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Abstract:

Background: Parkinson’s disease is a neurodegenerative disorder of uncertain pathogenesis characterized by a loss of dopaminergic

neurons in substantia nigra pars compacta, and can be modeled by the neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP). The current research was directed to investigate the role of melatonin in preventing the gradual decrease in the response to

L-dopa in MPTP-induced parkinsonism in mice.

Methods: Eighty four male Swiss mice were divided into seven groups. Group I is the saline group. The other six groups were in-

jected with MPTP (20 mg/kg/2 h). Group II is the MPTP control group. Group III was treated with L-dopa/carbidopa (100/10 mg/kg,

po). Group IV and V were treated with melatonin (5 or 10 mg/kg, po), respectively. Group VI and VII received L-dopa/carbidopa in

combination with melatonin in the same above-mentioned doses, respectively.

Results: Results showed that MPTP-treated mice exhibited low striatal dopamine level accompanied by motor impairment and in-

creased oxidative stress. Treatment with L-dopa improved the motor performance of mice. Addition of melatonin to L-dopa therapy

improved the motor response to L-dopa and increased striatal dopamine level. This combination reduced lipid peroxidation, amelio-

rated reduced glutathione and improved antioxidant enzyme activities (p £ 0.05).

Conclusions: Overall, our study suggests that the antioxidant potential of melatonin makes it a promising candidate to L-dopa in

treating Parkinson’s disease.
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Abbreviations: CAT – catalase, GP-x – glutathione peroxi-

dase, GSH – reduced glutathione, H2O2 – hydrogen peroxide,

MDA – malondialdehyde, MPTP – 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine, PBS – phosphate-buffered saline, po – per

os, PD – Parkinson’s diseases, SNpc – substantia nigra pars

compacta, SOD – superoxide dismutase, TH – tyrosine hy-

droxylase

Introduction

Parkinson’s disease (PD) is a progressive neurological

disorder characterized by the loss of dopamine in the

striatum; which occurs mainly due to the death of the
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dopaminergic neurons in the substantia nigra pars

compacta (SNpc). The concept of oxidative stress and

antioxidants may be directly or indirectly involved in

the pathogenesis of PD [32] and in animal models

[57]. MPTP is a potent and selective nigrostriatal do-

paminergic neurotoxicant that can induce parkinson-

ism when administered to rodents [39], showing evi-

dence of oxidative stress in these models [13, 48].

The currently available pharmacological and non-

pharmacological treatments for PD are able to offer

only symptomatic relief for patients. Since its intro-

duction in the late 1960s, L-dopa (L-3,4-dihydr-

oxyphenylalanine) has been the cornerstone of the

treatment of PD. However, the effectiveness of L-dopa

therapy declines on continuous use [7]. Another po-

tential problem with the use of L-dopa in treatment of

PD comes from the fact that L-dopa metabolism or

autoxidation can give rise to radical species, hydrogen

peroxide (H2O2), semiquinones, and quinones [17].

The quinones generated are thought to mediate toxic-

ity by covalent binding to nucleophilic groups of bio-

logical macromolecules [47]. L-dopa has been shown

to induce oxidative stress-mediated apoptosis in cul-

tured neuronal cells [56]. However, there is no evi-

dence from in vivo studies suggesting that L-dopa

treatment damages SNpc neurons in PD. Medical

therapy that keeps the benefits of L-dopa would be

a major advance in the treatment of PD [36]. Re-

cently, it has been postulated that during the preclini-

cal phase of PD the turnover rate of dopamine may in-

crease to compensate the loss of dopamine containing

neurons [14]. This increase in the rate of dopamine

utilization is likely to accelerate the neurodegenera-

tive process through the generation of quinones,

semiquinones and H2O2, resulting from the oxidative

metabolism of dopamine [17].

Melatonin, a serotonin derivative is a hormone syn-

thesized by neurons in the pineal gland. Studies have

demonstrated that melatonin has antioxidant proper-

ties by acting as a free radical scavenger [52]. Mela-

tonin has been also associated with the cellular anti-

oxidant defense. It can develop its action at two levels:

as a direct antioxidant, due its ability to act as a free

radical scavenger, and as an indirect antioxidant, since

it is able to induce the expression and/or the activity

of the main antioxidant enzymes [54]. It has been

shown to cause a considerable dose-dependent reduc-

tion in the production of dopaminergic neurodegener-

ating hydroxyl free radicals [2]. In addition, melato-

nin is also indirectly effective by enhancing the levels

of potential antioxidants such as glutathione peroxi-

dase (GSH-Px), superoxide dismutase (SOD) and re-

duced glutathione (GSH) [19].

