
mice and rats reproduces Parkinson ’ s Disease-like fea-

tures, but the same model of treatment in female mice did 

not produce signifi cant reductions of nigrostriatal dop-

amine, striatal TH fi ber density, and motor impairments 

[9]. For this reason, experimental models of paraquat neu-

rotoxicity in female rats could contribute to studying the 

premotor stages of Parkinson ’ s disease. 

 Mitochondria are essential for survival. Their primary 

function is to support aerobic respiration and to provide 

energy for intracellular metabolic pathways. Also, they 

play a central role during the induction of apoptosis, lead-

ing to the organized degradation of cellular structure. It is 

postulated that alterations in mitochondrial function and 

in active oxygen species generation could play a role in 

the induction of diff erent signaling pathways leading to 

neuronal death [10,11]. Several reports described that 

paraquat interacts with mitochondrial Complex I to gener-

ate superoxide anion and hydrogen peroxide (H 
2
 O 

2
 ) [12 –

 14]. We recently reported that a weekly dose of paraquat 

(10 mg/kg i.p . ) during four weeks induced cortical 

and striatal mitochondrial dysfunction as shown by 

decreased in mitochondrial respiratory control, decreased 

Complex I activity, increased H 
2
 O 

2
  production and loss 

of mitochondrial membrane potential [15]. The cytotoxic 

actions of paraquat clearly involve reactive oxygen species 
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  Abstract 
 Paraquat is a highly toxic herbicide capable of generating oxidative stress and producing brain damage after chronic exposure. The aim 

of this research was to investigate the contribution of mitochondria to the molecular mechanism of apoptosis in an  in vivo  experimental 

model of paraquat neurotoxicity. Sprague-Dawley adult female rats received paraquat (10 mg/kg i.p.) or saline once a week during a month. 

Paraquat treatment increased cortical and striatal superoxide anion levels by 45% and 18%, respectively. As a consequence, mitochondrial 

aconitase activity was signifi cantly inhibited in cerebral cortex and striatum. Paraquat treatment increased cortical and striatal lipid per-

oxidation levels by 16% and 28%, respectively, as compared with control mitochondria Also, cortical and striatal cardiolipin levels were 

decreased by 13% and 49%, respectively. Increased Bax and Bak association to mitochondrial membranes was observed after paraquat treat-

ment in cerebral cortex and striatum. Also, paraquat induced cytochrome  c  and AIF release from mitochondria. 

 These fi ndings support the conclusion that a weekly dose of paraquat during four weeks induces oxidative damage that activates mito-

chondrial pathways associated with molecular mechanisms of cell death. The release of apoptogenic proteins from mitochondria to cytosol 

after paraquat treatment would be the consequence of an alteration in mitochondrial membrane permeability due to the presence of high 

superoxide anion levels. Also, our results suggest that under chronic exposure, striatal mitochondria were more sensitive to paraquat oxida-

tive damage than cortical mitochondria. Even in the presence of a high oxidative stress in striatum, equal levels of apoptosis were attained 

in both brain areas.  

  Keywords:   superoxide   anion  ,   aconitase activity  ,   cardiolipin peroxidation  ,   apoptogenic proteins   

  Introduction 

 Paraquat (1,1 ′ -dimethyl-4,4 ′ -bipyridinium dichloride) is a 

highly toxic herbicide which is able to induce dopaminer-

gic neuronal death. Extensive evidence indicates that 

 in vivo  paraquat treatment produces weak or moderate 

decrease in the number of dopaminergic neurons in the 

substantia nigra, striatal levels of dopamine, expression 

and activity of tyrosine hydroxylase and decrease in the 

inmunoreactivity of dopamine transporter [1 – 4]. How-

ever, the molecular mechanisms by which paraquat kills 

dopaminergic neurons are still poorly understood. Although 

paraquat toxicity mainly causes dopaminergic cell death 

in the substantia nigra, the presence of paraquat has been 

observed in striatum, hippocampus, frontal cortex, and 

cerebellum after repeated administration of this drug 

(10 mg/kg) to mice [5]. It is not clear which is the cause 

of the diff erent vulnerability of other brain regions such 

as frontal cortex, primarily responsible for cognitive and 

motor responses or hippocampus, primarily responsible 

for learning, cognition and memory to paraquat-induced 

neurotoxicity [6 – 8]. Also, it is already known that 

paraquat-mediated neurotoxicity is gender specifi c, as 

males are more susceptible than females. In experimental 

models, systemic paraquat treatment (10 mg/kg) of male 
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overproduction, but its specifi city for dopaminergic neu-

rons and the possible involvement of intrinsic cell death 

pathways are still unclear. It is probably that protein and 

lipid oxidation could be related to these pathways due to 

the high oxidative stress reached after paraquat treatment. 

