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Abstract 

Haloperidol is a first-generation antipsychotic that induces oxidative stress and neuronal injury.  The objective of this study was to examine 
the effect of the redox dye methylene blue (MethyB) on brain oxidative stress and neurodegeneration and on liver tissue damage in the rat after 
acute administration of high dose haloperidol. Rats were orally treated with haloperidol at a dose of 5 mg/kg alone or co-administered with 
MethyB at doses of 1, 5, 10, 20 mg/kg, intraperitoneally daily for two days. Biomarkers of oxidative stress including lipid peroxidation 
(malondialdehyde), nitric oxide, reduced glutathione, paraoxonase-1 activity (PON-1) and the level of the anti-apoptotic protein Bcl-2 were 
determined. Histopathological examination of brain and liver tissue was also done. Haloperidol treatment resulted in significant increases in 
malondialdehyde and nitric oxide compared with the vehicle group. Significant decreases were also observed in reduced glutathione, PON-1 
activity and Bcl-2. Treatment with MethyB prevented the increase in lipid peroxidation and nitric oxide and restored PON-1 activity in a dose-
dependent manner. Haloperidol resulted in spongiform changes, dead neurons in the cerebral cortex and degeneration of Purkinje cells and 
white matter vacuolation in cerebellum. The drug also caused distortion of liver architecture, massive vacuolation, necrosis and pyknosis of 
hepatocytes. These pathological changes were alleviated to great extent by MethyB at 20 mg/kg.  Our findings suggest that oxidative stress is 
involved in the neurotoxic effects of high dose haloperidol and that MethyB affords protection. This protective action of MethyB involves 
decreased oxidative stress. 
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1 Introduction 

Haloperidol is a commonly used first-generation 
antipsychotic drug. The agent is employed in the 
pharmacological treatment of schizophrenia, a devastating 
mental illness with such severe symptoms as hallucinations, 
delusions, thought disorder, disturbances in social 
interaction, and cognitive impairment [1, 2]. It is also used 
to treat agitation and delirium in the intensive care unit [3], 
reduce agitated behaviors in mechanically ventilated 
patients [4] and following traumatic brain injury [5]. The 
drug is a classic neuroleptic, having high affinity for 
dopamine D2 receptors and blockade of these in the 
mesolimbic area ameliorates psychotic symptoms [6] but 
their blockade in the nigrostriatal pathway results in the 
liability for the emergence of extrapyramidal manifestations 
eg., parkinsonism [7] and tardive dyskinesia [8]. There is an 
evidence to suggest that haloperidol is neurotoxic [9]. 
Haloperidol induces caspase-dependent apoptosis in 
cultured cortical neurons by reducing cellular survival 
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signalling [10]. In rats, single intraperitoneal (i.p.) injections 
of 4 or 12 mg/kg haloperidol increased the number of 
apoptotic neurons in the striatum and substantia nigra [11]. 
When given to mice at 5 mg/kg for 3 consecutive days, the 
drug resulted in disorganization of cerebral cortical layers, 
neuronal apoptosis, shrinkage and necrosis in the cortex and 
striatum [12]. It also exacerbated cognitive deficits in rats 
with traumatic brain injury [13]. 
Oxidative stress is the mechanism most implicated in the 
neurotoxic effects of haloperidol [9]. Oxidative stress 
ensues when the cell’s antioxidant capacity is overwhelmed 
by free radicals due to either diminished cellular 
antioxidants or an increase in the generation of free radicals, 
with membrane lipids, proteins, nucleic acid, and other 
macromolecules becoming targets for oxidative 
modification [14, 15]. In the brain tissue, where there is 
paucity of cellular antioxidants, the redox balance might be 
tilted in favor of pro-oxidants. The latter comprises the 
reactive oxygen metabolites such as superoxide (O2

•–), and 
hydrogen peroxide (H2O2) generated by the mitochondrial 
respiratory chain as byproducts of oxygen metabolism. 



