cell lysate was incubated at 308C for 90 s followed by

addition of glacial acetic acid and n-butanol. The

absorbance of n-butanol layer was read at 560 nm.

The results are expressed as units/ml/min.

Catalase. Catalase was estimated according to

method described by Sinha [40]. In brief, assay

mixture containing phosphate buffer (0.01 M; pH

7.0), hydrogen peroxide (0.2 M) and diluted cell

lysate (1:100) was incubated at 378C for 1 min.

Reaction was stopped by the addition of potassium

dichromate and glacial acetic acid. Samples were

incubated in a boiling water bath for 15 min, cooled

and the absorbance was read at 570 nm. The

enzymatic activity was calculated in mmoles/min/mg

protein.

Glutathione S-transferase (GST). Glutathione S-trans-

ferase activity was measured using spectrophoto-

metric method [41]. In brief, cell lysate (75 ml) was

mixed with 2.9 ml of 0.2 M phosphate buffer (pH

6.5). The reaction was initiated by addition of 20 ml

of 3% 1-chloro-2, 4-dinitrobenzene and absorbance

was read at 340 nm for 3 min at intervals of 30 s.

Enzyme activity was calculated in nm/min/mg pro-

tein.

Myeloperoxidase (MPO) activity. Myeloperoxidase

was estimated by the method of Bradley et al. [42].

Briefly, assay mixture (3.0 ml) comprised of cell

lysate (0.1 ml) prepared in 0.5% hexadecyltrimethy-

lammonium bromide (HTAB) containing phosphate

buffer and reaction buffer (50 mM phosphate (pH

6.0) buffer containing 0.167 mg/ml o-dianisidine

hydrochloride and 0.0005% hydrogen peroxide).

The change in absorbance was recorded after 1 min

at 460 nm and enzyme activity is expressed as

mmoles/min/mg protein.

Lipid peroxidation (LPO). Lipid peroxidation was

measured using the method described by Ohkawa

et al. [43]. In brief, cell lysate (�1�107 cells) was

mixed with 10% sodium dodecyl sulphate (SDS)

solution and incubated for 5 min at room tempera-

ture. Glacial acetic acid (20%) was added to the

reaction mixture and incubated for 2�5 min at room

temperature. Finally, 0.8% thiobarbituric acid (TBA)

was added followed by incubation for 1 h in a boiling

water bath. The reaction mixture was cooled, cen-

trifuged and the absorbance of the supernatant was

read at 532 nm against control without lysate. LPO

levels are expressed as nmoles MDA/1�107cells.

Protein estimation. Protein content was estimated in

control and treated groups using Bradford’s [44]

method. Protein concentration (in mg/ml) was calcu-

lated against the standard curve of Bovine serum

albumin (BSA).
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Nitrite content. Nitrite content was estimated in

controls and treated animals using Griess reagent

[45]. Cell lysate (�1�107 cells), prepared in am-

monium chloride (0.7 M), was mixed with an equal

amount of Griess reagent (0.1% N (1-naphthyl)

ethylene diamine dihydrochloride and 1% sulphani-

lamide in 2.5% orthophosphoric acid) and incubated

for 30 min at 378C. Absorbance was read at 548 nm

and nitrite content was calculated using standard

curve of sodium nitrite. The results are expressed in

mM/1�107 cells. Nitrite content was also measured

in MB and/or PQ exposed animals pre-treated with

L-NAME and AG.

Reverse transcriptase-polymerase chain reaction (RT-

PCR) analysis

The gene expression of iNOS was evaluated by semi-

quantitative reverse transcription polymerase chain

reaction (RT-PCR) as previously described [46].