 Due to the fact that paraquat treatment induced mito-

chondrial dysfunction in cerebral cortex and striatum but 

not in hippocampus [15], the present study was under-

taken to investigate the contribution of mitochondria to 

the molecular mechanism of apoptosis and elucidate the 

susceptibility of the diff erent brain areas in an experimen-

tal model of paraquat-induced neurotoxicity in female 

rats. This study provides new data about mitochondrial 

dysfunction and apoptosis in the premotor stages of 

Parkinson ’ s disease. Superoxide anion production, lipid 

peroxidation, cardiolipin content, aconitase, and superox-

ide dismutase activity, Bax, Bak, and Bcl-xl expression 

were examined in control and paraquat-treated animals. 

The release of cytochrome  c  and apoptosis-inducing factor 

(AIF) was also evaluated.   

 Methods  

 Animals 

 A total of 24 Sprague Dawley female rats (all acquired 

from School of Pharmacy and Biochemistry) weighing 

200 – 250 g at the beginning of experiments (ca. 2.5 months 

old) were kept in a soundproof room under a 12:12 h 

light/dark cycle photoperiod (lights on at 07:00 hr) and 

controlled temperature (22    �    2 ° C). Food and water were 

available  ad libitum.  Measures were taken to minimize the 

number of animals used and their pain and discomfort, 

according to the principles and directives of the European 

Communities Council Directives (86/609/EEC) and 

according to the NIH Guide for the Care and Use of 

Laboratory Animals. They also received approval from the 

local ethical committee. Paraquat was dissolved in saline 

and administered at a dose of 10 mg/kg i.p. Rats treated 

with paraquat (n    �    12) received one injection weekly dur-

ing 4 weeks (total doses    �    4). Paraquat dose was chosen 

in accordance with earlier works [1,16]. Control animals 

(n    �    12) were treated with saline i.p. once a week. Ani-

mals were sacrifi ced two days after the end of treatment.   

 Isolation of mitochondria 

 Brains were quickly removed. Dissection was performed 

as described by Madison and Edison with some modifi ca-

tions [17]. Immediately after dissection, cerebral cortex 

and striatum from three control or paraquat-treated rats 

were pooled for each experimental group. Tissues were 

weighed and homogenized (1:5 w/v) in an ice-cold medium 

consisting of 0.23 M mannitol, 0.07 M sucrose, 5 mM 

Hepes, and 1 mM EDTA, pH 7.4 (MSHE buff er). A pro-

tease inhibitor cocktail (1  μ g/ml pepstatin, 1  μ g/ml leu-

peptin, 0.4 mM PMSF, and 1  μ g/ml aprotinin) was added 

to the homogenates and they were centrifuged at 700  g  for 

10 min to discard nuclei and cell debris. Then, the super-

natant obtained was centrifuged at 8000  g  for 10 min. The 

resulting pellet containing mitochondria was washed and 

resuspended in MSH buff er (0.23 M mannitol, 0.07 M 

sucrose, and 5 mM Hepes, pH 7.4) at a protein concentra-

tion of 20 – 25 mg/ml [15]. All procedures were carried out 

at 0 – 2 ° C. Mitochondrial samples were less than 2 – 4% 

contaminated with cytosolic components according to the 

amount of lactate dehydrogenase present in the samples. 

 Protein content was assayed by using Folin phenol 

reagent and bovine serum albumin as standard [18].   

 Flow cytometry studies 

 Flow cytometry assays were performed in a FACScalibur 

(Becton-Dickinson) equipped with a 488 nm argon laser 

and a 615 nm red diode laser. 

 Population with high FSC and SSC characteristics 

was chosen according to the typical mitochondrial size 

(3 – 5  μ m) calibrated using Beads Calibrite (6  μ m) (Becton 

Dickinson) for all the cytometric studies.   

 Determination of mitochondrial superoxide anion 
levels by MitoSOX fl uorescence 

 Superoxide anion was detected using the fl uorescent dye 

MitoSOX (C 
43

 H 
34

 N 
3
 IP), a membrane-permeant and rap-

idly targeted mitochondrial superoxide indicator with 

excitation/emission maxima of 510/580 nm. We devel-

oped a special protocol by fl ow cytometry in order to 

detect the superoxide anion that is not dismutated by 

the Mn-SOD in isolated mitochondria. Equal protein con-

centration (mg protein/ml) was used in order to normalize 

the results: control cerebral cortex (0.106    �    0.006), para-

quat cerebral cortex (0.111    �    0.004), control striatum 

(0.122    �    0.006), and paraquat striatum (0.110    �    0.007). 