Using the hypothesis that oxidative injury underlies

the reduction in response to L-dopa, the inclusion of

antioxidants with L-dopa treatment may retard the de-

cline in response to L-dopa after long term use. The

present study was designed to characterize the effect

of melatonin in improving the longevity of L-dopa

treatment in the MPTP mouse model of PD.

Materials and Methods

Animals

Eighty four male Swiss albino mice were used in the

present study. Their weight ranged between 20–25 g.

Mice were housed in groups of four in stainless steel

cages under hygienic controlled laboratory conditions

(reversed light/dark cycle, temperature 25 ± 3°C and

55% relative humidity) and acclimatized for 7 days

prior to start of the experiment. Water and food pellets

were provided ad libitum. Behavioral tests were per-

formed daily from 4 to 6 p.m. to minimize circadian

influence on the mice behavior. The experimental pro-

tocol was approved by the Institutional Animal Care

and Use Committee at the Faculty of Pharmacy, Suez

Canal University.

Chemicals and drugs

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine HCl

(Sigma-Aldrich, St. Louis, MO, USA) powder was dis-

solved in sterile saline. Melatonin powder was pur-

chased from Bio Basic Inc. (Ontario, Canada) and dis-

solved in 2% Tween-80 solution. L-dopa and carbidopa

were kindly provided by Global Napi Pharmaceuticals

(Cairo, Egypt) and dissolved in distilled water.

Experimental design

Mice were randomly divided into seven groups;

twelve mice each. Group I: was injected with saline

(3 ml/kg/2 h, ip). The other six groups received

4 intraperitoneal injections of MPTP (20 mg/kg/2 h).

Group II: MPTP group, served as a control group.

Group III: mice received L-dopa/carbidopa (100/10 mg/

kg/twice/day, po). Group IV: mice received melatonin

(5 mg/kg/day, po). Group V: mice received melatonin
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(10 mg/kg/day, po). Group VI and VII: mice received

L-dopa/carbidopa as well as melatonin in the same

aforementioned doses, respectively. Treatment with

L-dopa/carbidopa or melatonin was initiated at day 8

in a volume of 5 ml/kg. MPTP group received a simi-

lar volume of the drug vehicles parallel to drug treat-

ments. At the end of week 4, five randomly selected

mice from each group were tested for their locomotor

activity and then, sacrificed. The remaining mice

were maintained until the end of week 8 and sacri-

ficed at this time point (Fig. 1). MPTP manipulations

were carried out in a special animal room restricted

for the neurotoxicant.

Assessment of mortality percentage

As Swiss mice are not often used in MPTP model

(mostly used are C57BL/6 mice), the mortality per-

centage was calculated (out of 12) for each group at

the end of week 4 and week 8. In addition, functional

assessment was performed for the selected mice at the

same time points to ensure the sensitivity of Swiss

mice to MPTP.

Functional assessment

Mice were screened for motor impairment using

a battery of behavioral tests. The tests were the grid

walking test, open field test and rotarod test. On the

testing day, mice were screened for their motor func-

tion 30 min after drug (or vehicle) treatments (the ex-

pected “on” time for L-dopa treatment) and compared

to the MPTP control group.

Grid walking test

The grid test assesses the ability to accurately place

the forepaws during spontaneous exploration of an

elevated grid by analyzing the frequency with which

the mice failed to accurately grasp the rungs. Mice

were placed on a wire circular grid (330 mm in di-

ameter with 15 × 15 mm grid squares) and allowed to

freely explore for 3 min. Mice were videotaped and at

a later date an experimenter blinded to the treatment

group scored the percentage of foot slips out of the

first 50 steps taken with the left and right fore and

hind paws. A foot slip was scored either when the paw

completely missed a rung and thus the limb fell be-

tween the rungs and the animal lost balance, or when

the paw was correctly placed on the rung but slipped

off during weight bearing [31]. The animals required

no pretraining but were placed on the grid twice prior

to MPTP injection for habituation. Mice were then

tested at the end of the experiment.

Open-field test

The open-field arena, had the measurements 113 ×

113 × 44 cm, the floor of the arena was painted with

white lines to form a 5 × 5 cm pattern [10]. Mice were

naive to the open field arena and introduced individu-

ally to it where the locomotor behavior was videore-

corded for 5 min. The film was later observed by

a trained blind observer. Ambulation (number of

squares crossed) in a 5-min session was registered for

each mouse.