Total RNA was extracted from PMNs using Tri

reagent and cDNA was synthesized using oligo dT

and Revert AidTM H minus Mul V reverse transcrip-

tase kit as per manufacturers’ instructions. The

primers synthesized (Metabion GmbH, Germany)

were as follows*sense: 5?-ACCACCTCTATCAG-

GAA-3?, antisense: 5?CCTCATGATAACGTTTCT-

GGC-3? (GeneBank Accession No. X76881) for

iNOS and sense: 5?-TCTATGCCAACACAGT-3?,
antisense: 5?-AGCCACCAATCCACACAG-3?
(GeneBank Accession No. V01217) for b-actin.

The PCR reaction mixture consisted of 2 ml cDNA,

Tris HCl (10 mM), KCl (50 mM), MgCl2 (2.0 mM),

dNTPs (1.0 mM), forward and reverse primers (0.4

mM each) and 2.5 U Taq DNA polymerase in total

volume of 25 ml. Amplification was initiated by 3 min

of pre-denaturation at 958C followed by 30 cycles (1

min at 958C; 1 min at 608C and 1.5 min at 728C) and

final extension at 728C for 7 min. PCR products were

visualized using agarose gel electrophoresis. The

band density was analysed using a computerized

densitometry system (Alpha Imager System, Alpha

Innotech Corporation, South Africa). The values of

gene expression were normalized by b-actin as the

reference.

Statistical analysis

Results are expressed as mean9standard error of

means (SEM) for separate groups. Two-way analysis

of variance (ANOVA) was used for statistical analysis.

Bonferroni post-test was used for multiple compar-

isons. The differences were considered statistically

significant when p-value was less than 0.05.

Results

Superoxide dismutase

A significant increase in SOD activity following MB

and/or PQ treatment was observed. MB�PQ co-

treated animals exhibited more pronounced increase,

resulting in a synergistic effect. The augmentation in

SOD activity was exposure time-dependent (Figure

1A).

Catalase

MB and PQ significantly reduced catalase activity in

PMNs of exposed animals. The reduction in the

catalase activity was more pronounced in the co-

treated group than MB and PQ treatment alone

(Figure 1B).

Glutathione S-transferase

MB and PQ treatment inhibited GST activity in the

PMNs in an exposure-time dependent manner. The

MB�PQ treated animals’ PMNs showed greater

decrease in GST activity although it was not more

statistically significant than PQ-treated animals (Fig-

ure 1C).

Myeloperoxidase activity

A time of exposure dependent elevation was observed

in MPO activity following MB and/or PQ treatment.

The elevation of MPO activity was more significant in

the PMNs of animals co-treated with MB�PQ

rather than alone, i.e. MB and PQ exhibited syner-

gistic effect (Figure 2A).

Lipid peroxidation

A significant augmentation in the lipid peroxidation

in PMNs of the MB and PQ treated group was

observed. The augmentation was more pronounced

in the co-treated group as compared with individual

treatment, i.e. synergistic effect of MB and PQ was

observed in combination (Figure 2B).

Nitrite content and expression of iNOS in absence/

presence of NOS inhibitors following MB and/or PQ

exposure

The nitrite content was increased in the PMNs of MB

and PQ treated animals. The MB�PQ co-treated

animals exhibited more pronounced increase in

nitrite content than that of either pesticide alone.

The increase in the nitrite content was time of

exposure dependent and the maximum increase in

nitrite content was observed in the PMNs of the

animals treated with MB�PQ for 3 weeks (Figure

3A). Similar results were obtained with expression of

852 I. Ahmad et al.
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iNOS gene, i.e. MB and/or PQ significantly increased

the iNOS expression in a time of exposure dependent

manner and effect of MB�PQ was more pronounced

than PQ followed by MB treated animals (Figure

3B). Nitrite content was decreased significantly

following treatment with both L-NAME and AG in

vehicle control as well as in MB and/or PQ treated

animals. L-NAME significantly decreased nitrite

content as compared with saline control, MB and/or

PQ treated groups. AG also significantly decreased

nitrite content as compared with MB and/or

PQ treated groups (Figure 4A) but did not show
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Figure 1. (A) Effect of MB and/or PQ on SOD activity of PMNs isolated from rats exposed for 1, 2 and 3 weeks (***pB0.001 and *pB

