
Homocysteine (Hcy), a thiol�containing amino acid

derived from the metabolism of methionine, is an inde�

pendent risk factor of cardiovascular disease [1]. Hcy is an

excitatory amino acid and markedly enhances the vulner�

ability of neuronal cells to excitotoxic and oxidative injury

in vitro and in vivo [2]. However, the mechanisms under�

lying the neurological damage characteristic of chronic

hyperhomocysteinemia are still poorly understood. It can

be neurotoxic by promoting thrombosis and inducing the

formation of free oxygen radicals that could cause brain

damage [3]. Furthermore, it can activate the N�methyl�

D�aspartate (NMDA) glutamate receptors to induce its

neurotoxicity [4]. It has been suggested that Hcy may pro�

mote the production of hydroxyl radicals, which initiates

lipid peroxidation, through Hcy autooxidation and thio�

lactone formation [5, 6]. Moreover, Hcy has the ability to

inhibit the expression of antioxidant enzymes such as glu�

tathione peroxidase (GSH�Px), which might potentiate

the toxic effects of reactive oxygen species [7].

Recently Maler et al. [8] have shown that Hcy

induces cell death of astrocytes in vitro. Astrocytes are

known to play an important role in survival of neurons in

the brain and they have been implicated in the regulation

of ionic environments, which are required for proper

physiological function of neurons [9]. Both chemical and

mechanical insults to the brain stimulate astrocyte prolif�

eration with hypertrophy and the formation of glial fila�

ments [10]. This phenomenon is called reactive gliosis. It

is characterized by an over expression of glial fibrillary
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Abstract—Homocysteine (Hcy), an independent risk factor for atherosclerosis, undergoes auto�oxidation and generates

reactive oxygen species, which are thought to be main cause of Hcy neurotoxicity. However, the mechanisms leading to neu�

rodegenerative disorders are poorly understood because studies that have investigated the potential neurotoxicity of hyper�

homocysteinemia in vivo are scarce. The purpose of this study was to test whether daily administration of methionine, which

induces hyperhomocysteinemia, causes glial hyperactivity, and also to investigate the protective effects of melatonin on the

brain tissue against oxidative stress of Hcy in rats. There was a significant development of oxidative stress as indicated by an

increase in malondialdehyde + 4�hydroxyalkenals in hippocampus and cortex of hyperhomocysteinemic rats, whereas sig�

nificant reduction was found in the activity of glutathione peroxidase (GSH�Px). Co�treatment with melatonin inhibited

the elevation of lipid peroxidation and significantly increased GSH�Px activity in the brain regions studied. Western blot

analysis revealed an increase in glial fibrillary acidic protein (GFAP) contents both in hippocampus and frontal cortex (p <

0.001) of hyperhomocysteinemic rats compared to the controls. Administration of melatonin significantly decreased GFAP

contents in hippocampus and cortex (p < 0.05). S100B contents increased only in frontal cortex in hyperhomocysteinemic

rats compared to the control (p < 0.01) and was inhibited by melatonin treatment (p < 0.01). The present findings show that

Hcy can sensitize glial cells, a mechanism which might contribute to the pathogenesis of neurodegenerative disorders, and

further suggest that melatonin can be involved in protecting against the toxicity of Hcy by inhibiting free radical generation

and stabilizing glial cell activity.
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acidic protein (GFAP). GFAP, the major protein of the

intermediate filaments of astroglial cells, is the most com�

monly used marker to examine the distribution of astro�

cytes and the hypertrophy of astrocytes in response to

neural degeneration or injury [11, 12]. It has also been

suggested that GFAP is essential for the formation of sta�

ble astrocytic processes, and this may be critical for mor�

phogenesis of the central nervous system [13].

S100B is also an astroglial protein that has growth

factor properties and several functions including interac�

tion with different cytoskeletal proteins to induce

cytoskeletal stabilization. S100B is an acidic Ca2+ binding

protein that exerts paracrine trophic effects on several

neuronal populations [14, 15]. S100B elevates neuronal

cytoplasmic free calcium levels, stimulates neurite out�

growth, and promotes neuronal survival. In addition to

the over expression of GFAP, astrocytes express high lev�

els of S�100B protein in response to neuronal damage

[14]. It can be neurotrophic and antiapoptotic in low

concentration but can be neurotoxic in high concentra�

tion. Assay of S100B protein and neuron specific enolase

can provide qualitative information about extent of brain

injury and are sensitive marker of brain damage after

stroke and cerebral hypoxia [16].