Fixed speed rotarod test

The experiment was conducted using a rotor with

a 4-cm diameter and rotating at a constant speed

(6 rpm). Before starting the experiment, mice were

given a training session for 3 consecutive days (before

administration of MPTP). Mice that were able to stay

on the rotarod for at least one min were included in

the study and randomly divided into the different ex-

perimental groups. At the testing day, falling time

(time starting from putting the animal on the rotarod,

till it falls to the ground) was measured in seconds.

Each mouse was tested three times and the mean of

these three trials was used for comparison. The cut-off

time was set as 180 s.

Pharmacological Reports, 2013, 65, 1213�1226 1215

Melatonin improves response to L-dopa
Sawsan A. Zaitone et al.

Fig. 1. Diagrammatic presentation for
the time course measurements



Processing of the brains

After assessment of the motor performance, mice

were anesthetized using thiopental sodium (50 mg/kg)

and sacrificed by cervical decapitation. After that, the

brains were quickly dissected and washed with ice

cold phosphate-buffered saline (PBS) and one hemi-

sphere from each brain was rapidly frozen at –80°C.

Then, the striata were isolated and used for extraction

of dopamine. The substantia nigra from these brains

were isolated for determination of the oxidative stress

parameters as described later.

The second hemisphere of all brains were fixed us-

ing 4% paraformaldehyde in 0.1 M phosphate buffer,

pH = 7.2 overnight and then embedded with paraffin.

All paraffin-embedded tissues were sectioned at

4 µm, deparaffinized in xylene, and hydrated by ethyl

alcohol in decreasing concentrations (100, 95 and

70%). Further, these sections were processed to im-

munohistochemical staining for tyrosine hydroxylase

(TH) or caspase-3 enzyme.

Biochemical analyses in the brain homogenate

Determination of striatal dopamine level

The striatal dopamine level was determined using an

HPLC apparatus with an electrochemical detector

(Model 5600A CoulArray Detector System ESA,

Brighton, MA, USA). Briefly, tissues were homoge-

nized in 0.2 M ice-cold perchloric acid. The ho-

mogenate was placed in an ice bath for 60 min. Sub-

sequently, the sample was centrifuged at 15,000 × g

for 20 min at 4°C and the supernatant was transferred

to a clean tube and measured for volume. One-half

volume of a solution containing 0.02 M potassium cit-

rate, 0.3 M potassium dihydrogen phosphate, and

0.002 M Na2EDTA was added and mixed thoroughly

to deposit perchloric acid. After incubation in an ice

bath for 60 min, the mix was centrifuged at 15,000 ×

g, for 20 min at 4°C. The supernatant was filtered

through a 0.22 µm Millipore filter and then injected

into the HPLC system for analysis. The mobile phase

was 0.125 M sodium citrate buffer containing 20%

methanol, 0.1 mM Na2EDTA, 0.5 mM 1-octane-

sulfonic acid sodium salt (Acros Organics, Morris

Plains, NJ, USA.) adjusted to pH = 4.3. The flow rate

was set at 1.2 ml/min. Dopamine level was expressed

in µM/g tissue.

Determination of tissue MDA, GSH, GSH-Px, SOD
and CAT

The substantia nigra from each brain was removed,

blotted and weighed, and then homogenized in Tris

buffer (10 mM Tris HCl, 1 mM EDTA, 0.32 M su-

crose, pH = 7.8) as 10% (w/v) using a teflon ho-

mogenizer (Glas Col homogenizer system, Vernon

Hills, USA). The homogenate was sonicated and cen-

trifuged at 20,000 × g for 10 min, then, supernatant

was kept at –80°C until determination of malondialde-

hyde (MDA), GSH, glutathione peroxidase (GSH-Px),

SOD and catalase (CAT) by spectrophotometric meth-

ods. Tissue MDA was determined using a spectropho-

tometric method depending on the reaction with thio-

barbituric acid; using 1,1,3,3-tetramethoxypropane as a

standard [35]. Determination of the concentration of

total glutathione (GSH and GSSG) and oxidized glu-

tathione (GSSG) was done spectrophotometrically us-

ing commercial kits according to the instructions of the

manufacturer [18, 53]. Total GSH content was ex-

pressed in µM/g protein.

Estimation of GSH-Px was done following the in-

direct method of Paglia and Valentine [37]. The

method depends on the fact that GSSG produced upon

reduction of an organic peroxide by GSH-Px is recy-

cled to its reduced state by the enzyme glutathione re-

ductase. The oxidation of NADPH to NADP+ is ac-

companied by a decrease in absorbance at 340 nm

[37]. SOD activity was estimated using the method of

Nishikimi et al. [34]. This assay relies on the ability of

the enzyme to inhibit the phenazine methosulfate-

mediated reduction of nitroblue tetrazolium dye [34].