0.05 as compared with control; aaa�pB0.001 as compared with MB treated group and bbb�pB0.001 as compared with PQ treated

group); (B) depicts alterations in catalase activity of PMNs of treated rats following treatment with MB and PQ either alone or in

combination (***pB0.001 and **pB0.01 as compared with control; aaa�pB0.001 and a�pB0.05 as compared with MB treated group

and b�pB0.05 as compared with PQ treated group); (C) shows inhibition of GST activity in isolated rat neutrophils following of MB and

PQ treatment (***pB0.001 and **pB0.01 as compared with control; aaa�pB0.001 and aa�pB0.01 as compared with MB treated

group). First, second, third and fourth bar in each panel represents control, MB, PQ and MB�PQ-treated groups, respectively.
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significant alterations from the control group. Results

obtained with iNOS gene expression studies were in

concurrence with that of nitrite content, i.e. both L-

NAME and AG did not alter mRNA expression per se

but reduced augmented iNOS expression in MB and/

or PQ exposed animals to control levels (Figure 4B).

Effect of NOS inhibitors on MPO, LPO, catalase, SOD

and GST

MPO activity was reduced back to control levels in

the presence of both L-NAME and AG and the

extent of reduction was similar with L-NAME and

AG, indicating that iNOS activity is mainly respon-

sible for increased activity in MB and PQ treated rat

PMNs (Figure 5A). L-NAME per se showed signifi-

cant reduction of basal MPO activity as compared

with control. AG per se did not show significant

reduction in MPO activity as compared to control

animals.

NOS inhibitors significantly reduced the augmen-

ted levels of LPO in pesticides exposed animals but

LPO levels were still significantly higher than that of

the control group (Figure 5B). L-NAME and AG

per se did not show any change in LPO levels as

compared with the control/saline-treated group. Cat-

alase activity was significantly augmented in the PQ

and MB�PQ treated group co-treated with L-

NAME and AG but no significant alteration was

observed in the group treated with MB alone. NOS

inhibitors did not alter catalase activity in control

animals (Figure 6A). Augmentation in SOD activity

induced by MB and/or PQ treatment was not altered

by L-NAME and AG and these did not exhibit any

alterations in the control activity per se also (Figure

6B).

No alterations were observed in attenuated GST

activity following MB and/or PQ exposure as well as

control GST levels in presence of NOS inhibitors (Con�
98.17�1.27; Con�L-NAME�95.1491.53; Con�
AG�96.45�0.59; MB-treated�82.79�1.17; MB�
L-NAME�84.37�1.45; MB�AG�83.99�1.12;

PQ-treated�77.02�0.58; PQ�L-NAME�78.86�
1.32; PQ�AG�80.72�0.54; MB�PQ-treated�
72.25�0.56; MB�PQ�L-NAME�76.25�2.25;
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Figure 2. (A) Effect of MB and/or PQ exposure on MPO activity of isolated rat PMNs. (***pB0.001 as compared with control; aaa�pB

0.001 as compared with MB treated group and bbb�pB0.001 and b�pB0.05 as compared with PQ treated group); (B) shows alterations

in the status of lipid peroxidation (LPO) following MB and PQ treatment either alone or in combination in PMNs of exposed rats (***pB
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MB�PQ�AG�76.64�2.69; values are expressed in

nM/min/mg protein).

Discussion

The present study investigated the alterations in-

duced by MB and/or PQ in indices of oxidative stress

in PMNs of exposed rats. Additionally, the role of

NO was also investigated in the MB and/or PQ-

induced oxidative stress in rat PMNs. Oxidative stress

is implicated in pesticides-induced diseases including

neurological disorders like PD [1,2,16,47,48]. PMNs

play a critical role in inflammation and organ toxicity

through generation of oxidative stress. The increased

oxidative stress and over-expression of nNOS are

reported in circulating neutrophils of PD patients

[32,33]. A recent report has suggested the role of

PMNs in neurotoxicity via generation of soluble

factors like ROS, matrix metalloproteinases

(MMPs) and cytokines [34].

