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Abstract: This study investigated the effect of subcutaneously injected methylene blue on 

oxidative stress and nigrostriatal damage induced in the rat brain by systemic rotenone injection. 

Rotenone 1.5 mg/kg (injected subcutaneously three times per week) was given alone or in 

combination with methylene blue (5, 10, or 20 mg/kg subcutaneously daily) for 2 weeks. Brain 

concentrations of malondialdehyde, reduced glutathione, nitric oxide (nitrite), and acetylcholin-

esterase, paraoxonase 1 activity, and the antiapoptotic marker Bcl-2 (B-cell lymphoma 2) were 

determined. Histopathology, tyrosine hydroxylase immunoreactivity, tumor necrosis factor-alpha 

(TNF-α), and caspase-3 immunohistochemistry were also performed. Injection of rotenone 

resulted in increased oxidative stress in different regions of the brain. Substantial increases in 

malondialdehyde (by 59.6%–77.3%) and nitric oxide (by 43.7%–58.7%) were observed in the 

cortex, striatum, hippocampus, and medulla of rotenone-treated rats. Meanwhile, glutathione 

decreased by 24.3%–59.8% in these brain regions. Rotenone administration was associated with 

a significant decrease in paraoxonase 1 activity in the cerebral cortex, striatum, hippocampus, 

medulla, midbrain, and cerebellum (by 66%–73.6%). Further, acetylcholinesterase activity 

decreased by 44.4% in the cortex and Bcl-2 decreased in the striatum by 33.9% after rotenone 

injection. Rotenone induced a marked decrease in tyrosine hydroxylase immunoreactivity and 

increased both TNF-α and caspase-3 immunoreactivity in the striatum. These effects of rotenone 

were substantially reduced by coadministration of methylene blue, which resulted in significantly 

decreased malondialdehyde and nitrite and increased glutathione in different regions of the brain. 

In addition, there was increased paraoxonase 1 and acetylcholinesterase activity in response 

to treatment with methylene blue. Bcl-2 levels in the striatum increased significantly after the 

highest dose of methylene blue. Methylene blue also significantly decreased striatal expression 

of TNF-α and caspase-3 (apoptosis), and the degree of neuronal degeneration and gliosis in the 

striatum, substantia nigra, cortex, and hippocampus. Treatment with methylene blue resulted in 

an increased number of tyrosine hydroxylase-positive cells in the striatum, substantia nigra, and 

cerebral cortex, compared with the rotenone control group. The present findings suggest that 

treatment with methylene blue could prevent neuronal degeneration induced by rotenone injec-

tion in the rat brain. This effect may be mediated by inhibition of oxidative stress and apoptotic 

markers, and by enhancement of apoptotic markers and acetylcholinesterase activity.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects about 

1% of the population over the age of 65 years.1,2 In PD, there is a selective degeneration 

and loss of pigmented neurons of the substantia nigra pars compacta of the midbrain.3 

This results in motor impairment, such as rest tremor, bradykinesia, rigidity, and 
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postural instability.4 The disease is largely sporadic, and only 

5% of cases have an identified genetic origin.5,6 The exact 

cause of sporadic PD is not yet known, but a combination 

of genetic and environmental factors are likely to contribute 

to development of the disease.7,8 In this context, there is 

evidence to suggest the involvement of pesticides, such as 

rotenone, paraquat, or maneb, in contributing to the higher 

incidence of sporadic parkinsonism in rural populations.9,10

Oxidative stress has been strongly implicated in the 

pathophysiology of PD.11,12 Under physiological conditions, 

the body is continuously exposed to reactive oxygen 

metabolites and nitrogen species derived from such sources 

as the mitochondrial electron transport, xanthine oxidase, 

nicotinamide adenine dinucleotide phosphate oxidases, acti-

vated phagocytes, and nitric oxide synthases. Being highly 

unstable molecules with unpaired electrons, reactive oxygen 

metabolites (eg, the superoxide radical, hydrogen peroxide, 

and hydroxyl radical) can attack cellular macromolecules 

(membrane lipids, enzyme proteins, DNA) leading to cellular 

perturbations. The production of reactive oxygen metabolites 

and nitrogen species is counterbalanced by a number of enzy-

matic (eg, catalase, glutathione peroxidase, and superoxide 

dismutase) and nonenzymatic (eg, glutathione, ascorbic acid, 

carotenoids, and vitamin E) antioxidant mechanisms.13–15 

Oxidative stress occurs when these antioxidant mechanisms 

are overwhelmed by free radicals which could result in 

potential cellular and tissue damage.15 Several studies have 

indicated the existence of elevated levels of oxidative stress 

in postmortem brain tissue from patients with Parkinson’s 

disease, eg, increased cholesterol lipid hydroperoxides 

in the substantia nigra16 and increased carbonyl levels in 

the substantia nigra, caudate nucleus, and putamen, as 

well as in other areas of the brain,17 intense cytoplasmic 

8-hydroxyguanosine immunoreactivity in neurons of the 

substantia nigra,18 increased oxidative damage to several 

brain mitochondrial complex I proteins,19,20 and decreased 

glutathione levels in the substantia nigra.21

Methylthioninium chloride, also known as methylene 

blue, is used in humans in the treatment of methemoglobin-

emia and in cyanide poisoning.22,23 Methylene blue is a reduc-

tion-oxidation agent with potent antioxidant properties, that 

prevents formation of mitochondrial oxygen free radicals.24–26 

The dye also acts as an enhancer of the electron transport 

chain, thereby promoting oxygen consumption.27,28 Methylene 

blue readily crosses the blood–brain barrier, resulting in high 

concentrations in the central nervous system.29 This dye 

has recently been a focus of interest in view of its possible 

role in the treatment of neurodegenerative disorders. Thus, 

methylene blue has been shown to increase neuronal survival 

and to decrease neurodegeneration in both in vitro and in vivo 

models of Huntington’s disease,30 and to inhibit Aβ oligomer-

ization,31 reduce Aβ levels, and improve learning and memory 

deficits in a genetic mouse model of Alzheimer’s disease.32 It 

has also been reported to prevent retinal neurodegeneration 

induced in mice by intravitreal rotenone injection33 and to 

decrease spinal cord injury due to ischemia-reperfusion.34

The aim of the present study was therefore to investigate 

the effect of systemic administration of methylene blue on 

several oxidative stress and apoptotic markers and on acetyl-

choline esterase (AChE) activity in a model of Parkinson’s 

disease induced by rotenone in the rat.

Materials and methods
Animals
Male Sprague Dawley rats weighing 130–140 g were obtained 

from the animal house colony of the National Research Cen-

tre, Cairo, Egypt. Standard laboratory food and water were 

provided ad libitum. Animal procedures were performed 

in accordance with the ethics committee of the National 

Research Centre and followed the recommendations of the 

National Institutes of Health Guide for Care and Use of 

Laboratory Animals (Publication No 85-23, revised 1985). 