CAT activity was assessed as reported by Aebi [4];

the assay depends on that CAT reacts with a known

quantity of H2O2 and the remaining amount of H2O2
reacts with 3,5-dichloro-2-hydroxybenzene sulfonic

acid (DHBS) and 4-aminophenazone to form a chro-

mophore with a color intensity inversely proportional

to the amount of CAT in the original sample [4]. Pro-

tein content was determined following the colorimet-

ric method of Lowry et al. [27] and all samples were

normalized for protein content. The values of absor-

bance were measured using a UV-visible spectropho-

tometer (UV-1601PC, Shimadzu, Japan).

Immunohistochemistry and image analysis

For immunohistochemical staining, sections were fixed

in an oven at 65°C for 1 h and then the slides were
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placed in a coplin jar filled with 60 ml of triology

(Cell Marque®, CA, USA) working solution and the jar

was securely positioned in an autoclave. The autoclave

was adjusted at 120°C and maintained for 15 min and

the coplin jar was removed and slides were allowed to

cool for 30 min. Sections were then washed and im-

mersed in TBS to adjust the pH, this is repeated be-

tween each step of the immunohistochemical proce-

dure. Without washing, excess serum was drained from

each slide and 2–3 drops of rabbit monoclonal tyrosine

hydroxylase primary antibodies (1 : 100, R&D sys-

tems®, Minneapolis, USA) or ready to use rabbit poly-

clonal caspase-3 antibodies (Thermoscientific®, Fre-

mont, CA, USA). Then, slides were incubated in the

humidity chamber for 1 h. After that, biotinylated sec-

ondary antibody was applied on each slide for 20 min

and then incubated with the enzyme conjugate for

20 min. DAB chromogen was prepared and 2–3 drops

were applied on each slide for 2 min. Henceforward,

DAB was rinsed and the slides were counterstaining

with Mayer’s hematoxylin and cover slipping was per-

formed as the final steps before slides were examined

under a light microscope (Olympus CX21, Japan).

The SNpc slides were blindly examined to measure

the number of TH immunopositive cells using an image

analysis system “ImageJ 1.45F” (National Institutes of

Health, USA). The boundaries of the SNpc were chosen

on three consecutive sections corresponding to a repre-

sentative median plane of the SNpc by examining the size

and shape of the different TH-immunoreactive neuronal

groups. Cells that were clearly stained for TH with a visi-

ble nucleus were counted stereologically in the whole

SNpc. In addition, the optical density of caspase-3 immu-

nostaining was determined in the whole SNpc.

Statistical analysis

Results are expressed as the mean ± SEM. Measure-

ments were analyzed using two-way analysis of vari-

ance, ANOVA, followed by Newman Keuls post-hoc

test. Mortality percentage was compared at each time

point using c
2 test. All statistical tests were done em-

ploying the Statistical Package for Social Sciences,

version 17 (SPSS Software, SPSS Inc., Chicago,

USA) and the differences were considered significant

at p < 0.05.

Results

In the present study, injection of MPTP (20 mg/kg/

2 h/4 doses, ip) in mice produced functional impair-

ment in the motor tests. This was accompanied by

biochemical deficits and histopathological changes in

the substantia nigra dopaminergic neurons.

Assessment of mortality percentage

In the present study, the mortality percent recorded in

MPTP group was 8.3% at week 4 and increased to be

16.6% at week 8; these mortality percentages did not

differ from those recorded in saline group or the other

study groups (Fig. 2).

Assessment of the motor function

Grid walking test

In the grid walking test, statistical analysis using

ANOVA indicated a difference in the percentage of

foot slip errors after treatment with the selected regi-

mens at the two time points, at week 4 [F (6, 28) =

7.86, p £ 0.01] and week 8 [F (6, 28) = 12.48, p £

0.01]. Post-hoc analysis revealed that MPTP group

showed high percentage of foot slip errors compared

to saline group; treatment with L-dopa decreased the

percentage of errors as compared to MPTP group.

However, treatment with melatonin (5 and 10 mg/kg)

improved the walking behavior in the grid test and de-
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Fig. 2. Mortality percentage in the experimental groups at week 4
and week 8. Percentage was calculated out of 12 at each time point



creased the percentage of foot slip errors in compari-

son with MPTP group. Importantly, at week 8, mice

treated with melatonin (5 and 10 mg/kg) in combina-

tion with L-dopa showed lower errors compared to

those treated with L-dopa alone (p £ 0.05, Fig. 3A).