Isolated cortical and striatal mitochondrial samples from 

control and paraquat-treated animals were loaded with 

2.5  μ M MitoSOX during 20 min at 37 ° C in MSH buff er 

supplemented with 5 mM malate, 5 mM glutamate, and 

1 mM phosphate. The procedure was carried out in a dark 

room. Then mitochondria were acquired by a cytometer 

[19]. Autofl uorescence was also evaluated in samples 

without probe. Antimycin A (0.5  μ M), an inhibitor of the 

ubiquinone – cytochrome  c  reductase, was used as a posi-

tive control. A common marker (M1), indicating high 

relative fl uorescence intensity (r.f.i.) of the mitochondrial 

population was used to quantify the superoxide anion 

levels in each experiment.   

 Evaluation of cardiolipin content 

 The positively charged probe acridine orange 10-nonyl 

bromide (nonyl acridine orange, NAO,  λ  
em

  525 nm) binds 

specifi cally to the negatively charged cardiolipin molecule 

providing a direct and reliable method for evaluating the 

cardiolipin content in mitochondria [20 – 22]. Nomura 

et   al. [23] reported that NAO associated selectively 

with cardiolipin monolayers but not to other kinds of 
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phospholipids. Also, they described that the binding of 

NAO to cardiolipin was decreased by autoxidation. NAO 

is not able to bind peroxidated cardiolipin (CL-OOH) pro-

ducing a decreased NAO fl uorescence [23]. Isolated corti-

cal and striatal mitochondria respiring in a metabolic state 

4 were loaded with 100 nM NAO during 20 min at 37 ° C 

in MSH buff er supplemented with 5 mM malate, 5 mM 

glutamate, and 1 mM phosphate and acquired by the 

cytometer as previously described. Antimycin A (0.5  μ M), 

an inhibitor of the ubiquinone-cytochrome  c  reductase, 

and samples without probe were used as positive and 

negative controls, respectively. Events with high NAO 

fl uorescence were quantifi ed using a marker (M1), as level 

of mitochondrial cardiolipin content. 

 In order to normalize the results, equal mitochondrial 

protein concentrations were used in this experiment: 

cerebral cortex (control: 0.122    �    0.005 mg/ml; paraquat: 

0.128    �    0.006 mg/ml) and striatum (control: 0.117    �    

0.006 mg/ml; paraquat: 0.122    �    0.007 mg/ml).   

 Thiobarbituric acid-reactive substances production 

 The amount of thiobarbituric acid-reactive substances 

(TBARS) was determined by a fl uorescence assay as 

described by Esterbauer et   al. with some modifi cations 

[24]. Fresh isolated mitochondria were washed with 

50 mM phosphate buff er (pH 7.4) in order to eliminate 

mannitol from the medium. Aliquots of mitochondrial 

samples were treated with 1 ml of 0.1 N sodium dodecyl 

sulphate, 1 ml of 0.1 HCL, 0.15 ml of 10% phospho-

tungstic acid, and 0.5 ml of 0.7% of 2-thiobarbituric 

acid. Butylated hydroxytoluene was added to a fi nal 

concentration of 0.1% (w/v). The mixture was heated in 

boiling water for 60 min. TBARS were extracted in 5 ml 

of n-butanol. After a brief centrifugation, the fl uorescence 

of the butanolic layer was measured at 515 nm (excitation) 

and 553 nm (emission). The values were expressed as 

nmol of TBARS per milligram of protein, using a malon-

dialdehyde standard prepared from 1,1,3,3-tetramethoxy-

propane.   

 Superoxide dismutase activity 

 Superoxide dismutase activity was determined in cortical and 

striatal mitochondrial samples (0.25 – 0.75 mg protein/ml) 

by measuring the inhibition of autocatalytic adrenochrome 

formation rate in a reaction medium containing 1 mM epi-

nephrine and 50 mM glycine-NaOH (pH 10.2). Enzyme 

activity was expressed as U 
SOD

 /mg protein [25].   