Equal groups containing ten rats each were used in all experi-

ments. The doses of methylene blue used were based on the 

relevant literature.35–37

Drugs and chemicals
Rotenone and methylene blue were obtained from Sigma-

Aldrich (St Louis, MO, USA). Rotenone was dissolved in 

100% dimethyl sulfoxide. Methylene blue was dissolved in 

saline to obtain the necessary doses. Anti-tyrosine hydroxy-

lase antibody, anti-caspase-3 antibody, and anti-tumor necro-

sis factor-alpha (TNF-α) antibody kits (Abcam, Cambridge, 

UK), an avidin-biotin complex kit (Vector Laboratories, Burl-

ingame, CA, USA), a biotinylated peroxidase-based universal 

kit (Dako, Carpinteria, CA, USA), and 3,3′-diaminobenzidine 

(Sigma-Aldrich) were used. All other chemicals used were 

obtained from Sigma-Aldrich.

Experimental design
Two cohorts of rats were used; the first cohort for bio-

chemical assays and the second for histopathology and 

immunohistochemistry. For the biochemical assays, the rats 

were randomly divided into five groups, with six rats in each 

group. Group 1 received the vehicle (dimethyl sulfoxide) 

daily; group 2 received a subcutaneous injection of rotenone 
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1.5 mg/kg three times per week; groups 3, 4, and 5 received 

rotenone 1.5 mg/kg subcutaneously three times per week 

in combination with methylene blue (5, 10, or 20 mg/kg 

subcutaneously daily, respectively). The injection volume 

was 0.2 mL per rat. All animals received the treatments for 

2 weeks and were then euthanized under ether anesthesia for 

tissue collection. The brains were quickly dissected out on an 

ice-cold plate into different areas (cerebral cortex, striatum, 

hippocampus, medulla, midbrain, and cerebellum), washed 

with ice-cold phosphate-buffered saline (pH 7.4), weighed, 

and stored at −80°C until the biochemical analyses. The 

tissues were homogenized with 0.1 M phosphate-buffered 

saline (pH 7.4) to give a final concentration of 10% weight/

volume (w/v) for the biochemical assays. A separate cohort 

of rats were administered dimethyl sulfoxide, rotenone, or 

rotenone and methylene blue (n=6 per group), and were 

euthanized 2 weeks after starting treatment for histopathol-

ogy and immunohistochemistry.

Biochemical analysis
Determination of lipid peroxidation
Lipid peroxidation was assayed by measuring the level of 

malondialdehyde in brain tissues. Malondialdehyde was 

determined by measuring thiobarbituric acid-reactive spe-

cies according to the method devised by Ruiz-Larrea et al38 

in which thiobarbituric acid-reactive substances react with 

thiobarbituric acid to produce a red-colored complex having 

peak absorbance at 532 nm. In brief, 2.25 mL of working 

reagent (one volume of 0.8 g thiobarbituric acid dissolved 

in 100 mL of 10% perchloric acid and three volumes of 

20% trichloroacetic acid) were added to 0.25 mL of sample, 

incubated for 20 minutes in a boiling water bath, and then left 

to cool at room temperature before centrifugation at 3,000 rpm 

for 5 minutes at 0°C. The pink color was measured using a 

ultraviolet (UV)-VI8 recording spectrophotometer (Shimadzu 

Corporation, Rydalmere, Australia) at a 532 nm wavelength 

against the blank solution, which was prepared by addition of 

0.25 mL of distilled water to 2.25 mL of working reagent.

Determination of reduced glutathione
Reduced glutathione was determined in the supernatants by 

Ellman’s method.39 This procedure is based on the reduction 

of Ellman’s reagent by –SH groups of glutathione to form 

2-nitro-s-mercaptobenzoic acid; the nitromercaptobenzoic 

acid anion has an intense yellow color which can be deter-

mined spectrophotometrically using a UV-VI8 recording 

spectrophotometer. The reduced glutathione concentration 

was calculated by comparison with a standard curve.

Determination of nitric oxide
Nitric oxide measured as the nitrite was determined using 

Griess reagent, according to the method devised by Moshage 

et al,40 which is based on measurement of endogenous nitrite 

concentration as an indicator of nitric oxide production. It 

depends on the addition of Griess reagent which converts 

nitrite into a deep purple azo compound, the absorbance of 

which is read at 540 nm.

Determination of paraoxonase activity
The arylesterase activity of paraoxonase was measured spec-

trophotometrically in the supernatants using phenylacetate as 

a substrate.41,42 In this assay; arylesterase/paraoxonase cata-

lyzes the cleavage of phenyl acetate, resulting in formation 

of phenol. The rate of formation of phenol is measured by 

monitoring the increase in absorbance at 270 nm at 25°C. 

The working reagent consists of 20 mM Tris/HCl buffer 

(pH 8.0) containing 1 mM CaCl
2
 and 4 mM phenyl acetate 

as the substrate. Samples diluted 1:3 in buffer were added 

and the change in absorbance was recorded following a 

20-second lag time. Absorbance at 270 nm was taken every 

15 seconds for 120 seconds. One unit of arylesterase activity 

is equal to 1 µM of phenol formed per minute. The activity 

is expressed in kU/L, based on the extinction coefficient 

of phenol of 1,310 M−1 cm−1 at 270 nm, pH 8.0, and 25°C. 

Blank samples containing water are used to correct for the 

spontaneous hydrolysis of phenylacetate.

Determination of Bcl-2
The level of human B-cell leukemia/lymphoma 2 (Bcl-2) in 

striatal tissue was determined by double-antibody sandwich 

enzyme-linked immunosorbent assay kit according to the 

manufacturer’s instructions (Glory Science Co, Ltd, Del 

Rio, TX, USA).

Determination of acetylcholinesterase activity
The procedure used to determine acetylcholinesterase activity 

was a modification of the method of Ellman et al43 as described 

by Gorun et al.44 The principle of the method involves mea-

surement of the thiocholine produced as acetylthiocholine 

is hydrolyzed. The color was read immediately at 412 nm. 

The following reagents were pipetted in a cuvette: 0.14 mL 

of phosphate buffer 20 mM (pH 7.6), 0.05 mL of 5 mM 

acetylthiocholine iodide, and 0.01 mL of tissue homogenate. 

After 10 minutes of incubation at 38°C, the reaction was 

stopped with 1.8 mL of 5,5′-dithiobis-2-nitrobenzoic acid 

(DTNB)-phosphate ethanol reagent. The DTNB-phosphate 

ethanol reagent was prepared by dissolving 12.4 mg of DTNB 
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in 120 mL of 96% ethanol, 80 mL of distilled water, and 50 

mL of 0.1 mM phosphate buffer (pH 7.6). Glutathione 2.5 

mM was used as the standard.