Open-field test

Statistical analysis using ANOVA indicated a difference

[F (6, 28) = 3.16, p £ 0.01 at week 4] and [F (6, 28) =

8.26, p £ 0.01 at week 8] in ambulation in the open field

test after treatment with the selected drugs. Post-hoc

analysis revealed that ambulation in the MPTP group

was significantly lower than that recorded in the saline

group. The ambulation recorded in L-dopa group at

week 8 was significantly lower than that recorded at

week 4; indicating a decrease in response to L-dopa. At

week 8, combination of the high dose of melatonin (10

mg/kg) with L-dopa provided higher ambulation com-

pared to the per se effect of L-dopa (Fig. 3B).

Rotarod test

Statistical analysis using ANOVA indicated a differ-

ence in the falling time in the rotarod test after treat-

ment with the selected drugs at the two time points, at

week 4 [F (6, 28) = 5.19, p £ 0.01] and week 8

[F (6, 28) = 13.21, p £ 0.001]. Post-hoc analysis indi-

cated that the falling time in the rotarod test was

found to be shorter in MPTP group as compared to sa-

line group. L-dopa-treated group showed shorter fal-

ling time at week 8 compared to that recorded at week

4. All the treatment regimens improved the falling

time as compared to MPTP group (p £ 0.05, Fig. 3C).

The combination of L-dopa and melatonin (10 mg/kg)

showed longer falling time in comparison to L-dopa

alone at the end of week 4 as well as week 8.

Biochemical measurements

Dopamine level

Statistical analysis using ANOVA indicated a differ-

ence in the striatal dopamine level among the study

groups at week 4 [F (6, 28) = 4.56, p £ 0.01] and week

8 [F (6, 28) = 6.24, p £ 0.001]. Post-hoc analysis re-

vealed that MPTP-treated mice showed a significant

decreased in striatal dopamine level as compared to

the saline-treated mice (Fig. 4). Daily treatment with

L-dopa, melatonin (5 and 10 mg/kg) or their combina-

tion increased the striatal dopamine level in compari-

son to MPTP group (p £ 0.05, Fig. 4). In addition, the

combination of L-dopa with melatonin (10 mg/kg)

showed greater striatal dopamine level compared to

the per se effect of L-dopa at week 4 as well as week 8.
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week 4 week 8

Fig. 3. (A) The percentage of foot slips errors for the experimental
groups in the grid walking test. Quantification reveals that MPTP
group showed significantly more foot slips errors than saline group
throughout the testing period (2 min). (B) The ambulation frequency
for the mice in the open field test. (C) The falling time for the mice in
the rotarod test. Data are the mean ± SEM and analyzed using two-
way ANOVA and Newman Keuls post-hoc test. * p £ 0.05 compared
to saline group at the same time point, # p £ 0.05 compared to MPTP
group at the same time point, ¥ p £ 0.05 compared to L-dopa group at
week 4, ¶ p £ 0.05 compared to L-dopa group at week 8



Lipid peroxides

Statistical analysis using ANOVA indicated a differ-

ence in MDA level after treatment with the selected

drugs at week 4 [F (6, 28) = 6.21, p £ 0.01] and week

8 [F (6, 28) = 7.21, p £ 0.01]. Post-hoc analysis dem-

onstrated that MPTP group showed higher concentra-

tion of tissue MDA compared to saline group at week

4 as well as week 8 (p £ 0.05, Fig. 5). At week 8,

L-dopa group showed higher MDA level in compari-

son to MPTP group. Further, melatonin (10 mg/kg)

induced a significant reduction in the elevated MDA

level compared to both, MPTP group and L-dopa

group. The combination of L-dopa with melatonin

(10 mg/kg) reduced tissue MDA in comparison to

MPTP group as well as L-dopa group (Fig. 5).

Glutathione concentration

Statistical analysis using ANOVA revealed a differ-

ence in tissue GSH level among the study groups at

week 4 [F (6, 28) = 5.19, p £ 0.01] and week 8

[F (6, 28) = 13.21, p £ 0.001]. MPTP administration

induced a significant decrease in the tissue GSH con-

tent as compared to the saline group at week 4 and

week 8. L-dopa group did not show a difference in

GSH level in comparison to MPTP group. Both doses

of melatonin (5 or 10 mg/kg) in combination with L-

dopa, induced significant increases in tissue GSH in

comparison to MPTP group as well as L-dopa group

at week 4 as well as week 8 (p £ 0.05, Fig. 6).