Increased levels of SOD following MB and/or PQ

treatment suggested its protective or scavenging

action against enhanced production of superoxide

radicals by these pesticides and combination exhib-

ited significantly greater augmentation in SOD levels,

which is in concurrence with other reports showing a

synergistic effect of these pesticides in oxidative stress

generation [8,16]. This is also supported by earlier

studies where PQ is shown to cause augmentation in

the mitochondrial SOD levels in rat liver, although

cytosolic SOD was not affected [49] and in vitro study

with human peripheral blood leukocytes resulting in
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Figure 3. (A) Nitrite content of the PMNs isolated from control, MB and/or PQ exposed rats (***pB0.001 as compared with control;

aaa�pB0.001 and aa�pB0.01 as compared with MB treated group and bb�pB0.01 and b�pB0.05 as compared with PQ treated

group); (B) Upper panel shows representative gel picture depicting effect of MB and/or PQ treatment following exposure of 1, 2 and 3 weeks

on iNOS expression along with expression of b-actin gene as reference. Lower panel shows densitometric analysis of the same (n�4)

(***pB0.001, **pB0.01 and *pB0.05 as compared with control; aaa�pB0.001, aa�pB0.01 and a�pB0.05 as compared with MB

treated group). First, second, third and fourth bar in each panel represents control, MB, PQ and MB�PQ treated groups, respectively.
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significant increase in SOD levels following PQ

exposure [50]. PQ exposure is also known to cause

increases in Cu, Zn-SOD and Mn-SOD levels in

isolated rat astrocytes [51]. Additionally, over-expres-

sion of SOD and administration of SOD mimetics

provided protection against PQ-induced toxicity,

reaffirming that an increase in SOD might be the

defense mechanism to counteract the PQ-induced

increased formation of superoxide radicals [52�54].

Increased H2O2 production is also reported in brain

mitochondria following PQ exposure, which is indir-

ect evidence for high SOD activity induced in the

brain by PQ [22].

The decrease in catalase levels observed is in

concurrence with an earlier report showing that

paraquat inhibits catalase activity along with aug-

mentation of Cu/Zn-SOD activity in rat alveolar type

II cells in vitro [55]. The attenuation in catalase

activity in this study may either be due to increased

myeloperoxidase (MPO) (marker enzyme of PMNs)

activity, which utilizes H2O2, the substrate of cata-

lase, to generate hypochlorous acid (HOCl), another

form of ROS involved in cytotoxicity leading to cell

death or due to inhibition of catalase activity by

increased NO, which is reported to reduce the activity

of catalase in vitro [56,57] and in vivo [58�60].
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Attenuation observed in GST activity following

treatment with the PQ either alone or in combination

with MB is in accordance with earlier reports on

effect of mancozeb and ziram on GST activity.

Mancozeb showed dual effect by increasing GST

activity in vivo and decreasing the enzyme activity in

vitro, but ziram was shown to inhibit GST activity

both in vivo and in vitro [61]. PQ treatment is also

reported to decrease GST activity in the digestive

gland of brown mussel [62]. On the contrary, Patel

et al. [16] reported that MB and PQ co-treatment

results in increased brain GST levels.