 Aconitase and fumarase activities 

 Aconitase and fumarase activities were measured in corti-

cal and striatal mitochondrial samples from control and 

paraquat-treated animals using spectrophotometric rate 

determination [26]. Freshly isolated mitochondria samples 

were sonicated (4 bursts of 30 s ON and 60 s OFF) fol-

lowed by centrifugation at 8250  g  for 10 min at 4 ° C. Spe-

cifi c activity of the mitochondrial aconitase present in the 

supernatant was measured by monitoring the conversion 

of sodium citrate to  α -ketoglutarate at 25 ° C at 340 nm 

( ε     �    6.13 mM  �    1  cm  �    1 ) using the coupled reduction of 

NADP  �   to NADPH by isocitrate dehydrogenase. The 

reaction medium contains 50 mM Tris-HCl buff er (pH 

7.4), 0.6 mM MnCl 
2
 , 5 mM sodium citrate, 0.2 mM 

NADP  �  , 0.25 mg mitochondrial protein/ml, and 1 U/ml 

isocitrate dehydrogenase. One milliunit of aconitase activ-

ity was defi ned as the amount of enzyme that catalyzes 

the formation of 1 nmol of isocitrate/minute [26]. The 

specifi c activity of fumarase was subsequently determined 

by following spectrophotometrically the conversion of 

malate to fumarate at 240 nm in a reaction medium con-

taining 50 mM phosphate buff er (pH 7.4), 0.25 mg mito-

chondrial protein/ml, and 0.05 M sodium  L -malate at 

25 ° C. The ratio of the specifi c activities of aconitase to 

fumarase was then calculated. Aconitase reactivation was 

achieved by incubation of mitochondrial samples at diff er-

ent times with reducing reagents, 2 mM dithiothreitol and 

0.2 mM ferrous ammonium sulphate. Then, the enzyme 

activity assay was repeated as described above.   

 Immunoblotting 

 Cortical and striatal mitochondrial and cytosolic fractions 

from control and paraquat-treated animals were prepared 

in Laemmli buff er with 2-mercaptoethanol (1:2 v/v) and 

boiled for 1 min. Equal amounts of protein (80  μ g) were 

loaded onto SDS-PAGE (7.5% or 15%), separated and 

blotted onto nitrocellulose membranes in Tris-glycine-

MeOH buff er. Non-specifi c binding was blocked by incu-

bation of the membranes with 5% non-fat dry milk in PBS 

for 1 h at room temperature. The blots were probed with 

a dilution 1:500 of primary antibodies specifi c for Bax 

(amino terminus, N-20), Bcl-xl (amino terminus, S-18), 

Bak (G-23), cytochrome  c  (carboxi terminus, C-20), AIF 

(carboxi terminus, D-20),  β -actin (C4), or cytochrome 

oxidase subunit III (MS406). Primary antibodies were 

incubated in 1% BSA in PBS overnight at 4 ° C with rock-

ing. The blots were rinsed thrice for 15 min with PBST 

(PBS with 0.15% Tween 20) and then incubated with 

horseradish peroxidase-conjugated secondary antibodies 

(anti-mouse, anti-rabbit, anti-goat) at 1:5000 in 2.5% non-

fat dry milk in PBS for 1 h at room temperature with 

rocking. The blots were rinsed thrice for 10 min with 

PBS and then exposed with ECL reagent [27,28]. Densi-

tometric analysis of bands was performed using the 

NIH Image 1.54 software. All experiments were per-

formed in triplicate.   

 Materials 

 Paraquat (1,1 ′ -dimethyl-4,4 ′ -bipyridinium dichloride), 

2-thiobarbituric acid, EDTA, glutamic acid, isocitrate 

dehydrogenase, malic acid, mannitol, MnCl 
2
 , NADP  �  , 

phosphotungstic acid, sodium citrate, succinate, sucrose, 

Trizma base, and antimycin were purchased from Sigma 

Chemical Co (St. Louis, MO, USA). Other reagents were 

of analytical grade. MitoSOX and NAO were purchased 



 Paraquat neurotoxicity 617

from Molecular Probes. Primary and secondary antibodies 

were provided by Santa Cruz Biotechnology Inc, USA. 

Cytochrome oxidase subunit III antibody was provided by 

MitoSciences Inc, USA.   

 Statistical analysis 

 Results were presented as mean  �  SEM. Prior to each 

analysis, test variables were checked for normality so all 

data were evaluated by the Kolmogorov – Smirnov test. 

ANOVA followed by Tukey ’ s test was used to analyze 

diff erences between mean values of more than two groups. 

SPSS (13.0 version) statistical software was used and a 

diff erence was considered to be statistically signifi cant 

when p    �    0.05.    