Salam OMEA et al., Neuronal and hepatic protection by methylene blue 18 

Other sources of free radicals are the oxidation of dopamine 
via auto-oxidation or its metabolism by the enzyme 
monoamine oxidase, activated phagocytes, nitric oxide 
synthases and the transition metals iron and copper 
undergoing redox-cycling reactions [14, 16].  In particular, 
the high rate of oxygen consumption and the high content of 
polyunsaturated lipids render the brain most susceptible to 
oxidative stress [16]. Haloperidol has been shown to 
increase the level of reactive oxygen metabolites in rat 
cortical neurons and mouse hippocampal neurons [17]. 
When given to rodents, haloperidol resulted in increased 
lipid peroxidation products [12, 18, 19], protein carbonyls 
[18], depletion of reduced glutathione, total antioxidant 
capacity [12, 20] and decreased activity of the antioxidant 
enzymes catalase [20], superoxide dismutase and 
glutathione peroxidase [21, 22]. Haloperidol has been 
shown to increase thiobarbituric acid reactive substances 
indicative of an increase in lipid peroxidation in plasma of 
healthy subjects [23]. There is also an accumulating 
evidence which suggests an important role for oxidative 
stress in subjects with schizophrenia [24]. First episode 
patients exhibited elevations in plasma oxidized glutathione 
[25], malondialdehyde [26], F2-isoprostane [27], and 
protein carbonyl levels [28]. These patients also had 
decreased total and reduced glutathione [25], serum 
arylesterase activity and whole blood glutathione 
peroxidase activity [26]. Hence, treatment with haloperidol 
could exacerbate oxidative stress in these patients. 
Methylthioninium chloride or methylene blue (MethyB) is 
a synthetic redox dye with a number of medical applications 
such as treatment of cyanide poisoning and 
methemoglobinemia [29, 30]. It is also used to treat 
refractory hypotension unresponsive to intravenous fluids 
and vasopressors [31], possibly due to its nitric oxide 
synthase, and guanylate cyclase enzyme inhibitory effects 
[32, 33]. Methylene blue has come into attention in the 
recent years because of its neuroprotective potential which 
was demonstrated in experimental models such as 
amyotrophic lateral sclerosis [34], Huntington's disease 
[35], traumatic brain injury [36], Parkinson’s disease [37], 
organophosphorus toxicity [38] and toluene toxicity [39]. 
These neuroprotective effects are considered to be mediated 
through the decreased production of O2

•– by the 
mitochondria [40], decreased microglia activation and 
release of cytokines [34, 41], antioxidant [38, 39] and anti-
apoptotic [37] effects. 
This study therefore examines the potential of MethyB for 
ameliorating oxidative stress and neurodegeneration caused 
by high dose haloperidol. The drug has been shown to cause 
hepatic damage when given to mice at high doses [12]. The 
study was thus extended to investigate the effect of MethyB 
on the haloperidol-induced liver injury. 

2 Materials and methods 

2.1 Animals 

Experiments were conducted on Sprague Dawley rats (180-
200 g). Animals were group housed on a 12-h light/dark 

cycle and allowed free access to standard laboratory rodent 
chow and tap water. All experiments were conducted in 
accordance with the recommendations of the Institutional 
Ethics Committee and the United States National Institutes 
of Health Guide for Care and Use of Laboratory Animals 
(Publication No. 85-23, revised 1985). 

2.2 Drugs and chemicals 

Haloperidol was obtained from Kahira Pharm and Chem. 
IND (Cairo, Egypt) and dissolved in sterile physiological 
saline. Methylene blue was purchased from Sigma (St. 
Louis, USA) and dissolved in normal saline to obtain the 
necessary dose. Other chemicals and reagents were of 
analytical grade (Sigma, St. Louis, USA). The doses of 
haloperidol and MethyB were based on previous studies [12, 
38, 39]. 