The significant increase in the MPO and LPO

indicated that MB and PQ induced oxidative stress in

PMNs, which is in concurrence with studies showing

induction of oxidative stress in pulmonary and

neuronal cell lines and in brain of MB�PQ exposed

PD phenotype model in mice [16,63,64]. Increased

MPO in exposed rat PMNs is also in accordance with

a study showing involvement of myeloperoxidase-

mediated oxidative stress in benzo (a) pyrene-in-

duced cytotoxicity in rat neutrophils [46]. Augmen-

tation in MPO activity was more pronounced in the

case of combined treatment, confirming a synergistic
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Figure 5. (A) Effect of L-NAME and AG on MPO activity in control, MB and/or PQ treated groups (***pB0.001, **pB0.01 and *pB

0.05 as compared with control; aaa�pB0.001 as compared with MB treated group; bbb�pB0.001 as compared with PQ treated group

and ccc�pB0.001 as compared with MB�PQ treated group); (B) effect of MB and/or PQ on LPO in rat PMNs following 2 weeks

exposure with or without NOS inhibitors- L-NAME and AG (***pB0.001, **pB0.01 and *pB0.05 as compared with control; aaa�pB

0.001 and aa�pB0.01 as compared with MB treated group; bbb�pB0.001 as compared with PQ treated group and ccc�pB0.001 as

compared with MB�PQ treated group).
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effect of MB and PQ, as reported earlier [16].

Augmented MPO levels are in line with increased

SOD levels, which resulted in increased production of

H2O2, thereby providing increased substrate for

MPO leading to formation of HOCl.

NOS inhibitors and NOS knockout animals have

shown a protective effect against neurodegeneration

caused by 6-OHDA, MPTP and lipopolysaccharide

(LPS, iNOS inducer) and PQ, indicating a deleter-

ious role of nitric oxide in these models [29,65�71].

Involvement of both cNOS and iNOS is reported in

PQ-induced toxicity in different models [26,31].

NOS enzyme is also reported to increase ROS

generation by acting as PQ diaphorase [72].

0

200

400

600

800

1000

1200

1400

C
at

al
as

e 
ac

ti
vi

ty
(

m
ol

es
/m

in
/m

g 
pr

ot
ei

n)
 

a
*

a
*

bbb
***

bbb
***

ccc
***

ccc
***

0

0.5

1

1.5

2

2.5

3

3.5

SO
D

 a
ct

iv
it

y 
(u

ni
ts

/m
l/m

in
)

*** *** ***

aaa
*** ***

***

bb
aaa
*** *** ***

A

B

Figure 6. (A) Alterations in catalase activity in control, MB and/or PQ treated groups in presence and absence of NOS inhibitors (*pB
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Augmentation in nitrite content obtained in the

present study following treatment with MB and/or

PQ suggested the role of NO in MB and/or PQ-

induced oxidative stress in rat PMNs and is in

accordance with the earlier reports implicating NO

in pesticides-induced toxicity [26�31]. The expres-

sion pattern of iNOS also showed similar results, i.e.

increased iNOS expression was obtained with MB

and/or PQ exposure and combined treatment showed

greater increase. Pre-treatment with both L-NAME

(non-specific NOS inhibitor) and AG (selective iNOS

inhibitor) totally abolished the augmented nitrite

content induced by MB and/or PQ, implying that

the increase was due to iNOS induction in PMNs.

Expression studies of the iNOS gene also yielded

concurrent results, i.e. increased level of iNOS

expression was reduced back to control levels by L-

NAME and AG pre-treatment in MB and/or PQ

exposed animals. These results are in accordance

with earlier reports showing the involvement of NO in

PQ-induced toxicity and show similarity with PQ-

induced neurotoxicity, which also exhibited a deleter-

ious effect of NO and protection with NOS inhibitor

[26,29,31]. Reduction of iNOS mRNA obtained in

our study is in accordance with earlier reports

showing the effect of NOS inhibitors on NOS

mRNA expression [46,73�76].

L-NAME and AG pre-treatment resulted in sig-

nificant attenuation of MB and PQ-mediated in-

crease in MPO activity, causing its reversal up to

control levels. L-NAME significantly reduced MPO

activity in the control group but AG did not alter

MPO activity significantly as compared to control. L-

NAME is a non-specific NOS inhibitor and inhibits

both cNOS and iNOS, leading to a greater decrease

in NO levels, and this could be the reason for

inhibition of MPO activity by L-NAME in PMNs.