 Results  

 Paraquat increases cortical and striatal MitoSOX 
fl uorescence 

 Mitochondria were loaded with MitoSOX, a fl uorescent 

dye that typically increases its emission in the presence of 

an excessive generation of superoxide anion escaping 

from the action of Mn-SOD. 

 Typical experiments showing FL-2 histograms corre-

sponding to cortical and striatal mitochondria are shown 

in Figure 1A and B, respectively. Basal MitoSox fl uores-

cence was higher in striatal (A-i) than in cortical mito-

chondria (B-i). Cortical and striatal mitochondria from 

paraquat-treated animals showed an increased FL-2 fl uo-

rescence as compared with control mitochondria. Quanti-

fi cation of the superoxide anion levels was performed as 

the MitoSOX r.f.i. using marker 1 (M1), as shown in 

Figure 1C. M1 indicates high r.f.i. of the mitochondrial 

population. Striatal mitochondrial superoxide anion levels 

were signifi cantly higher (42%) than in cortical mitochon-

dria from untreated animals. Paraquat treatment increased 

cortical and striatal mitochondrial superoxide anion levels 

by 45% and 18%, respectively, as compared with control 

mitochondria. As expected, cortical and striatal mitochon-

dria from control animals exposed to 0.5  μ M antimycin 

showed an increased FL-2 fl uorescence as compared with 

the basal values (positive control). Unloaded (no probe) 

mitochondrial sample was illustrated at the inset.   

 Paraquat increases cortical and striatal lipid 
peroxidation levels 

 TBARS production was 25% signifi cantly higher in striatal 

mitochondria than in cortical mitochondria from untreated 

animals. Paraquat treatment increased cortical and striatal 

lipid peroxidation levels by 16% and 28%, respectively, as 

compared with control mitochondria (Figure 2).   

 Paraquat decreases cardiolipin content in cortical and 
striatal mitochondria 

 Previous observations indicate that low NAO fl uorescence 

would be due to oxidation/depletion of cardiolipin 

[23,29,30]. This can be explained by the fact that free 

radicals-induced cardiolipin damage leads to a decreased 

cardiolipin accessibility to NAO. 

 Cortical and striatal mitochondria were analyzed for 

NAO staining by fl ow cytometry (Figure 3A and B). 

Unloaded (no probe) mitochondrial sample was illustrated 

at the insets. After NAO mitochondrial loading, we 

  Figure 1.      Eff ects of paraquat treatment on cortical MitoSOX fl uorescence intensity.  Histograms of cortical (A) and striatal (B) mitochondrial 

events versus r.f.i. (FL-2) from control (i) and paraquat-treated animals (ii). Samples without probe were used for autofl uorescence (insets). 

CC: cerebral cortex from control animals, CPQ: cerebral cortex from paraquat-treated animals. SC: striatum from control animals and SPQ: 

striatum from paraquat-treated animals. Each histogram represents a typical experiment out of three. (C) A common marker (M1), indicating 

high relative fl uorescence intensity of the mitochondrial population was used to quantify the superoxide anion levels in each experiment. 

Bars graph for quantifi cation of mitochondrial MitoSOX relative fl uorescence values (r.f.i.) as mitochondrial superoxide levels. Bars represent 

the mean  �  SEM of three diff erent experiments. Antimycin A was used as positive control. ANOVA followed by Tukey ’ s test was used 

( # p    �    0.01 as compared with cortical control value;  * p    �    0.01, as compared with its respective control value).  
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quantifi ed the amount of events with high fl uorescence 

(M1) present in mitochondria from control and paraquat-

treated animals in order to carefully evaluate the FL-2 

fl uorescence changes in the diff erent samples. M1 describes 

a mitochondrial population with high cardiolipin content. 

Quantifi cation of NAO r.f.i. under M1 was presented in 

Figure 3C. Striatal mitochondria from untreated animals 

presented 32% lower cardiolipin content than cortical 

mitochondria. Paraquat treatment decreased cortical and 

striatal NAO relative fl uorescence by 13% and 49%, 

respectively (p    �    0.01, as compared with control mito-

chondria), indicating cardiolipin peroxidation. Antimycin 

A (0.5  μ M), an inhibitor of the ubiquinone-cytochrome  c  

reductase, was used as a positive control.   

 Paraquat treatment increases cortical and striatal 
Mn-SOD activity 

 Increases of 73% and 79% were observed in Mn-SOD 

activity in cortical and striatal mitochondrial samples, 

respectively, after paraquat treatment (p    �    0.05, as com-

pared with control values) (Figure 4).   