2.3 Study design 

Rats were randomly divided into six equal groups 
(n=6/group). Group 1 was treated with i.p. saline and served 
as negative control. Groups 2-5 were orally treated with 
haloperidol at the dose of 5 mg/kg on two successive days 
either alone (group 2) or together with MethyB i.p. at doses 
of 1, 5, 10, or 20 mg/kg (groups 3-6). Rats were euthanized 
by decapitation under light ether anaesthesia and their brains 
and livers were quickly dissected out on an ice-cold plate, 
washed with ice-cold saline at pH 7.4, weighed, and stored 
at −80 °C until biochemical assays. Tissue homogenization 
was done with 0.1 M phosphate-buffered saline (pH 7.4) to 
give a final concentration of 10% weight/volume. Parts of 
the tissues were kept in 10% formol saline for subsequent 
histopathological examination. 

2.4 Biochemical analyses 

2.4.1 Determination of lipid peroxidation 

Malondialdehyde (MDA), an end product of lipid 
peroxidation was measured according to the method 
described by Nair and Turne [42] based on the principle that 
thiobarbituric acid reactive substances (TBAS) react with 
thiobarbituric acid forming TBA-MDA adduct and the 
absorbance is read at 532 nm using spectrophotometer . 

2.4.2 Determination of nitric oxide 

Nitric oxide was measured using Griess reagent according 
to Moshage et al. [43]. Nitrate is converted to nitrite by 
nitrate reductase. Griess reagent then converts nitrite to a 
deep purple azo compound. The absorbance is read at 540 
nm using spectrophotometer. Nitrite, a stable end-product of 
nitric oxide radical, is mostly used as indicator for the 
production of nitric oxide. 

2.4.3 Determination of reduced glutathione 

The Ellman's assay was used for the determination of the 
free sulfhydryl (thiol, SH) groups, such as free cysteine and 



J Basic Pharmacol Toxicol. 2020;4(1):17-27 19 

glutathione, the most abundant form of non-protein thiols. 
Ellman’s reagent (5, 5'-dithiobis-2-nitrobenzoic acid) is 
reduced by sulfhydryl groups to form 2-nitro-5-
mercaptobenzoic acid. The latter has an intense yellow color 
and is determined colorimetrically at 412 nm [44]. 

2.4.4 Determination of paraoxonase-1 activity 

Paraoxonase-1 arylesterase activity was determined using 
phenylacetate as a substrate and the formation of phenol was 
measured by monitoring the increase in absorbance at 270 
nm and 25 °C with a spectrophotometer. One unit of 
arylesterase activity is defined as 1 μM of phenol produced 
per minute. Enzyme activity is calculated based on the 
extinction coefficient of phenol (1310 M-1 cm-1 at 270 nm, 
pH 8.0 and 25 °C) and expressed as kilo International 
Units/Liter (kU/L) [45]. 

2.4.5 Quantification of Bcl-2 

The level of B-cell leukemia/lymphoma 2 (Bcl-2) was 
determined by double-antibody sandwich enzyme-linked 
immunosorbent assay kit according to the manufacturer’s 
instructions (Wuhan Fine Biotech Co., Ltd., China). 

2.5 Statistical analyses 

Results are expressed as mean ± SE. Statistical significance 
was determined by using one-way ANOVA, followed by 
Duncan’s multiple range test using SPSS software (SAS 
Institute Inc., Cary, NC). A probability value of less than 
0.05 was considered statistically significant. 

2.6 Histopathological studies 

The brain and liver specimens of different groups were 
removed and fixed in 10% formol saline for at least 72 hr. 
Specimens were then washed in tap water for half an hour, 
dehydrated in ascending grades of alcohol, cleared in xylene 
and finally embedded in paraffin. Sections of 5 μm thick 
were cut and stained with haematoxylin and eosin for 
histopathological investigations and investigated by light 
microscope. 