GP-x, SOD and CAT

Furthermore, analysis of variance highlighted a differ-

ence in the tissue enzyme activities among the study

groups at the two time points. At week 4, F (6, 28) =

4.11 (p £ 0.05) for GSH-Px, F (6, 28) = 4.11 (p £

0.05) for SOD and F (6, 28) = 4.11, (p £ 0.05) for

CAT. Whereas, at week 8, F (6, 28) = 6.43 (p £ 0.01)

for GSH-Px, F (6, 28) = 4.21 (p £ 0.01) for SOD and

F (6, 28) = 5.16 (p £ 0.01) for CAT. Post-hoc analysis

indicated that GP-x, SOD and CAT activities were

lower in MPTP-treated mice compared to saline-

treated mice at week 4 and 8. L-dopa group did not

differ significantly from MPTP group at the two time

points. Monotherapy with melatonin or combination

with L-dopa induced a significant increase in the anti-

oxidant enzymes activities compared to MPTP group

or single L-dopa therapy (Fig. 7).
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Immunohistochemical evaluation for TH and

caspase-3

Immunohistochemical staining for TH positive neu-

rons demonstrated that saline-treated mice showed

high number of TH positive neurons. On the other

hand, MPTP-treated mice showed a marked decrease

in TH positive neurons (Fig. 8A). At week 4, single

treatment with melatonin (10 mg/kg), or its combina-

tion with L-dopa, increased the number of TH-

positive neurons compared to MPTP group (Fig. 8B).

At week 8, all the treatment regimens improved TH

immunostaining compared to MPTP group as well as

L-dopa group (Fig. 8B).

Regarding caspase-3 immunostaining, saline-treated

mice showed low optical density for caspase-3,

whereas, MPTP group showed higher optical density

for caspase-3 (Fig. 9A). L-dopa group did not differ

significantly from MPTP group. All of the other treat-

ment regimens ameliorated caspase-3 immunostain-

ing in the SNpc (Fig. 9B).
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Fig. 9. Immunohistochemical staining
for caspase-3 in the substantia nigra
neurons from the experimental groups
at the end of week 8. (A) Photomicro-
graphs from sections in the SNpc of
saline group showing low immunopo-
sitive reactions. MPTP group showed
higher immunopositive reaction. Mice
treated with L-dopa + melatonin
(10 mg/kg) showed lower immuno-
staining for caspase-3 (scale bar: 213
µm) [DAB & Mayer’s hematoxylin
counter stain]. (B) Optical density for
the immune reaction in the substantia
nigra pars compacta in the experimen-
tal groups. Results are expressed as
the mean ± SEM and analyzed using
two-way ANOVA and Newman Keuls
post-hoc test. * p £ 0.05 compared to
saline group at the same time point, # p
£ 0.05 compared to MPTP group at the
same time point, ¥ p £ 0.05 compared
to L-dopa group at week 4, ¶ p £ 0.05
compared to L-dopa group at week 8

Fig. 8. Immunohistochemical staining
for tyrosine hydroxylase (TH) in the
substantia nigra neurons from the ex-
perimental groups at the end of week
8. (A) Photomicrographs from sections
in the SNpc of some of the experimen-
tal group (scale bar: 86.57 µm) [DAB &
Mayer’s hematoxylin counter stain].
(B) Number of immunpositive neurons
in the experimental groups. Results
are expressed as the mean ± SEM and
analyzed using two-way ANOVA and
Newman Keuls post-hoc test. * p £

0.05 compared to saline group at the
same time point, # p £ 0.05 compared
to MPTP group at the same time point,¥ p £ 0.05 compared to L-dopa group
at week 4, ¶ p £ 0.05 compared to
L-dopa group at week 8



Discussion

ROS, like the superoxide radical and H2O2, are the re-

sults of aerobic metabolism in the brain as this organ,

more than any other, produces a significant amount of

ROS. In neurodegenerative disorders, like PD, the anti-

oxidant defense systems dwindle and the oxidative load

increases [41]. Dopaminergic neurons exert greater oxi-

dative stress than other neurons owing to the production

of H2O2 during monoamine oxidase-driven dopamine

metabolism [24].

In the current study, MPTP-treated mice exhibited

impaired motor activity accompanied by a marked de-

crease in striatal dopamine level. The current results

demonstrated that MDA was higher in the brains of

MPTP-treated mice compared to saline-treated mice.