Histopathology
Brain sections were fixed in freshly prepared 10% neutral 

buffered formalin, processed routinely, and embedded 

in paraffin. Paraffin sections 4  µm thick were prepared 

and stained with hematoxylin and eosin for histopatho-

logical examination. Sections were examined using a light 

microscope.

Histomorphometric quantification
Further histopathological evaluation was done using 

quantitative morphometric analysis of the pathological 

changes. The amount of brain tissue affected by damaged 

neurons with included nuclei that were rather intensely 

stained, cytoplasmic vacuolation scarcely separated from 

surrounding cytoplasm, shrunken and neuronal atrophy 

(damaged area) were determined using a computer-assisted 

automated image analyzer. A Leica QWin image process-

ing and analysis system (Cambridge, UK, Image Analyzer 

Unit; Pathology Department, National Research Center, 

Cairo, Egypt) was used for interactive automatic measure-

ment of the percentage of damaged areas on slides stained 

with hematoxylin and eosin by analyzing ten random fields 

per slide.

Immunohistochemistry for tyrosine hydroxylase
Sections were immunostained for tyrosine hydroxylase at 

room temperature with a biotinylated peroxidase-based 

kit. The same sets of tissue were used for hematoxylin 

and eosin staining and for tyrosine hydroxylase (n=6 

per group). Deparaffinized tissue sections were rinsed in 

phosphate-buffered saline for 2.5 minutes and then placed 

in 0.3% H
2
O

2
 for 30  minutes to reduce endogenous per-

oxidase activity. The tissue was then rinsed in phosphate-

buffered saline for 2.5 minutes and blocked in a solution 

of phosphate-buffered saline containing 3% horse serum 

and 0.1% Triton for 60  minutes. Without rinsing, the tis-

sue sections were incubated in blocking solution that also 

contained a 1:20,000 dilution of monoclonal mouse tyrosine 

hydroxylase antibody for 60 minutes. Tissue was rinsed for 

2.5 minutes with phosphate-buffered saline and incubated 

with the blocking solution that included a 1:300 dilution 

of biotinylated anti-mouse antibody made in a horse. After 

rinsing in phosphate-buffered saline for 2.5 minutes, slices 

were incubated with avidin-peroxidase reagent diluted as 

instructed by the manufacturer. Sections were transferred to 

a 50 mM Tris-buffered 0.9% saline solution, rinsed, treated 

with 3,3′-diaminobenzidine and a final rinse in phosphate-

buffered saline for 2 minutes, and then counterstained with 

hematoxylin and eosin. Sections were mounted on slides, 

allowed to dry in air for 24 hours, dehydrated with a series of 

ethanol rinses, and then cleared with xylene. Sections were 

cover-slipped after at least 24 hours of drying in air.

Immunohistochemical assessment  
of TNF-α and caspase-3
Immunohistochemical staining of TNF-α and anti-caspase-3 

antibody in the cortex and striatum was performed with 4 

µm thick sections that were deparaffinized and incubated 

with fresh 0.3% H
2
O

2
 in methanol for 30 minutes at room 

temperature. Briefly, deparaffinized brain slides were incu-

bated with the antibodies against TNF-α diluted 1:50 and 

cleaved caspase-3 diluted 1:100. Positive cells were then 

determined with streptavidin biotin-peroxidase secondary 

antibody (Dako). The antibody binding sites were visualized 

with 3,3′-diaminobenzidine. The sections were then counter-

stained with hematoxylin, dehydrated using graded alcohols 

and xylene, and mounted. The immunostaining intensity and 

cellular localization of TNF-α and cleaved caspase-3 were 

analyzed by light microscopy.

Image analysis for quantitative  
immunohistochemistry
Optical density measurements of tyrosine hydroxylase, 

TNF-α, and caspase-3 immunoreactivity were determined 

using the computer-assisted image analysis system composed 

of a high precision illuminator, a digital camera, and a com-

puter with specific image analysis software. The mean optical 

density of each region was measured bilaterally in selected 

brain regions using consecutive sections from each rat. The 

degree of reaction was chosen by the color detect menu, the 

areas of reactivity were masked by binary color, and area 

was measured using an objective lens with a magnification 

of 40× and an eye lens with a magnification of 10× (total 

magnification 400×). A total of ten measurements were taken 

per region by an investigator blinded to experimental group 

allocation. These measurements were averaged to obtain one 

mean per region for each animal.

Statistical analysis
The data are expressed as the mean ± standard error of 

the mean. The data were analyzed by one-way analysis of 

variance followed by Tukey’s test, using SPSS software 
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(SPSS Inc., Chicago, IL, USA). A P-value of less than 0.05 

was considered to be statistically significant.

Results
Biochemical results
Malondialdehyde
Following injection of rotenone, there was a significant 

increase in lipid peroxidation, as assessed by malondialde-

hyde levels, with significantly (P,0.05) increased levels in 

the cerebral cortex (68.2%), striatum (59.6%), hippocam-

pus (70.4%), and medulla (77.3%). Administration of 

methylene blue resulted in a dose-dependent decrease in 

malondialdehyde in these brain areas. In the cortex and stria-

tum, malondialdehyde decreased by 15.4%–29.2% and by 

17.8%–28%, respectively, after administration of 5–20 mg/kg 

methylene blue. Malondialdehyde levels decreased in the hip-

pocampus by 18.5% and 44.6% after methylene blue doses 

of 10 mg/kg and 20 mg/kg, respectively. Malondialdehyde 

levels also decreased in the medulla by 43.3% after methylene 

blue 20 mg/kg (Table 1).

Reduced glutathione
Injection of rotenone resulted in a significant decrease in 

glutathione concentration in the cerebral cortex (−24.3%), 

striatum (−55.3%), hippocampus (−59.8%), and medulla 

(−36.4%). In rotenone-treated rats, a dose-dependent 

increase in glutathione concentration was found in the 

cerebral cortex (12.3%–27.1%) and in the striatum 

(45.2%–58.1%) after subcutaneous injection of methylene 

blue 10 mg/kg and 20 mg/kg, respectively. A 43.3% 

increase in glutathione concentration was observed in 

the medulla after administration of methylene blue 20 

mg/kg (Table 1).

Nitric oxide
In rotenone-treated rats, a significant increase in nitric 

oxide (measured as nitrite) levels was observed in the 

cerebral cortex (51%), striatum (43.6%), hippocampus 

(58.7%), and medulla (43.7%). Following treatment with 

methylene blue 5–20 mg/kg, a dose-dependent decrease 

in nitrite concentration was found in the cerebral cortex 

(17.1%–34.9%), striatum (14.5%–45%), hippocampus 

(22.4%–44.1%), and medulla (23%–33.6%), (Table 1).