3 Results 

3.1 Biochemical results 

3.1.1 Effect of methylene blue on oxidative stress in 
haloperidol-treated rats  

Rats treated with haloperidol alone exhibited significant 
elevations in brain malondialdehyde and nitric acid contents 
by 40.4% (25.38 ± 1.36 vs. 18.08 ± 1.26 nmol/g tissue) and 
48.2% (35.62 ± 1.43 vs. 20.26 ± 1.0 µmol/g tissue) 
compared with the saline control group. Haloperidol also 
resulted in -34% decrease in brain reduced-glutathione 
content (2.21 ± 0.13 vs. 3.35 ± 0.29 µmol/g tissue) (Figure 
1). In haloperidol-treated rats, the administration of MethyB 

at 20 mg/kg produced a significant attenuation of brain 
malondialdehyde level by 27.2% (18.47 ± 0.71 vs. 25.38 ± 
1.36 nmol/g tissue) compared with the haloperidol only 
group (Figure 1A). In addition, there was a significant 
decrease in brain nitric oxide by 22.6%, 31.3%, and 44.9% 
after treatment with MethyB at 5, 10 or 20 mg/kg, compared 
to the haloperidol control group (27.56 ± 1.65, 24.46 ± 1.8, 
19.61 ± 1.08 vs. haloperidol control 35.62 ± 1.43 µmol/g 
tissue) (Figure 1B). Meanwhile, the administration of 
MethyB had no significant effect on brain reduced-
glutathione in haloperidol-treated rats (Figure 1C). 

3.1.2 Effect of methylene blue on paraoxonase-1 in 
haloperidol-treated rats  

In haloperidol-only-treated rats, paraoxonase-1 (PON-1) 
activity showed a 54.8% decrease (4.57 ± 0.2 vs. 10.11 ± 
0.62 kU/l) compared with the saline control value. The 
administration of MethyB at doses of 1, 5, 10 or 20 mg/kg 
resulted in significant increase in PON-1 activity by 33.5%, 
50.3%, 85.5% and 113.3%, respectively. Values were 6.10 
± 0.4, 6.87 ± 0.28, 8.48 ± 0.27 and 9.75 ± 0.6 for the 
MethyB-treated groups compared with the haloperidol 
control value of 4.57 ± 0.2 kU/l (Figure 1D). 

3.1.3 Effect of methylene blue on Bcl-2 in haloperidol-treated 
rats  

Significantly decreased level of Bcl-2 by 23.5% was 
observed in the brain of haloperidol-treated rats as 
compared with the saline group (2.41 ± 0.1 vs. 3.15 ± 0.16 
ng/ml). MethyB had no significant effect on Bcl-2 in 
haloperidol-treated rats (Figure 2). 

3.2 Histopathological analysis of brain tissue 

3.2.1 Cerebral cortex 

Sections from the saline control group showed a normal 
appearance (Fig. 3A). Rats treated with only haloperidol 
demonstrated spongiform changes consisting of relatively 
small delicate vacuoles in the cerebral cortex. Lewy bodies 
could be seen in some neurons. There were some dead 
neurons seen as red neurons with vacuolation of neuropil 
and congestion of cerebral blood vessel (Figs. 3B & 3C). 
Sections of rats treated with haloperidol and MethyB at 1 
mg/kg revealed no improvement of the histopathological 
changes. Vacuolation in majority of sections, referred to as 
spongiform degeneration was still present. Some 
degenerated neurons and light stained cells with pale nuclei 
and prominent nucleoli were seen (Fig. 3D). Sections from 
rats treated with haloperidol and MethyB at 5 mg/kg showed 
some improvement in the histopathological changes in the 
form of no vacuoles in the cortex but most of neurons 
appeared degenerated and some dead neurons were 
occasionally seen. Others neurons were with bright nuclei 
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and cytoplasm and there was formation of numerous 
capillaries (Fig. 3E). Rats treated with haloperidol along 
with MethyB at 10 mg/kg showed some cortical neurons and 
astrocytes that appeared normal, pyramidal shaped with 
distinct nuclei and nucleoli. Neuroglia cells were also seen 
(Fig. 3F). Sections from rats treated with haloperidol and 
MethyB at 20 mg revealed that most of neurons returned to 
normal appearance, but some degenerated neurons and 
congestion of cerebral blood vessel were seen (Fig. 3G). 