In accordance, complex I inhibition was suggested to

induce cell death in primary dopaminergic culture by

increasing ROS production and inhibiting mitochon-

drial respiration [40].

MPTP group demonstrated a decrease in striatal

GSH as well as antioxidant enzyme activities. Al-

though glutathione is not the only antioxidant mole-

cule reported to be altered in PD, the magnitude of

glutathione depletion appears to parallel the severity

of the disease and is the earliest known indicator of

nigral degeneration. It was reportedly preceding de-

tectable losses in both mitochondrial complex I activ-

ity and striatal dopamine content [21]. Oxidative

stress from MPTP-induced ROS could easily over-

load the intrinsic anti-oxidative system resulting in

cell death. These findings are compatible with those

reported that oxidative stress could be involved in the

pathogenic mechanisms of PD [45]. Consistently, low

density of GSH positive cells was found surrounding

the dopaminergic neurons [12], which along with

GSH-Px form the primary defense system of dopa-

minergic neurons against ROS. The present study

demonstrated diminished GSH-Px, SOD and CAT ac-

tivity in MPTP-treated mice compared to saline-

treated mice. Similarly, the SNpc of PD brains has

a reduced level of the antioxidant enzymes such as

CAT, SOD and GSH-Px [49] and antioxidant mole-

cules such as GSH [50], suggesting the presence of

a sustained burden of oxidative stress that over-

whelmed the antioxidant capacity.

In the current study, L-dopa treated group exhibited

higher MDA level compared to MPTP group at week

8 only. However, there was a non significant decrease

in GSH as well as the activities of the antioxidant en-

zymes. Dopamine within the neuron is metabolized

by MAO-A to dihydroxyphenylacetic acid (DOPAC),

H2O2 is kicked out in the process, and oxygen and wa-

ter are consumed [15]. Dopamine also undergoes

autooxidation to dopamine-quinone and generates

H2O2 in a reaction that involves a nucleophilic addi-

tion with protein sulfhydryl groups [17] and the re-

duction of GSH, the major cellular buffer that me-

tabolizes H2O2 and prevents oxidative stress in the

neuron [51]. If there is decreased GSH, then there is

no buffer to the H2O2 that is present in nigral tissues.

In addition, it has been suggested that in addition to

generation of H2O2 and quinone formation, L-dopa-

and dopamine-induced cell death were reported to be

attributed to the induction of apoptosis, as evidenced

by increases in caspase-3 activity [38].

Daily treatment with L-dopa for seven weeks

showed a gradual decrease in the therapeutic response

that became of significance at week 8 in some of the

motor parameters when compared to the correspond-

ing values at week 4. Several potential mechanisms

may explain these results; oxidative stress in the sub-

stantia nigra could result from overactivity of surviv-

ing dopamine neurons with increased hydrogen per-

oxide production. These changes could promote the

formation of ROS and induce oxidative damage. The

addition of L-dopa under these conditions could add

to the pro-oxidant environment in the substantia ni-

gra. Both L-dopa and dopamine undergo oxidative

metabolism and can thereby generate cytotoxic free

radicals and other oxidizing species. The quinone

products of L-dopa autooxidation can bind to and de-

plete GSH levels, thereby further reducing antioxidant

defenses available to dopamine neurons [33]. Treat-

ment with L-dopa in the current study did not appear

at week 4 but was observed only at week 8; this may

be related to the gradual decline (even non signifi-

cant) in GSH and the antioxidant enzyme activities.

It has been reported that L-dopa therapy increased

the concentration of 2,3-dihydroxybenzoate in platelets

of PD patients [29], other studies have described no

correlation between the dose of L-dopa and basal

plasma oxidative status measured as serum MDA [53]

or blood hydroxyl radicals and plasma [5]. L-dopa is

used in PD therapy, since it can be converted enzymati-

cally to dopamine, restoring its levels. Autoxidation,

increasing, even more, the oxidative stress situation at

nigrostriatal sites and L-dopa-treated patients will be at

greater risk [6]. With regard to antioxidant treatment,

L-dopa administration in rats induces formation of
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L-dopa-semiquinone, which can act as oxidant, de-

creasing dopamine and ascorbic acid levels [46].