Paraoxonase activity
Rotenone produced a significant decrease in paraoxonase  

1 activity in the cerebral cortex (−70%), striatum 

(−71.6%), hippocampus (−80.7%), medulla (−66%), mid-

brain (−73.6%), and cerebellum (−67.4%). Methylene 

blue at 10 mg/kg and 20 mg/kg resulted in increased 

paraoxonase 1 activity in the cortex (21%–34%), striatum 

(21.1%–57.7%), hippocampus (72.2%–334.4%), medulla 

(17.4%–25.8%), midbrain (24%–129.3%), and in cerebellum  

(21.3%–144%), (Table 2).

Bcl-2
Striatal Bcl-2 concentration showed a significant decrease 

(−33.9% of control value) after injection of rotenone. 

Table 1 Effect of methylene blue on malondialdehyde, reduced glutathione, and nitric oxide (nitrite) in different brain regions after 
systemic administration of rotenone

Vehicle Rotenone MB 5 mg/kg MB 10 mg/kg MB 20 mg/kg

MDA (ng/g tissue)
 C ortex 22.0±0.6 37.0±1.3+ 31.3±1.6* (15.4%) 28.2±1.0* (23.8%) 26.2±1.2* (29.2%)
 S triatum 20.8±0.9 33.2±1.6+ 27.3±1.8* (17.8%) 24.7±1.0* (25.6%) 23.9±1.4* (28.0%)
 H ippocampus 21.6±1.3 36.8±0.9+ 32.1±1.6* (12.8%) 30.0±1.3* (18.5%) 20.4±1.2* (44.6%)
  Medulla 20.3±1.6 36.0±0.7+ 33.5±1.9* (6.9%) 31.3±0.5* (13.0%) 20.4±1.0* (43.3%)
Glutathione (μg/g tissue)
 C ortex 4.82±0.23 3.65±0.21+ 3.97±0.07 4.10±0.12* (12.3%) 4.64±0.32* (27.1%)
 S triatum 4.70±0.13 2.10±0.10+ 2.20±0.05 3.05±0.26* (45.2%) 3.32±0.12* (58.1%)
 H ippocampus 4.63±0.22 1.86±0.04+ 1.96±0.06 1.99±0.03 2.51±0.17* (34.9%)
  Medulla 4.91±0.08 3.12±0.18+ 3.18±0.21 3.4±0.10 4.85±0.33* (55.4%)
Nitrite (μg/g tissue)
 C ortex 5.43±0.21 8.2±0.30+ 6.8±0.42* (17.1%) 6.3±0.17* (23.2%) 5.34±0.27* (34.9%)
 S triatum 6.76±0.13 9.71±0.41+ 8.3±0.39* (14.5%) 6.2±0.28* (36.1%) 5.34±32* (45%)
 H ippocampus 5.23±0.22 8.3±0.18+ 6.44±0.21* (22.4%) 5.1±0.23* (38.5%) 4.64±0.16* (44.1%)
  Medulla 16.0±0.47 23.0±1.34+ 17.71±0.78* (23%) 16.2±0.45* (29.6%) 15.28±0.63* (33.6%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are presented as mean ± standard error of the mean. Percent changes compared with the 
rotenone only group are shown in parentheses.
Abbreviations: MDA, malondialdehyde; MB, methylene blue.
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Administration of methylene blue 5 mg/kg or 10 mg/kg 

had no significant effect on the concentration of Bcl-2 

in the striatum compared with the rotenone only group. 

A significant (P,0.05) increase in the Bcl-2 concentration 

of 17.7% was observed after treatment with methylene 

blue 20 mg/kg as compared with the rotenone only group. 

However, Bcl-2 in rats treated with methylene blue 20 mg/

kg was markedly and significantly decreased compared 

with the control group receiving vehicle only (Figure 1).

Acetylcholinesterase activity
AChE activity in the cortex was significantly decreased by 

44.4% after rotenone injection. Treatment with methylene 

blue 5, 10, and 20 mg/kg resulted in a significant and dose-

dependent increase in AChE activity by 47.6%, 73.2%, and 

85.4%, respectively, compared with the rotenone only group 

(Figure 2).

Histopathology results
Cerebral cortex
Hematoxylin and eosin-stained sections of the cerebral 

cortex from the control group showed a normal appear-

ance, with neurons having either single or double open-face 

nuclei with prominent nucleoli surrounded with basophilic 

cytoplasm. Astrocytes with sharply demarcated nuclei 

were seen (Figure 3A). Sections from rotenone-treated rats 

revealed degenerated neurons that appeared shrunken with 

dark cytoplasm and pyknotic nuclei (Figure 3B). Necrotic 

astrocytes and gliosis were also seen (Figure 3C). Sections 

from rotenone-treated rats given methylene blue 20 mg/kg 

contained almost normally appearing neuronal cells, except 

for pyknosis in some neurons (Figure 3D).

Striatum
Figure 4A represents hematoxylin and eosin-stained sec-

tions of the striatum from control rats and they have a 

Table 2 Effect of methylene blue on paraoxonase 1 activity in different brain regions after systemic administration

PON1 Vehicle Rotenone MB 5 mg/kg MB 10 mg/kg MB 20 mg/kg

Cortex 10.0±0.37 3.0±0.10+ 3.32±0.07* (10.7%) 3.63±0.04* (21%) 4.02±0.20* (34%)
Striatum 9.15±0.58 2.60±0.12+ 2.73±0.08 3.15±0.10* (21.1%) 4.1±0.26* (57.7%)
Hippocampus 9.33±0.61 1.80±0.02+ 1.83±0.53 3.1±0.22* (72.2%) 7.82±0.38* (334.4%)
Medulla 9.11±0.30 3.10±0.11+ 3.55±0.22* (14.5%) 3.64±0.15* (17.4%) 3.9±0.16* (25.8%)
Midbrain 9.32±0.26 2.46±0.16+ 2.50±0.19 3.05±0.12* (24%) 5.64±0.31* (129.3%)
Cerebellum 9.21±0.68 3.00±0.10+ 3.05±0.14 3.64±0.22* (21.3%) 7.32±0.43* (144%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are presented as mean ± standard error of the mean. Percent changes compared with the 
rotenone only group are shown in parentheses.
Abbreviations: PON1, paraoxonase 1; MB, methylene blue.
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Figure 1 Effect of methylene blue on Bcl-2 in striatal tissue from rotenone-treated 
rats. 
Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group.
Abbreviations: MB, methylene blue; Bcl-2, B-cell lymphoma 2.
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Figure 2 Effect of methylene blue on AChE activity in the cortex of rotenone-
treated rats.
Notes: +P,0.05 versus vehicle. *P,0.05 versus rotenone only group.
Abbreviations: AChE, acetylcholine esterase; MB, methylene blue; min, minute; 
SH, sulfhydryl.
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normal appearance. Rotenone injection resulted in neurode-

generative changes with pyknotic and apoptotic nuclei, neu-

ropil vacuolation, and congested vascular channels (Figure 

4B and C). Fewer degenerative changes were observed after 

treatment with methylene blue 20 mg/kg (Figure 4D).