AG, on the other hand, inhibits only iNOS, which

contributes an almost negligible amount of NO under

normal conditions; therefore, it did not produce a

significant effect on control MPO activity. Since L-

NAME and AG reduced MPO activity to the same

extent in MB and/or PQ treated groups, it indicated

that this increase was entirely due to an increase in

iNOS and not due to the effect of L-NAME per se.

Increased LPO levels were also reduced signifi-

cantly following pre-treatment with L-NAME and

AG, but were still significantly greater than the

control levels, suggesting that NO could not be the

only factor responsible for MB and/or PQ-induced

augmentation in LPO. Control LPO levels were not

affected by L-NAME and AG treatment per se. NOS

inhibitors did not affect augmented SOD levels

activity induced by MB and/or PQ treatment, ruling

out the direct involvement of SOD in the NO-

mediated pathway leading to oxidative stress in

PMNs. NOS inhibitors per se also did not affect

SOD levels as compared with the control group.

Although with the current experimental design we

do not have direct evidence indicating the exact

reason for a significant increase in catalase activity

observed in PQ and MB�PQ treated animals in the

presence of NOS inhibitors, there could be two

possibilities. The increase in catalase activity could

be due to the defensive mechanism of PMNs to

neutralize increased H2O2 production due to an

increase in SOD. Normally, MB and/or PQ exposure

could increase MPO activity, which may utilize

increased H2O2. As NOS blockers inhibited increase

in MPO, therefore, catalase activity could be in-

creased to counteract H2O2 production. Another

possibility could be that iNOS-induced NO produc-

tion by MB and/or PQ could be inhibiting catalase

activity. NOS inhibitors blocked iNOS-induced NO

production, thereby abolishing the inhibitory effect of

NO on catalase leading to an increase in the enzyme

activity. This is in accordance to earlier reports

showing reversal of catalase activity in the presence

of NOS inhibitors [56�60]. NOS inhibitors did not

alter catalase activity of control animals. NOS in-

hibitors neither affected GST status per se in control

animals nor attenuated GST activity in MB and/or

PQ exposed rats, ruling out the role of GST in the

NO-mediated oxidative stress induced by MB and

PQ in rat PMNs.

It can thus be concluded that although MB and PQ

are both capable of generating oxidative stress in

PMNs of exposed animals, MB�PQ in combination

possess significantly higher potential to induce oxida-

tive stress. These results are in concurrence with the

combined effect of MB�PQ-induced oxidative stress

in PD phenotype in mouse [16]. The results from the

present study suggest that MB and PQ-induced

oxidative stress is contributed partly by increased

iNOS induction, which in turn increases MPO

activity of PMNs and lipid peroxidation leading to

oxidative stress. The results also suggest the presence

of some NO-independent mechanism that appears to

be acting in parallel to the NO-mediated pathway to

increase lipid peroxidation, yielding a higher degree

of oxidative stress by MB and PQ in rat PMNs than

contributed via iNOS-mediated increased MPO ac-

tivity alone, which needs further investigation. Sev-

eral signalling pathways have been suggested for NOS

induction in many cell types, indicating the role of

cytokines and cytochrome P450s (CYPs). Induction

of iNOS by CYP1A1 through TNFa, IL-b and NF-

kB-mediated pathway is reported in benzo(a)pyrene

treated rat PMNs [77], while TNFa, IL-b and

IFN-g are reported to cause NOS induction in insulin

producing cells [78]. The role of TNFa-induced

NOS is shown in MPTP-induced toxicity and PQ-

induced increased production of TNFa is also

reported [79]; however, the exact mechanism of

iNOS-mediated MPO and LPO increase resulting
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in oxidative stress in PMNs following MB and PQ

exposure needs to be elucidated.
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