 Paraquat treatment decreases cortical and striatal 
mitochondrial aconitase activity 

 Mitochondrial aconitase activity is a functional indica-

tor of mitochondrial levels of reactive oxygen species 

because its iron-sulfur core is frequently oxidized by 

superoxide anion, reducing the enzyme activity. How-

ever, mitochondrial reactive oxygen species do not aff ect 

fumarase activity. Therefore, we used the activity ratio 

between mitochondrial aconitase and fumarase as a 

functional indicator of the presence of oxidative stress. 

As shown in Figure 5, striatal mitochondria presented a 

45% lower aconitase/fumarase activity ratio than corti-

cal mitochondria in untreated animals. The ratios of 

mitochondrial aconitase to fumarase activity were sig-

nifi cantly decreased by 41% and 53% in cerebral cortex 

and striatum, respectively, after paraquat treatment 

(p    �    0.01, as compared with control values). Exposure 
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  Figure 2.      Eff ect of paraquat on TBARS production . Bars represent 

the mean  �  SEM of three individual mitochondrial samples, each 

obtained from a pool of cerebral cortex or striatum of three rats. 

ANOVA followed by Tukey ’ s test was used ( # p    �    0.01 as compared 

with cortical control value;  * p    �    0.001, as compared with its 

respective control value).  

  Figure 3.      Eff ects of paraquat treatment on NAO fl uorescence . Histograms of cortical (A) and striatal (B) mitochondrial events versus 

r.f.i. (FL-2) from control (i) and paraquat-treated animals (ii). Autofl uorescence was evaluated without probe (insets). CC: cerebral 

cortex from control animals, CPQ: cerebral cortex from paraquat-treated animals. SC: striatum from control animals and SPQ: striatum 

from paraquat-treated animals. Each histogram represents a typical experiment out of three. (C) Bars graph quantifi cation of the amount 

of events with high NAO relative fl uorescence was conducted using a marker (M1), indicative of the level of cardiolipin content. Bars 

represent the mean  �  SEM of three diff erent experiments. Antimycin A was used as positive control of lipid peroxidation. ANOVA 

followed by Tukey ’ s test was used ( # p    �    0.05 as compared with cortical control value;  * p    �    0.01, as compared with its respective 

control value).  
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of cortical and striatal mitochondrial samples from 

paraquat-treated animals to reducing agents during 1 h 

did not induce the reactivation of aconitase activity 

(data not shown).   

 Paraquat increases Bax and Bak expressions associated 
to mitochondrial membranes 

 An increased Bax association to the outer mitochondrial 

membrane was clearly observed after paraquat treatment 

in cerebral cortex and striatum as compared with control 

mitochondria (Figure 6A-i). Also, paraquat treatment 

increased Bak expression in cortical and striatal mitochon-

drial membranes (Figure 6B-i). However, Bcl-xl protein 

levels showed no diff erences after paraquat treatment in 

the studied brain areas (Figure 6A-i and B-i). Further-

more, Bax/Bcl-xl and Bak/Bcl-xl ratios were measured by 

band quantifi cation. Paraquat treatment signifi cantly 

increased Bax/Bcl-xl ratios by 1.5- and 1.2-fold and 

Bak/Bcl-xl ratios by 1.2- and 1-fold in cortical and striatal 

mitochondria, respectively (p    �    0.05, as compared with 

control values) (Figure 6A-ii and B-ii).   

 Paraquat induces cytochrome c and AIF release 
from mitochondria 

 Cytochrome  c  immunoreactivity was evident as a single 

band of 12 kDa in both subcellular fractions (Figure 7A). 

The ratios between the levels of cytochrome  c  observed in 

the mitochondrial pellet and in the cytosolic fractions 

clearly decreased by 93% and 89% after paraquat treat-

ment in cortical and striatal samples, respectively (p    �    0.01, 

as compared with control values) (Figure 7B). Also, para-

quat treatment induced the release of AIF (57 kDa) into 

cytosol in both brain areas (Figure 8A). Signifi cant 

decreases in AIF pellet/cytosol ratios of 96% and 

93% were observed in cortical and striatal samples from 

paraquat-treated animals (p    �    0.01, as compared with con-

trol values) (Figure 8B).    

 Discussion 

 This study was aimed at understanding the molecular 

mechanism involved in mitochondrial dysfunction and 

apoptosis in the premotor stages of Parkinson ’ s disease. 