Substantia nigra
Sections from control rats showed normal substantia nigra 

neurons with normal nuclei. The cytoplasm of these cells was 

basophilic (Figure 5A). The substantia nigra of rotenone-

treated rats showed marked neuronal degeneration. Neurons 

were reduced in number and stained darkly (Figure 5B and C). 

Administration of methylene blue 20 mg/kg was associated 

with a lesser degree of neuronal degeneration, with few cells 

having pyknotic nuclei (Figure 5D).

Hippocampus
The hippocampal region in control rats showed normal 

cellular composition in all layers (molecular, Purkinje, and 

granular, Figure 6A). Following rotenone injection, hip-

pocampal neuronal cells showed fewer histopathological 

changes compared with those seen in the cortex and striatum. 

The hippocampus showed neuronal cell loss with mild degen-

eration when compared with controls. Shrunken apoptotic 

cells were observed, as well as degenerated and necrotic 

cells. Neuronal cells with dense pyknotic nuclei were also 

seen (Figure 6B and C). Methylene blue 20 mg/kg decreased 

this neuronal degeneration, with only small neuronal loss in 

the hippocampus being seen as compared with the rotenone 

only group (Figure 6D).

Histomorphometric results
Histomorphometric analysis to determine the extent of dam-

age in the different brain regions (cortex, substantia nigra, 

A B

C

400 µm

D
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n

n

n

a a

a
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Figure 3 Representative light microphotographs of hematoxylin and eosin-stained 
sections from the cortical tissue of rats treated with vehicle (dimethyl sulfoxide) (A), 
rotenone (B–C), or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Rats treated with vehicle: normal neurons of cerebral cortex with 
nucleus and prominent nucleoli (n). Astrocytes (a) with sharply demarcated 
nuclei are seen. (B) Rotenone: neurodegenerative changes with pyknotic (arrow) 
and apoptotic (arrowhead) nuclei, and neuropil vacuolation (star). (C) Rotenone: 
higher magnification image showing rotenone-induced neurodegenerative changes: 
pyknotic (arrow) and apoptotic (arrowhead) nuclei, and neuropil vacuolation. (D) 
Rotenone with methylene blue: normal appearance of the majority of neurons (n). 
Some degenerative neurons with pyknotic and apoptotic nuclei (arrowhead) and 
hemorrhage (h) can be seen. 
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Figure 4 Representative light microphotographs of hematoxylin and eosin-stained 
sections from the striatal tissue of rats treated with vehicle (dimethyl sulfoxide) (A), 
rotenone (B–C), or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Rats treated with vehicle: normal neurons with visible axons, nucleus with 
prominent nucleoli (n). (B) Rotenone: neurodegenerative changes with pyknotic (arrow) 
and apoptotic (arrowhead) nuclei, neuropil vacuolation (star), and congested vascular 
channels (h). (C) Rotenone: higher magnification image showing pyknotic (arrow) and 
apoptotic (arrowhead) nuclei, neuropil vacuolation, and congested vascular channels. 
(D) Rotenone with methylene blue: fewer degenerative changes. Some neurons 
showing degenerative changes (n) with pyknotic and apoptotic nuclei, and slight neuropil 
vacuolation.
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D

Figure 5 Representative light microphotographs of hematoxylin and eosin-stained 
sections from the substantia nigra of rats treated with vehicle (dimethyl sulfoxide) 
(A), rotenone (B–C), or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Rats treated with vehicle: neurons with normal nuclei (arrows). The 
cytoplasm of these cells is basophilic. (B) Rotenone: neurodegeneration with 
distorted and degenerated darkly stained neurons (arrows) and reduced numbers of 
neurons. (C) Rotenone: higher magnification image showing degenerated neurons 
(arrows) that are darkly stained (arrowheads) and a reduced number of neurons. 
(D) Rotenone with methylene blue: less neurodegeneration with few apoptotic 
(arrowheads) and pyknotic cells (arrows).
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striatum, and hippocampus) quantitatively ascertained that 

the area of damage was significantly greater in the rotenone 

group than in the control group. Treatment with methylene 

blue 20 mg/kg resulted in a significant reduction of tissue 

damage in these regions (Table 3).

Immunohistochemical results
Tyrosine hydroxylase
Immunostaining for tyrosine hydroxylase indicated 

that administration of rotenone decreased the number 

of tyrosine hydroxylase-immunostained neurons in the 

substantia nigra, striatum, and cortex as compared with 

controls (Figures  7–12). Optical density measurements 

of tyrosine hydroxylase-positive cells in the substantia 

nigra, striatum, and cortex of rats treated with rotenone 

decreased by −25%, −43.8%, and −46.8%, respectively, 

compared with their respective control values. Methylene 

blue 20 mg/kg markedly increased tyrosine hydroxylase 

immunostaining in these areas as compared with the 

rotenone only group (Figures 7C, 8D, 9C, 10D, 11C, 12D 

and Table 4).

A B

C

400 µm

D

Figure 6 Representative light microphotographs of hematoxylin and eosin-stained 
sections from the hippocampus of rats treated with vehicle (dimethyl sulfoxide) (A), 
rotenone (B–C), or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Rats treated with vehicle: normal neuronal structure (arrow). (B)  
Rotenone: darkly stained pyknotic and apoptotic (arrowhead) cells. (C) Rotenone: 
higher magnification image showing  darkly stained degenerated neurons (arrowhead) 
and a reduced number of neurons (arrow). (D) Rotenone with methylene blue: less 
neurodegeneration with few pyknotic (long arrow) and aopototic (arrowhead) cells.

Table 3 Effect of methylene blue on the area of damage in 
different brain regions in rats treated with rotenone

Vehicle Rotenone Rotenone + MB  
20 mg/kg

Substantia  
nigra

1.22±0.05 10.26±0.85+ 2.55±0.11+,* (−75.1%)

Striatum 1.12±0.07 19.47±1.0+ 4.13±0.18+,* (−78.8%)
Cortex 1.07±0.11 12.74±0.55+ 3.63±0.14+,* (−71.5%)
Hippocampus 1.05±0.043 11.67±0.32+ 3.55±0.064+,* (−69.6%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are 
presented as mean ± standard error of the mean. Percent changes compared with 
the rotenone only group are shown in parentheses.
Abbreviation: MB, methylene blue.