In the current study, monotherapy with melatonin

or combination therapy with L-dopa ameliorated

MPTP-induced parkinsonism in mice. The combina-

tion of melatonin with L-dopa further enhanced the

motor response to L-dopa and prevented the time-

dependent decline in the response to L-dopa. Further,

melatonin - with or without L-dopa – improved the

oxidative status in MPTP-parkinsonian mice. Thus,

functional assessment came on line with biochemical

and histopathologic assessment. Melatonin, as an

electron-rich molecule, is able to interact with free

radicals through consecutive reactions giving rise to

many stable compounds that can be excreted by urine

[28]. In fact, the melatonin antioxidant mechanism

implied a free radical scavenger’s cascade, since sec-

ondary, and even tertiary, metabolites are also effi-

cient free radicals scavengers [45]. The formation of

such metabolites from melatonin implies that, unlike

classic antioxidants, melatonin does not produce pro-

oxidant reactions [1] and its metabolites were more

potent than melatonin itself [3].

The metabolites of melatonin are able to reduce 8-

hydroxy-2-deoxyguanosine [8] and lipid peroxidation.

Furthermore, it can interact with ·OH, the most reactive

free radical. This is supported experimentally by nu-

merous data that show that melatonin is able to protect

lipids in the cellular membranes, proteins in the cytosol

and DNA in the nucleus from free radical damage [42].

In the current study, melatonin improved the anti-

oxidant enzymes activities in MPTP-parkinsonian

mice. One of the main characteristic of melatonin is

that its antioxidant function is developed also through

the antioxidant enzymes activation. Thus, the indo-

leamine is an ideal molecule to fight against oxidative

stress. Many are the works which show that melatonin

treatment is able to increase the activity and/or the ex-

pression of the main antioxidant enzymes, such as

SOD, CAT, GSH-Px and glutathione reductase. The

studies developed with regard to antioxidant enzyme

activation started with the administration of exoge-

nous melatonin to rats, showing an increase in the

GSH-Px activity. It has been shown, in rat brain cor-

tex, that melatonin administration increases MnSOD

Cu/Zn SOD, GSH-Px and CAT mRNA levels [30].

Melatonin treatment immediately post-surgery attenu-

ates dopaminergic denervation in the 6-OHDA-

lesioned rat striatum when administered at physio-

logical concentrations [49]. Melatonin has been re-

ported to induce antioxidant enzymes such as SOD

[26] and GSH-Px activities, to prevent oxidative dam-

age [43] and protect against clomiphene citrate-

induced generation of H2O2 in rat eggs [55]. Lastly,

only high doses of melatonin are able to suppressed

iron-induced neurodegeneration of the nigrostriatal

dopaminergic system when administered locally or

after 7 days repetitive systemic injection [25].

In fact, some authors consider that melatonin treat-

ment in PD has little to do to improve the situation,

since dopamine autooxidation is a process initiated

many years before first symptoms are discovered and

an antioxidant therapy has little to do at this level.

There are increasing amount of evidences that in both

in vivo and in vitro nigrostriatal system, the oxidative

damage induced by MPP+ can be prevented by the use

of a variety of antioxidants which either can suppress

the formation of free radicals or activate the antioxi-

dative defense mechanisms, scavenging free radicals

[2]. Among them, the radical scavenging and antioxi-

dative activities of melatonin are also reported both in

vitro and in vivo [15]. The results of Jin et al. [22]

showed that MPP+-induced rises of lipid peroxidation

product, MDA decreased following the treatment of

melatonin may also support the antioxidative effects

of melatonin.

Further, melatonin was reported to protect nigral

dopaminergic neurons from MPTP neurotoxicity [22]

and against 6-OHDA-induced neurotoxicity in rats

[11]. Chetsawang et al. studied the neuroprotective ef-

fect of melatonin against the induction of c-Jun phos-

phorylation by 6-hydroxydopamine on SK-N-SH

cells [9]. Their results demonstrate some protective

properties of melatonin against neuronal cell degen-

eration and its action on the inhibition of c-Jun-N ter-

minal kinase signaling cascade. More recently, mela-

tonin was reported to inhibit amphetamine-induced

increase in a-synuclein and decrease in phosphory-

lated tyrosine hydroxylase in SK-N-SH cells [23].

Conclusion

In the present study, daily treatment with L-dopa im-

proved the motor performance of MPTP-parkinsonian

mice while worsened the biochemical parameters. Im-

portantly, there was a gradual decrease in the response
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to L-dopa which was accompanied by high brain

MDA level; treatment with melatonin improved the

motor function of mice. In addition, melatonin – with

or without L-dopa – suppressed the production of

MDA and increased GSH level in the MPTP-parkin-

sonian mice. Based on the previous findings, agents

that modulate oxidative stress would be promising

candidates for neuroprotection in PD and they can re-

duce the prooxidant effect of L-dopa.
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