3.2.2 Cerebellum  

The cerebellum from the saline control group showed a 
normal appearance (Fig. 4A). Rats treated with only 
haloperidol showed degeneration in most of Purkinje cells 
and vacuolation in white matter (Fig. 4b). Rats treated with 
haloperidol along with MethyB at 1 mg/kg showed no 
improvement with degeneration in Purkinje cells and 
vacuolation in white matter ((Fig. 4C). Rats treated with 
haloperidol and MethyB at 5 mg/kg showed degeneration in 
most of Purkinje cell (Fig. 4D). Following MethyB at 10 
mg/kg, there was degeneration in some of Purkinje cell and 
vacuolation in white matter (Fig. 4E). Following MethyB at 

 
Figure 1. Effect of methylene blue (MethyB) on brain malondialdehyde (MDA), nitric oxide, reduced glutathione levels and paraoxonase-1 (PON-
1) in haloperidol-treated rats. *:p<0.05 vs. saline control group. +:p<0.05 vs. haloperidol control group. @: p<0.05 vs. MethyB 10 mg/kg. #: p<0.05 
vs. MethyB 40 mg/kg (malondialdehyde).  #: p<0.05 vs. MethyB 20 or 40 mg/kg (nitrite and PON-1). 
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Figure 2. Effect of methylene blue (MethyB) on brain Bcl-2 in 
haloperidol-treated rats. *:p<0.05 vs. saline control group.  
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20 mg/kg, degeneration of some Purkinje cells was seen 
(Fig. 4F). 

3.2.3 Histopathological analysis of liver tissue  

Sections from control rats showed normal hepatic 
architecture with distinct hepatocytes, central vein and 

sinusoidal spaces (Fig. 5A). Haloperidol-treated rats 
exhibited distortion in hepatocyte architecture, massive 
vacuolation and pyknosis in hepatocytes, fibrosis, 
inflammatory cell infiltration and necrotic cells especially in 
periportal area. Dilatation and congestion in sinusoidal 
space were seen (Figs. 5B & 5C). In rats treated with 
haloperidol and MethyB at 1 mg/kg, the liver still suffered 

 
Figure 3. Representative photomicrographs of the cerebral cortex. (A) Saline control shows normal histological structure. (B) 
Haloperidol only showing Lewy bodies (red arrow), small delicate vacuoles in the cortex (black arrow) and degenerated neurons 
(yellow arrow). (C) Haloperidol only showing red neurons, shrunken neurons with vacuolation of neuropil (V) and formation of 
numerous capillaries. (D) Haloperidol + MethyB 1 mg/kg showing small vacuoles in most of the section (spongiform degeneration) 
(red arrow), some degenerated neurons (light green arrow), light stained cells (white arrow) with pale nuclei and prominent nucleoli. 
(E) Haloperidol + MethyB 5 mg/kg showing no vacuoles but degeneration and shrinkage of neurons (yellow arrow), some dead 
neurons characterized by red neurons (black arrow), neurons with bright nucleus and cytoplasm (red arrow) and formation of 
numerous capillaries. (F) Haloperidol + MethyB 10 mg/kg showed some cortical neurons, normal astrocytes (black arrow), neuroglia 
cells (white arrow). (G) Haloperidol + MethyB 20 mg/kg showed that most neurons returned to normal appearance (H & E x 400). 
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from massive vacuolation and congestion of sinusoidal 
space. Signs of degeneration were evident in most 
hepatocytes in the form of pyknotic nuclei, karyolysis and 
karyorrhexis (Fig. 5D). Treatment with MethyB at 5 mg/kg 
resulted in normalization of some hepatic cells with 
dilatation, congestion of central vein and sinusoidal space. 
Vacuolation was still present and also hypertrophy of 

Kupffer cells (Fig. 5E). The administration of MethyB at 10 
mg/kg resulted in improvement in pathological changes in 
the form of most hepatocytes appearing normal although 
slight dilatation in the portal vein, minimal fibrosis and few 
vacuoles were seen. Activation of Kupffer cells was also 
observed (Fig. 5F). Sections from rats treated with 
haloperidol and MethyB at 20 mg/kg revealed normalization 