A

B

C

200 µm

Figure 7 Representative light microphotographs of TH expression in the substantia 
nigra of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B), or rotenone 
and 20 mg/kg methylene blue (C).
Notes: (A) Vehicle: a large number of TH-positive cells with deeply colored cell 
bodies are observed in the substantia nigra of normal rats. (B) Rotenone: amount 
of TH-positive cells in the rotenone group is clearly decreased, and lighter colored 
cell bodies are seen. (C) Rotenone with methylene blue: increased TH-positive cells 
compared with the rotenone group.
Abbreviation: TH, tyrosine hydroxylase.
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Tumor necrosis factor-alpha
No TNF-α immunostaining was detected in the cortex 

or striatum in the control group (Figures 13A and 14A). 

Marked TNF-α expression was detected in the inflam-

matory cells for the group treated with rotenone (Figures 

13B, 13C, 14B and 14C). Methylene blue 20 mg/kg attenuated 

the expression of TNF-α when compared with the rotenone 

only group (Figures 13D and 14D). Most TNF-α-positive cells 

had a shrunken and dark-stained morphology on hematoxylin 

and eosin staining. Table 5 shows the effect of methylene blue 

on the optical density measurements of TNF-α-positive cells 

in the striatum and cortex of rotenone-treated rats.

Caspase-3
Caspase-3 expression was undetectable in the cortex and 

striatum of control brains (Figures 15A and 16A). In the 

rotenone only group, strong caspase-3 immunostaining 

was observed in both the cortex and striatum (Figure 16B 

and 16C). Sections from rats treated with rotenone and meth-

ylene blue 20 mg/kg showed very few caspase-3-positive cells 

(Figures 15D and 16D). Most caspase-3-positive cells had a 

shrunken and dark-stained morphology on hematoxylin and 

eosin staining. Table 6 shows the effect of methylene blue on 

optical density measurements of caspase-3-positive cells in 

the striatum and cortex of rotenone-treated rats.

Discussion
The findings of the present study provide evidence that 

treatment with methylene blue can decrease neurodegenera-

tion evoked by rotenone, a pesticide and complex I inhibitor, 

in rats. Systemic administration of this pesticide in rodents has 

A B

C

400 µm

D

Figure 8 Representative light microphotographs of tyrosine hydroxylase expression 
in the substantia nigra of rats treated with (A) vehicle (dimethyl sulfoxide), (B–C) 
rotenone, or (D) rotenone and 20 mg/kg methylene blue.
Note: Rotenone-treated images are shown at  lower (B) and higher magnification (C).

A

B

C

200 µm

Figure 9 Representative light microphotographs of TH expression in the striatum 
of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B), or rotenone and 
20 mg/kg methylene blue (C).
Notes: (A) Vehicle: strong immunostaining for tyrosine hydroxylase. (B) Rotenone: 
markedly decreased number of TH-immunostained neurons compared with control. 
(C) Rotenone with methylene blue: marked increase in TH-immunostaining compared 
with the rotenone only group. 
Abbreviation: TH, tyrosine hydroxylase.

been widely used as a model of human PD. In these studies, 

many of the pathological features could be replicated, namely 

dopaminergic neurodegeneration,45 α-synucleinopathy,46 

and motor dysfunction.47 It has also been shown that the 

neurotoxicity induced by rotenone involves oxidative stress. 
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In mice, subcutaneous rotenone increased generation of reac-

tive oxygen species in the forebrain and midbrain regions.48 

Immunoreactivity of acrolein, a product of lipid peroxides, 

increased in the brains of rotenone-treated mice.49 In rodent 

midbrain culture, rotenone increased protein carbonyl lev-

els, indicative of oxidative damage to proteins.50 Rotenone 

also causes microglial activation.51–53 Once activated by 

rotenone, microglia show increased production of reactive 

oxygen species, particularly HOCl.53 Nicotinamide adenine 

dinucleotide phosphate oxidase-derived superoxide might 

be a factor mediating this microglia-enhanced rotenone 

neurotoxicity.52

In the present study, injection of rotenone resulted 

in increased oxidative stress in a number of brain areas 

including the cerebral cortex, striatum, hippocampus, and 

medulla, as shown by elevated levels of malondialdehyde, 

a marker of lipid peroxidation, which indicates increased 

free radical production with consequent attack on membrane 

lipids.54 The level of nitric oxide (measured as nitrite) was 

also increased, and most likely due to increased nitric oxide 

production due to induction of the inducible form of nitric 

oxide synthase (iNOS). We have previously found a marked 

increase in inducible nitric oxide synthase immunoreactiv-

ity in the mouse striatum after systemic administration of 

rotenone.55 Increased levels of nitric oxide are associated 

with development of neuronal damage via formation of reac-

tive nitrogen oxide species and development of oxidative 

or nitrosative stress. The most important is the interaction 

between nitric oxide and the superoxide anion (O2–), result-

ing in formation of peroxynitrite (ONOO–), a potent oxidant 

and nitrating agent that is able to modify proteins, lipids, 

and nucleic acids.56 Nitric oxide fosters dopamine deple-

tion and is associated with neurotoxic processes underlying 

PD.57 Glutathione is an intracellular tripeptide of glycine, 

glutamic acid, and cysteine, the reduced form of which is 

important in protecting cells from oxidative damage and 

A

B

C

200 µm

Figure 11 Representative light microphotographs of TH expression in the cortex 
of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B), or rotenone and 
20 mg/kg methylene blue (C).
Notes: (A) Vehicle: mild immunostaining for tyrosine hydroxylase. (B) Rotenone: 
markedly decreased number of TH-immunostained neurons compared with 
control. (C) Rotenone with methylene blue: marked increase in TH-immunostaining 
compared to the rotenone only group.
Abbreviation: TH, tyrosine hydroxylase.
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400 µm

D

Figure 10 Representative light microphotographs of tyrosine hydroxylase 
expression in the striatum of rats treated with (A) vehicle (dimethyl sulfoxide),  
(B–C) rotenone, or (D) rotenone and 20 mg/kg methylene blue.
Note: Rotenone-treated images are shown at  lower (B) and higher magnification (C).
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maintaining a reducing intracellular environment.58 The 

increase in oxidative stress induced by rotenone was also 

demonstrated by decreased levels of reduced glutathione, 

suggesting consumption of this scavenger molecule by free 

radical excess.

The effects of rotenone on oxidative stress in the brain 

were substantially reduced by coadministration of methylene 

blue. Thus, methylene blue resulted in a dose-related decrease 

in brain malondialdehyde, restoration of reduced glutathione, 

as well as marked inhibition of nitrite concentrations in the 

different brain areas studied, suggesting decreased oxidative 

and nitrosative stress on administration of methylene blue. 