Recently we found that melatonin has the ability to

prevent reactive gliosis both in brain [17] and retina [18],

possibly by inhibiting oxidative stress. Numerous studies

have demonstrated that melatonin has antioxidant proper�

ties that can scavenge oxygen and nitrogen derived radical

species [19, 20]. In the present study, we sought to extend

the current information on antioxidant effects of mela�

tonin as well as to determine neuronal and glial markers in

different brain areas of rats with hyperhomocysteinemia.

MATERIALS AND METHODS

Animals. Male Wistar albino rats weighing 180�220 g

were housed in a room at constant temperature of 22 ±

2°C, with 12�h light/dark cycles. They were housed four

per cage with free access to food and water. The rats were

randomly divided into three groups at the start of the

experiment. The first group of rats was assigned as control

(n = 10), second group (Hcy group; n = 15) received daily

methionine (1 g/kg body weight) dissolved in drinking

water [21], and third group (Hcy + Mel group; n = 15)

received daily same doses of methionine plus 10 mg/kg

melatonin (Mel) (intraperitoneally) for a period of eight

weeks.

Sample collection. All rats were fasted overnight and

then sacrificed by decapitation. Blood samples were col�

lected and plasma was separated and then stored at –20°C

until analysis. Total Hcy levels were determined in plasma

with an enzyme immunoassay kit (Axis�Shield AS,

Norway). The brain was removed and the hippocampus

and frontal cortex were dissected for the biochemical

studies. Samples were kept at −70°C until the measure�

ments were performed. The brain areas were taken as fol�

lows. The cortex was dissected after the brain was split in

the mid�sagittal plane. Following removal of the frontal

cortex, the hippocampus was dissected from the under�

surface of the corpus callosum. All protocols described

were reviewed and approved by the Local Institutional

Committee for the Ethical Use of Animals.

Immunoblotting. Tissue samples were homogenized

in 10 mM Tris�HCl (pH 7.4), 0.1 mM NaCl, 0.2 mM

phenylmethylsulfonyl fluoride, 5 mM EDTA, 2 mM β�

mercaptoethanol, and 1% Triton X�100 containing pro�

teinase inhibitors and centrifuged at 40,000g for 60 min at

4°C. The supernatants containing the tissue extract were

collected and their protein concentration measured using

a protein assay kit (Sigma, USA).

Samples and molecular weight standards were ana�

lyzed by SDS�polyacrylamide gradient gel electrophore�

sis. Separated proteins were electroblotted onto nitrocel�

lulose membrane (Schleicher & Schuell Inc., USA).

Membranes were blocked by incubation with 1% bovine

serum albumin. The blots were then incubated with pri�

mary antibodies (Santa Cruz Biotechnology, Inc., USA)

at 1 : 2000 (anti�GFAP) and 1 : 1000 (anti�S100B) dilu�

tions overnight at 4°C. The membranes were washed

extensively in TBS�Tween (25 mM Tris�HCl, 0.2 mM

NaCl, 0.1% Tween 20) and then incubated for 1 h at room

temperature with a secondary antibody, a goat anti�rabbit

Ig peroxidase conjugate (Sigma, UK). Specific binding

was detected using diaminobenzidine and H2O2 as sub�

strates. The relative amount of immunoreactive bands on

Western blots was quantified in arbitrary units by scanning

blots using a computerized software program (LabWorks

4.0; UVP, Inc., Cambridge, UK).

Tissue lipid peroxidation (LPO) as malondialdehyde

(MDA) + 4�hydroxyalkenals was determined using a

LPO�586 kit (Oxis, Int. Inc. OR, USA); the method is

based on a reaction of N�methyl�2�phenylindole with

MDA and 4�hydroxyalkenals at 45°C. One molecule of

MDA or 4�hydroxyalkenals reacts with two molecules of

N�methyl�2�phenylindole to yield a stable chromophore

with maximal absorbance at 568 nm. GSH�Px activity

was determined according to the method of Lawrence

and Burk [22]. The reaction mixture consisted of 50 mM

Tris�HCl buffer (pH 7.0), 1 mM glutathione, 1 unit glu�

tathione reductase, and 1.5 mM cumene hydroperoxide

(Sigma). The oxidation of NADPH was monitored at

340 nm and 37°C. The unit of enzymatic activity was

expressed in nanomoles of NADPH oxidized per min.