 
Figure 4. Representative photomicrographs of the cerebellum. (A) Saline control shows normal histological structure of Purkinje cells (black arrow) (x 
400). (B) Haloperidol only showing degeneration in the most of Purkinje cell (yellow arrow) and vacuolation in white matter (black arrow) (x 400). (C) 
Haloperidol + MethyB 1 mg/kg showing degeneration in the most of Purkinje cells (black arrow) and vacuolation in white matter (red arrow) (x 200). 
(D) Haloperidol + MethyB 5 mg/kg showing degeneration in some Purkinje cells (black arrow), vacuolation of white matter (green arrow) (x 200). (E) 
Haloperidol + MethyB 10 mg/kg showing degeneration in the most of Purkinje cells (white arrow) and vacuolation in white matter (blue arrow) (x 
200). (F) Haloperidol + MethyB 20 mg/kg showing degeneration in some of Purkinje cells (red arrow). (x 200) 



J Basic Pharmacol Toxicol. 2020;4(1):17-27 23 

of the liver tissue and hepatic architecture although 
congestion in the central vein and sinusoids was still present 
(Fig. 5G). 

 
Figure 5. Representative photomicrographs of the liver. (A) Saline control showing normal histological structure of hepatic lobules and central vein (CV), 
surrounded by hepatocytes (H) and sinusoids (arrow) (x 200). (B) Haloperidol only showing distortion of hepatic architecture, vacuolation (white arrow), pyknotic 
nuclei (black arrow), dilatation and congestion of the sinusoidal space (yellow arrow) (x 400). (C): Haloperidol only showing fibrosis (black arrow), and 
inflammatory cell infiltrate in periportal area (red arrow) (x 400). (D) Haloperidol + MethyB 1 mg/kg showing distortion of hepatic architecture, vacuolation (V), 
congestion of sinusoidal space (back arrow), degeneration in most of hepatocytes in the form of pyknotic nuclei (white arrow) and karyorrhexis (red arrow) (x 
400). (E) Haloperidol + MethyB 5 mg/kg showing congestion in central vein (CV) and blood sinusoids (black arrow) and vacuolation (red arrow) (x 400). (F) 
Haloperidol + MethyB 10 mg/kg showing dilatation, thickening in wall of portal vessel (black arrow), minimal fibrosis (white arrow), few vacuoles (red arrow), 
activation of Kupffer cells (yellow arrow) (x 400). (G) Haloperidol + MethyB 20 mg/kg showing normal hepatic cells with congestion of central vein (CV), and 
sinusoidal space (x 400). 
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4 Discussion 

Haloperidol is a widely prescribed classic antipsychotic 
drug which demonstrated neurotoxicity in vitro and in vivo 
studies [10-13]. In this study, we aimed to investigate the 
neuroprotective potential of the redox dye MethyB in rats 
acutely treated with high dose haloperidol. Our results 
demonstrated increased oxidative stress in the brain of rats 
treated with haloperidol. The drug significantly decreased 
the level of the anti-apoptotic protein Bcl-2 and induced 
severe neurodegenerative changes in the cerebral cortex and 
cerebellum. There were in addition distortion of hepatic 
architecture, and apoptosis and necrosis of hepatocytes. 
Here, the administration of MethyB reduced the extent of 
brain lipid peroxidation, nitric oxide, restored PON-1 
activity and afforded protection against the 
histopathological changes induced by the antipsychotic drug 
in the brain and liver. 
Oxidative stress is considered an important mechanism 
underling the neurotoxic effects of haloperidol [9]. In this 
study, neurotoxicity was associated with significantly 
increased malondialdehyde level in the brain of rats given 
haloperidol. Malondialdehyde is an end product of lipid 
peroxidation and increased level is an indicative of 
increased production of reactive oxygen metabolites and 
consequent attack on membrane lipids [46]. There was also 
a significant decrease in reduced glutathione in brain of 
haloperidol-treated rats. Glutathione (L-γ-glutamyl-L-
cysteinyl-glycine) is the major non-protein thiol in cells and 
is synthesized by both neurons and astrocytes. Glutathione 
protects cells against reactive oxygen metabolites and 
reactive nitrogen species via non-enzymatic reduction or 
enzymatic reactions involving glutathione peroxidase. The 
resultant glutathione disulfide (GSSG, or oxidized 
glutathione) is then reduced back to GSH by glutathione 
reductase in a reaction that uses NADPH from the pentose 
phosphate shunt. Glutathione is important in maintaining 
the redox-balance of the cell and decreased levels occurs 
when there is increased generation of free radicals [47, 48]. 
The increase in brain lipid peroxidation and the depletion of 
reduced glutathione observed herein suggest the 
involvement of oxidative stress in haloperidol-induced 
neurodegeneration.  Other studies also indicated increased 
oxidative stress in the brain of rats after treatment with 
haloperidol where increased lipid peroxidation and 
decreased cellular antioxidants e.g., reduced glutathione, 
catalase and total antioxidant capacity were observed [12, 
19, 20]. Haloperidol also resulted in increased reactive 
oxygen metabolites in the rat whole blood [49]. There is also 
an evidence for increased formation of reactive oxygen 
metabolites from the mitochondria of cerebral and 
hippocampal neurons after exposure to haloperidol [17]. 
The decrease in reduced glutathione in the brain of 
haloperidol-treated rats is therefore likely to be due to its 
consumption by the increased generation of reactive oxygen 
metabolites and other free radicals. A decrease in brain 
glutathione has been demonstrated in patients with mood 
disorders and schizophrenia [50, 51]. Schizophrenic patients 
also showed significantly lower levels of reduced 
glutathione and the antioxidant enzymes superoxide 