Several in vitro and in vivo studies indicate an antioxidant 

and neuroprotective effect for methylene blue.25,26,59 When 

infused into the rat striatum along with rotenone, methylene 

blue (8.8 µg) prevented a decrease in cytochrome oxidase 

activity and any perilesional increase in oxidative stress (dihy-

droethidium fluorescence).60 In rats treated subcutaneously 

with rotenone 5 mg/kg for 8 days, methylene blue given at 

500 µg/kg improved locomotor deficits and prevented striatal 

A B

C

400 µm

D

Figure 13 Representative light microphotographs of TNF-α immunoreactivity in 
the cortex of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B–C), or 
rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Control rats: negligible TNF-α immunoreactivity. (B–C) Rotenone: 
TNF-α immunostaining is strongly increased in degenerating neurons. Shown as 
low magnification (B), and higher magnification (C). (D) Rotenone with methylene 
blue: treatment with methylene blue markedly reduces the immunoreactivity of 
degenerating neurons after rotenone exposure.
Abbreviation: TNF-α, tumor necrosis factor-alpha.
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Figure 14 Representative light microphotographs showing TNF-α immunoreactivity 
in the striatum of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B–C), 
or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Control rats: negligible staining of neuronal cells with the TNF-α 
antibody. (B–C) Rotenone: TNF-α immunopositivity is strongly increased in 
degenerating neurons. Shown as low magnification (B), and higher magnification (C). 
(D) Rotenone with methylene blue: minimal TNF-α expression.
Abbreviation: TNF-α, tumor necrosis factor-alpha.
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Figure 12 Representative light microphotographs of tyrosine hydroxylase 
expression in the cortex of rats treated with (A) vehicle (dimethyl sulfoxide), (B–C) 
rotenone or (D) rotenone and 20 mg/kg methylene blue.
Note: Rotenone-treated images are shown at lower (B) and higher magnification (C).

Table 4 Effect of methylene blue on optical density measurements 
of tyrosine hydroxylase immunoreactivity in the substantia nigra, 
striatum, and cortex of rats treated with rotenone

Vehicle Rotenone Rotenone + MB  
20 mg/kg

Substantia nigra 96.76±2.86 72.54±3.26+ 89.00±2.35* (22.7%)
Striatum 77.40±0.17 43.52±0.15+ 64.48±0.12+,* (48.2%)
Cortex 23.71±0.12 12.62±0.11+ 17.44±0.42+,* (38.2%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are 
presented as mean ± standard error of the mean. Percent changes compared with 
the rotenone only group are shown in parentheses.
Abbreviation: MB, methylene blue.

dopamine depletion.25 In vitro, methylene blue at concen-

trations of 10 nM–10 µM increased the viability of murine 

hippocampal cells incubated with 5 µM rotenone.26

Several mechanisms of action have been proposed to 

account for the neuroprotective effects of methylene blue. 

When administered at low doses (1–4 mg/kg), this dye has 

been shown to increase oxygen consumption in the brain,27 

increase oxidation of cytochrome c in the brain,28,61 and to 
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restore the impaired mitochondrial electron transport caused 

by a cytochrome oxidase inhibitor in rats.62 However, it is 

unlikely that increasing oxygen utilization in the brain could 

account for the neuroprotective effects observed in the pres-

ent study, since the doses were considerably higher. It has 

been suggested that cycling of methylene blue between oxi-

dized and reduced forms might block production of oxidants 

by the mitochondria, thereby protecting the mitochondria 

against oxidative stress.24 It has also been suggested that 

methylene blue functions as an alternative electron carrier, 

which accepts electrons from nicotinamide adenine dinucle-

otide dehydrogenase and transfers them to cytochrome c and 

bypasses complex I–III blockade. In this way, methylene blue  

rescues the effects of rotenone on mitochondrial complex 

I–III inhibition and free radical overproduction.25 Methylene 

blue acts as a direct inhibitor of nitric oxide synthase,63 and 

thus might prevent the deleterious effects of elevated nitric 

oxide levels on neuronal integrity, which has been shown in 

inflammatory conditions or ischemic injury in the brain.64,65 

The dye has also been shown to inhibit the stimulation of 

N-methyl-D-aspartate receptors induced by nitric oxide.66 

Thus, methylene blue can have a neuroprotective action via 

decreasing excitotoxic neuronal damage.

Interestingly, methylene blue is also capable of induc-

ing oxidative stress; when combined with visible light of 

the appropriate wave length, methylene blue, acting as a 

photosensitizer, generates toxic reactive oxygen species and 

induces cell damage via oxidative stress.67 Photodynamic 

therapy mediated by methylene blue is effective against 

several pathogens, including bacteria,68 fungi,69 and herpes 

virus,70 and has also been shown to aid in wound healing.71

Methylene blue is a reversible competitive inhibitor 

of both monoamine oxidase (MAO)-A and MAO-B.72 

Moreover, the dye is metabolized to yield N-demethylated 

products of which azure B, the monodemethyl species, is 

the major metabolite. Azure B is a more potent MAO-A 
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Figure 15 Representative light microphotographs of caspase immunoreactivity in 
the cortex of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B–C), or 
rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Control rats: negligible caspase-3 immunostaining. (B–C) Rotenone: 
caspase-3 immunopositivity is strongly increased in degenerating neurons. Shown as 
low magnification (B), and higher magnification (C). (D) Rotenone with methylene 
blue: minimal caspase-3 expression.
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Figure 16 Representative light microphotographs showing caspase immunoreactivity 
in the striatum of rats treated with vehicle (dimethyl sulfoxide) (A), rotenone (B–C), 
or rotenone and 20 mg/kg methylene blue (D).
Notes: (A) Control rats: negligible caspase-3 immunostaining. (B–C) Rotenone: 
caspase-3 immunopositivity is strongly increased in degenerating neurons. Shown as 
low magnification (B), and higher magnification (C). (D) Rotenone with methylene 
blue: minimal caspase-3 expression.

Table 6 Effect of methylene blue on optical density measurements 
of caspase-3 immunoreactivity in the striatum and cortex of rats 
treated with rotenone

Caspase-3 Vehicle Rotenone Rotenone + MB  
20 mg/kg

Cortex 1.40±0.17 28.52±0.15+ 10.48±0.12+,* (–63.2%)
Striatum 1.40±0.10 34.52±0.16+ 12. 48±0.11+,* (–63.8%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are 
presented as mean ± standard error of the mean. Percent changes compared with 
the rotenone only group are shown in parentheses.
Abbreviation: MB, methylene blue.