The results showed that  in vivo  paraquat treatment increases 

cortical and striatal intramitochondrial superoxide anion 

levels inducing a condition of oxidative stress, even in the 

presence of an increased Mn-SOD activity. The increased 

superoxide anion levels observed could be due to a perma-

nent protein alteration of Complex I induced by paraquat 

as observed previously by our laboratory [15]. In this con-

text, we evaluated the oxidative damage on aconitase activ-

ity.  In vitro  evidence indicates that aconitase is highly 

susceptible to prooxidant-induced inactivation, rather than 

a protein expression decrease [26,31]. Our results showed 

that chronic paraquat treatment inhibited aconitase activity 

in mitochondria from cerebral cortex and striatum. These 

results are in agreement with Bulteau et   al. [32] that 

reported an irreversible aconitase inhibition by an increased 

or prolonged oxidative stress. We observed no reactivation 

of the enzyme after 1 h even in the presence of citrate as 

a substrate, indicating that aconitase inhibition was irre-

versible, probably due to the persistent inhibition of Com-

plex I, which in turn induced high levels of superoxide. 

 Lipid peroxidation of mitochondrial membrane phos-

pholipids is considered one of the major causes of mito-

chondrial dysfunction in a variety of pathophysiological 

situations [33,34]. Cardiolipin, a phospholipid of the inner 

mitochondrial membrane, is involved in several bioenerget-

ics processes optimizing the activity of key mitochondrial 

inner proteins involved in oxidative phosphorylation [35]. 

The current study shows that increased intramitochondrial 

superoxide anion levels and the persistent inhibition of 

mitochondrial aconitase were associated with increased 

lipid peroxidation and cardiolipin oxidation/depletion in 

cerebral and striatal intact mitochondria, measured as 

TBARS production and NAO staining, respectively. 

 Important to note is the fact that the specifi city of 

MitoSOX red (Mito-HE) for superoxide  in vivo  is limited 

by autooxidation as well as by nonsuperoxide-dependent 
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  Figure 4.      Eff ect of paraquat treatment on Mn-SOD activity.  Bars 

represent U 
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   �  SEM of three individual mitochondrial samples, 

each obtained from a pool of cerebral cortex or striatum of three 

rats. ANOVA followed by Tukey ’ s test was used ( * p    �    0.05 as 

compared with its respective control value).  
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  Figure 5.      Eff ect of paraquat treatment on aconitase activity . Bars 

represent the aconitase/fumarase activity ratio    �    SEM of four 

individual mitochondrial samples, each obtained from a pool of 

cerebral cortex or striatum of three rats. ANOVA followed by 

Tukey ’ s test was used ( # p    �    0.01 as compared with cortical control 

value;  * p    �    0.05, as compared with its respective control value).  
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processes that can oxidize HE probes [36]. Thus, in our 

study the results of increased MitoSOX superoxide detec-

tion were supported by the decreased aconitase activity and 

high cardiolipin peroxidation after paraquat treatment. 

 In addition, cortical and striatal mitochondria from 

untreated animals showed signifi cantly diff erent basal 

levels of superoxide anion and cardiolipin content as well 

as aconitase activity, as observed in Figures 1 – 4. These 

  Figure 6.      Eff ects of paraquat treatment on mitochondrial Bax, Bak, and Bcl-xl  protein expressions.(A)  Bax -  Bcl-xl  and (B) 

 Bak - Bcl-xl   expression .   Typical examples of Western blots of mitochondrial samples of each experimental group (i). Cytochrome oxidase 

subunit III was used as loading control of mitochondrial fractions. C: control animals. PQ: paraquat-treated animals. The results are 

representative of three independent studies. (ii) Bars represent mitochondrial Bax/Bcl-xl or Bak/Bcl-xl ratio  �  SEM obtained after 

densitometric analysis. ANOVA followed by Tukey ’ s test was used ( * p    �    0.05, as compared with its respective control value).  

  Figure 7.      Eff ects of paraquat treatment on cytochrome c release  . (A)  Typical examples of Western blots of mitochondrial and cytosolic 

samples for each experimental group. Cytochrome oxidase subunit III and  β -actin were used as loading control for mitochondrial and 

cytosolic fractions, respectively. C: control animals. PQ: paraquat treated animals. The results are representative of three independent studies. 

(B) Bars represent cytochrome  c  mitochondrial/cytosol ratio  �  SEM obtained after densitometric analysis. ANOVA followed by Tukey ’ s 

test was used ( * p    �    0.01, as compared with its respective control value).  
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diff erences could be attributed to the high oxidative 

dopamine metabolism present in the striatum [37]. In 

accordance, cardiolipin peroxidative damage and aco-

nitase activity decrease were more marked in striatal 

mitochondria than in cerebral cortex after paraquat treat-

ment. Data shown in this study could indicate that the 

endogenous oxidative metabolism present in striatal 

mitochondria turned this tissue more sensitive to chronic 

paraquat treatment. This result could be supported by 

Pickrell et   al. [38] who observed that striatum is highly 

susceptible to mitochondrial oxidative phosphorylation 

dysfunctions. 