dismutase and catalase in blood, especially those who are 
untreated [50]. It follows that haloperidol treatment might 
increase the already impaired redox-homeostasis in brain of 
these patients and increases the neurodegeneration. In this 
study, the increase in brain lipid peroxidation after 
haloperidol challenge was reduced by MethyB. The ability 
of the dye to cycle between its oxidized and reduced 
(leucoMethyB) is thought to block the production of 
superoxide by mitochondria and therefore protects against 
mitochondrial damage [40]. 
In addition, our results indicate significant elevation in brain 
nitric oxide level after haloperidol treatment which is 
consistent with previous observations in mice following 
high dose haloperidol [12]. Nitric oxide is an important 
signalling molecule in brain cells and controls vasodilator 
tone. Nitric oxide is formed from L-arginine by the action 
of three isoforms of the enzyme nitric oxide synthase 
(NOS); these are the endothelial (eNOS), neuronal (nNOS) 
and inducible (iNOS) isoforms [52]. The excessive 
production of nitric oxide, for example by iNOS expressed 
in astrocytes and microglia during inflammatory and toxic 
conditions results in impairment of cellular respiration with 
consequent neuronal energy failure and cell death [53]. This 
occurs through the reaction of the excess nitric oxide with 
superoxide resulting in the formation of the highly oxidant 
peroxynitrite (ONOO−) and the oxidation of thiols or 
nitration of protein tyrosine residues. Other reactive 
nitrogen oxides e.g., nitrogen dioxide (NO2