Table 5 Effect of methylene blue on the optical density 
measurements of TNF-α immunoreactivity in the striatum and 
cortex of rats treated with rotenone

TNF-α Vehicle Rotenone Rotenone + MB  
20 mg/kg

Cortex 1.32±0.03 32.22±0.41+ 9.14±0.42+,* (−71.6%)
Striatum 1.21±0.01 38.43±0.23+ 31.56±0.12+,* (−17.9%)

Notes: +P,0.05 versus vehicle; *P,0.05 versus rotenone only group. Data are 
presented as mean ± standard error of the mean. Percent changes compared with 
the rotenone only group are shown in parentheses. 
Abbreviations: MB, methylene blue; TNF-α, tumor necrosis factor-alpha.
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inhibitor than is methylene blue. Azure B also reversibly 

inhibits the MAO-B isozyme.73 This ability of methylene 

blue to inhibit MAO-A can precipitate serotonin syndrome 

in patients taking selective serotonin reuptake inhibitors.74 

On the other hand, inhibition of MAO-B would be an addi-

tional advantage of using methylene blue in PD. In the present 

study, methylene blue was used at doses of 10 mg/kg and 

20 mg/kg. The same or higher dosages were used for other 

studies in rats or mice.35–37 In humans, methylene blue has 

been administered intravenously in doses of 1.5–2 mg/kg to 

treat methemoglobinemia and hypotension after surgery, and 

doses of 36–72 mg/kg have been used in malaria and doses 

as high as 250 mg/day have also been used.75,76

The finding in the present study that systemic adminis-

tration of rotenone decreases paraoxonase 1 activity in the 

brain is consistent with our previous report.55 The ability of 

methylene blue to increase paraoxonase 1 activity in several 

brain regions suggests that decreased paraoxonase 1 activ-

ity is one mechanism by which rotenone induces neuronal 

injury. Paraoxonases are a group of enzymes involved in the 

hydrolysis of organophosphates. Human paraoxonase 1 is a 

high-density lipoprotein-associated serum enzyme which 

possesses organophosphatase, arylesterase, and lactonase 

activity and hydrolyzes many substrates and xenobiotics.77 

The enzyme functions as an antioxidant,42 and its activity in 

serum has been shown to be decreased in several neurologi-

cal disease processes in which increased oxidative stress is 

evident.78–80 Paraoxonase 1 status has been shown to be 

important in the etiology of PD. Carriers of the “slower 

metabolizer” MM PON1-55 genotype exposed to organo-

phosphates have been reported to be at increased risk of 

developing PD.81 Higher paraoxonase 1 levels might reduce 

this risk.82

In the present study, a significant decrease in cortical 

AChE activity was documented in rotenone-treated rats. 

The main neurotransmitter in the cholinergic system is 

acetylcholine, which is important in motor control and in 

the autonomic, enteric, and central nervous systems. The 

central cholinergic system is considered to be the most 

important neurotransmitter involved in the regulation of 

cognitive function.83 In cholinergic neurotransmission, the 

transmitted signal is terminated by cleavage of the transmit-

ter, acetylcholine, yielding acetate and choline. This cleavage 

is mediated by AChE, an enzyme of the α/β-fold family of 

proteins. The main motor symptoms of PD are largely due 

to the loss of dopaminergic tone and a consequent imbalance 

between dopaminergic and cholinergic modulation of striatal 

output.84 Anticholinergic drugs thus have a role in alleviating 

the symptoms of PD, particularly the associated tremor.85 

Therefore, inhibition of AChE activity is likely to worsen 

the motor features of PD. In light of our findings, it could be 

suggested that restoration of cortical AChE activity induced 

by methylene blue could relieve many of the locomotor, 

cognitive, and memory impairments induced by rotenone.

Apoptosis, or programmed cell death, is likely to be a 

contributing pathophysiological mechanism in the neurode-

generation caused by rotenone. Caspase-3 immunoreactivity 

was markedly increased in the striatum of mice treated with 

systemic rotenone.54 In the present study, there was marked 

caspase-3 immunostaining in the cerebral cortex and striatum 

after treatment with rotenone. Caspase proteins are cysteine 

proteases that act downstream of the Bcl-2 family by initiat-

ing cellular breakdown during apoptosis.86 The Bcl-2 family 

of proteins includes proapoptotic and antiapoptotic factors 

acting at the mitochondrial and microsomal membranes. 

The function of Bcl-2 and related proteins is due to their 

ability to interfere with mitochondrial apoptosis pathways. 

Apoptosis involves loss of integrity of the outer mitochondrial 

membrane and release of mitochondrial cytochrome c and 

other proteins from the intermembrane space into the cytosol, 

which in turn activate death-driving proteolytic caspases that 

orchestrate the dismantling of the cell, and this process is 

controlled by Bcl-2 family proteins. By preventing redistri-

bution of the proapoptotic protein, Bax, to the mitochondria, 

Bcl-2 prevents release of cytochrome c from the mitochondria 

and subsequent activation of caspase proteins.87,88 Bcl-2 has 

been implicated as having strong antioxidant properties and 

thus may provide a common survival function in apoptotic 

and oxidative stress patterns of cellular injury.89 Rotenone 

has been shown to decrease Bcl-2 expression in a human-

derived dopaminergic neuroblastoma cell line90 and in human 

dopaminergic SH-SY5Y cells.91 In the present study, the 

level of the Bcl-2 antiapoptotic protein in striatal tissue was 

evaluated using an enzyme-linked immunosorbent assay, with 

the results demonstrating decreased Bcl-2 in the striatum 

following systemic administration of rotenone. Methylene 

blue resulted in increased Bcl-2 levels in rotenone-treated 

rats, although the effect was significant only at the dose of 

20 mg/kg. Therefore, methylene blue might interfere with 

rotenone-induced apoptosis by increasing Bcl-2.

Neuronal damage and loss of tyrosine hydroxylase immu-

noreactivity neurons in the substantia nigra and striatum has 

been reported after systemic administration of rotenone in 

rodents.45,92,93 In the current study, systemic administration 

of rotenone resulted in nigrostriatal cell damage, together 

with loss of pigmented neurons and decreased tyrosine 
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hydroxylase immunoreactivity in the substantia nigra and 

striatum. Evidence of neuronal damage was also observed in 

the cerebral cortex and hippocampus. Caspase-3 and TNF-α 

immunoreactivity were observed in the cytoplasm of cortical 

and striatal neurons. These findings are consistent with our 

previously reported observations that subcutaneous adminis-

tration of rotenone in mice resulted in neuronal damage in the 

cerebral cortex and hippocampus in addition to the striatum 

and substantia nigra.55 Other researchers have also found 

that the effect of subcutaneously injected rotenone in rats is 

widespread.94 The damage inflicted by rotenone on the brain 

is thus not limited to the nigrostriatal pathway. Nevertheless, 

in this study, the rotenone-induced pathological alterations 

and the decline in tyrosine hydroxylase immunoreactivity 

were mitigated by cotreatment with methylene blue.

In conclusion, the present study indicates a potentially 

beneficial effect of methylene blue on nigrostriatal damage 

and dopaminergic cell loss evoked by rotenone in the rat. 

This neuroprotective effect of methylene blue is likely to 

involve reduction of oxidative stress and decreased levels 

of the proinflammatory cytokine TNF-α, as well as an anti-

apoptotic effect.
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