 Mitochondrial participation in paraquat-induced 

apoptosis was associated with the increased superoxide 

anion levels, high aconitase inactivation, and marked 

cardiolipin peroxidation leading to cortex and striatal 

activation of cell death pathways. It is well known that 

pro-apoptotic members of the Bcl-2 family are respon-

sible for transient membrane permeabilization facilitat-

ing cytochrome  c  release [39]. In this study, paraquat 

induced the association of the pro-apoptotic protein Bax 

to cortical and striatal mitochondrial membranes. This 

association could be due to alterations in Complex I 

activity and subsequent increase in intramitochondrial 

superoxide anion levels, in accordance with previous 

studies showing that Complex I defi ciency primes Bax-

dependent neuronal apoptosis through mitochondrial 

oxidative stress [40]. Fei et   al. [41] reported that 

paraquat triggers apoptosis in SK-N-SH cells through a 

Bak-dependent mitochondrial membrane depolarization, 

cytochrome  c  release, and caspase 3 activation. In con-

trast, our results suggest that in our model of paraquat 

neurotoxicity, Bax and Bak play an important role in 

mitochondrial membrane permeabilization. 

 It is known that impaired mitochondrial respiration 

linked to Complex I blockade leads to oxidative dam-

age to proteins, lipids, and DNA and activation of mito-

chondria-dependent apoptotic machinery by directly 

triggering the release of the apoptogenic molecules 

from the defective mitochondria [42,43]. Cytochrome 

 c  normally present at the inner mitochondrial mem-

brane is closely attached to cardiolipin molecules [44]. 

As expected, we observed that paraquat treatment 

decreased the levels of cytochrome  c  in cortical and 

striatal mitochondria and simultaneously induced an 

increase of this molecule in the cytosol. Also, it has 

been suggested that after an apoptotic insult, AIF trans-

locates from mitochondria to the cytosol were its 

reaches the nucleus interacting with cyclophilin A to 

become an active DNAse [45,46]. Our data showed that 

paraquat treatment induced AIF release from cortical 

and striatal mitochondria to the cytosol. Taking into 

account the data presented here, we suggest that cyto-

chrome  c  and AIF release was induced by paraquat 

treatment as a consequence of outer membrane per-

meabilization and cardiolipin peroxidation. 

  Figure 8.      Eff ects of paraquat treatment on AIF release . (A) Typical examples of Western blots for mitochondrial and cytosolic samples for 

each experimental group. Cytochrome oxidase subunit III and  β -actin were used as loading control of mitochondrial and cytosolic fractions, 

respectively. C: control animals. PQ: paraquat treated animals. The results are representative of three independent studies. (B) Bars represent 

AIF mitochondrial/cytosol ratio  �  SEM obtained after densitometric analysis. ANOVA followed by Tukey ’ s test was used ( * p    �    0.01, as 

compared with its respective control value).  
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 Although the striatum was more susceptible of under-

going oxidative damage than the cerebral cortex, similar 

levels of apoptosis were induced in both brain areas. We 

cannot discard that other types of cell demise could be 

occurring in the striatum characterized by diff erent hybrids 

shapes between apoptosis and necrosis.   

 Conclusions 

 Diff erences in basal superoxide anion levels, cardiolipin 

content, and aconitase activity were observed in cortical 

and striatal mitochondria from untreated animals, prob-

ably due to a high oxidative metabolic state present in 

striatal tissue. In addition a weekly dose of paraquat 

(10 mg/kg  ip ) during four weeks activates intrinsic 

mitochondrial pathways associated with cell death pro-

gram such as the induction of Bak and Bax pathways on 

mitochondrial membranes, changes in permeability to the 

cardiolipin detached cytochrome  c  and the loss of the 

protein factor AIF from the inner membrane to the cyto-

sol. Interesting to note was the fact that under chronic 

paraquat exposure, striatal mitochondria showed higher 

sensitivity to paraquat oxidative damage as compared 

with brain cortex mitochondria. Even in the presence of 

a higher oxidative stress in the striatum, the levels of pro-

apoptotic proteins attained in the mitochondria were 

similar in both brain areas.                   
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