•) and dinitrogen 
trioxide (N2O3) could also be produced by the reaction of 
nitric oxide and molecular oxygen and cause nitrosation of 
thiols or protein cysteine residues (52, 54].  The increase in 
brain nitric oxide could be an important contributor to the 
haloperidol neurotoxicity via oxidative and/or nitrosative 
modification of cellular biomolecules. Moreover, the 
demonstrated ability of MethyB to inhibit the increase in 
brain nitric oxide after haloperidol and to afford 
neuroprotection lends support to the involvement of nitric 
oxide in the haloperidol-induced neurodegeneration. 
MethyB inhibits nitric oxide synthases [32, 33] and 
inhibition of brain nitric oxide was proposed as a 
mechanism underlying the neuroprotective effect of 
MethyB as the dye was shown to decrease the number of 
iNOS and eNOS activated cortical cells in 
ischaemic/reperfusion brain injury [55, 56]. Other studies 
have also indicated inhibition of brain or serum nitric oxide 
by MethyB together with protection against the toxicant-
induced neuronal injury [37-39]. 
The results of the present study are also consistent with 
reports of significantly decreased paraoxonase-1 (PON-1) 
activity in brain of mice after haloperidol administration 
[12]. Paraoxonase-1 which possesses an esterase and 
lactonase activities is involved in the hydrolysis of a number 
of organophosphorus insecticides, nerve agent, and lipid 
hydroperoxides and in metabolism of many other 
xenobiotics [57]. The enzyme is endued with an antioxidant 
and anti-inflammatory properties, inhibiting the release of 
cytokines e.g., tumour necrosis factor-alpha, interleukin-6 
and reactive oxygen species from macrophages [58]. In 
addition, deficiency of PON-1 was associated with 
increased oxidative stress in serum and macrophages [59]. 
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Moreover, mice deficient in PON-1 exhibited 
downregulation of a number of brain proteins involved in 
the antioxidant defense such as superoxide dismutase, DJ-1 
and Park-7 [60]. Paraoxonase-1 thus modulates oxidative 
stress and inflammation [61] and is considered to have an 
important role in neurodegenerative diseases where a 
decrease in its activity was found [62]. The activity of PON-
1 is also decreased in drug-naive schizophrenic patients 
compared with healthy subjects [63] most probably due to 
increased levels of oxidative stress. The latter has been 
shown to inactivate PON-1 [64]. The inhibition of PON-1 
by haloperidol could therefore result in increased oxidative 
stress and/or render the cell more vulnerable to oxidative 
stress and consequently neurodegeneration. Meanwhile, 
treatment with MethyB resulted in increase in the activity of 
the enzyme which is probably due to decreased level of 
oxidative stress and/or a consequence of neuroprotection.   
The Bcl-2 family of proteins controls the apoptotic pathway 
in the mitochondria. It includes both anti-apoptotic or pro-
survival Bcl-2 proteins and pro-apoptotic effector proteins 
Bcl-2-associated X protein (Bax), Bcl-2 antagonist/killer-1 
(Bak) and BH3 domain only proteins which mediates 
permeabilization of the outer mitochondrial membrane, an 
essential step in apoptosis. Expression of Bcl-2 or other anti-
apoptotic proteins can inhibit the activation of Bax and Bak 
following a death signal [65]. The present study indicates 
significantly decreased level of the anti-apoptotic protein 
Bcl-2 in brain of haloperidol-treated rats. There is evidence 
that Bcl-2 protects cells against metabolic oxidative stress 
[66]. Moreover, the increase in Bcl-2 expression was found 
to protect hippocampal cells against haloperidol toxicity in 
vitro [67]. The decrease in Bcl-2 by haloperidol therefore 
should increase the cell vulnerability to apoptotic signals 
and which could have an important role in haloperidol 
toxicity. 
Our histopathological data demonstrated severe 
neurodegenerative changes in the cerebral cortex of 
haloperidol-treated rats. In addition, the cerebellum showed 
degeneration in most of Purkinje cells. Other researchers 
reported increased number of apoptotic neurons in the 
substantia nigra and striatum of rats following single i.p. 
dose of 4 or 12 mg/kg of haloperidol [11]. In mice, 
haloperidol (5 mg/kg, i.p.) given for three consecutive days 
resulted in severe neuronal damage in the form of shrunken, 
apoptotic and necrotic and red neurons in the cerebral cortex 
and striatum [12]. Consistent with other studies, haloperidol 
also evoked massive vacuolation and degeneration of 
hepatocytes [12]. The drug was shown to increase 
malondialdehyde and nitric oxide and to decrease PON-1 
activity in liver of mice, suggesting a role for oxidative 
stress in the haloperidol-induced liver injury [20]. The 
histopathological changes evoked by the antipsychotic were 
preventable by MethyB co-administration which clearly 
proved both a neuro- and hepato-protective effects for the 
dye against the damaging effects of high dose haloperidol. 
In summary, the present study demonstrated that treatment 
with the redox dye MethyB reduces brain oxidative stress 
and prevents neuronal cell death and liver injury induced by 
haloperidol in the rat. The study provides evidence that 
MethyB might be a potential candidate for the prevention of 

the progression of neurodegeneration during treatment with 
classic antipsychotic drugs. 
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