RESULTS

Plasma Hcy concentrations of the rats given methio�

nine were significantly higher than those of the control

rats (p < 0.001) whereas melatonin administration
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reduced its level significantly (table; p < 0.05). Analysis of

variance demonstrated that the levels of LPO were signif�

icantly higher in hippocampus and frontal cortex of Hcy

rats compared with controls (p < 0.01) and were reduced

by melatonin treatment in both brain parts

(p < 0.05). The activity of GSH�Px in hippocampus and

frontal cortex of Hcy rats was significantly lower com�

pared with control rats (p < 0.01 and p < 0.05, respective�

ly). Melatonin treatment resulted in a significant alter�

ation in the brain levels of this enzyme towards its control

value (p < 0.01).

Western blot analysis revealed an increase in GFAP

content in rats treated with methionine compared to the

controls (p < 0.001; Fig. 1). Co�administration of mela�

tonin with methionine significantly reduced GFAP con�

tents both in hippocampus and cortex (p < 0.05).

Similarly, Hcy caused significant elevation in S100B pro�

tein levels in frontal cortex compared to the control val�

ues (p < 0.01). Administration of melatonin along with

methionine significantly inhibited this increase in S100B

protein contents (p < 0.01; Fig. 2).

Correlations of the levels of plasma Hcy with the val�

ues of hippocampal LPO, GFAP, S100B, and GSH�Px

activity in the Hcy group are shown in Fig. 3. A signifi�

cant negative correlation existed between the levels of

Hcy and the activity of GSH�Px (r = –0.631, p = 0.01),

whereas significant positive correlations existed between

the levels of Hcy and LPO (r = 0.670, p = 0.006) and

between the levels of Hcy and GFAP (r = 0.050, p =

0.04). There was a positive but insignificant correlation

between Hcy levels and S100B contents in hippocampus

of hyperhomocysteinemic rats (r = 0.440, p = 0.09).

DISCUSSION

In the present work, we suggest that chronic methio�

nine supplementation significantly increases the plasma

Hcy levels and melatonin at least partly prevents this ele�

vation. In our previous studies we first suggested that

Levels of LPO and activity of GSH�Px in hippocampus

and cortex and concentration of plasma homocysteine in

control, Hcy, and (Hcy + Mel) groups (mean ± SD)

Control

4.10 ± 0.5

31 ± 4

4.30 ± 0.5

28 ± 3

7.8 ± 0.9

Hcy

5.30 ± 0.7**

20 ± 3**

5.20 ± 0.7**

22 ± 4*

19 ± 2.0***

Hcy + Mel

4.50 ± 0.6+

32 ± 4++

4.45 ± 0.4+

30 ± 3++

14 ± 3.0+

* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control values; + p < 0.05, ++ p <

0.01 vs. Hcy group.

Parameter

Hippocampus

LPO (nmol/mg protein)

GSH�Px (unit/g protein)

Frontal cortex

LPO (nmol/mg protein)

GSH�Px (unit/g protein)

Plasma Hcy (µmol/liter)

Fig. 1. GFAP levels in rat hippocampus and frontal cortex of

control, Hcy, and (Hcy + Mel) groups. Representative portion

of Western blots probed with anti�GFAP antibodies. In addition

to the normal 49 kD GFAP band, several bands were seen at

roughly 44�48 kD molecular weight (15 µg of total protein was

applied per lane; computerized densitometry was performed

and mean ± SD for all groups are shown in lower panel).

Significant elevation in GFAP content was observed in hippo�

campus and cortex of Hcy group compared to the control val�

ues (***p < 0.001). Daily administration of melatonin reduced

GFAP levels (+p < 0.05). Hcy, homocysteine; Mel, melatonin.

Fig. 2. Expression of S100B protein in hippocampus and

frontal cortex from control, Hcy, and (Hcy + Mel) groups. (A

total of 10 µg protein was applied per lane; the results of den�

sitometric analysis were presented as mean ± SD in the lower

panel.) Hyperhomocysteinemia significantly elevated the

S100B protein levels in cortex (**p < 0.01) while no significant

effect was found in hippocampus (p > 0.05) compared to the

control group. Treatment with melatonin significantly pre�

vents the increase in S100B content induced by hyperhomo�

cysteinemia (++p < 0.01). Hcy, homocysteine; Mel, mela�

tonin.
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pinealectomy confers an increase in Hcy level and mela�

tonin administration normalizes its concentration [23].

In addition to its protective effects against oxidative

stress, melatonin at least in pharmacological doses may

protect tissues by reducing plasma Hcy levels [24].

Hcy is a neurotoxic amino acid that accumulates in

several neurological disorders [25]. The pathogenic mech�

anism of Hcy on the nervous system is not fully under�

stood. Hcy may produce its effects by increasing smooth

muscle proliferation, decreasing endothelial DNA synthe�

sis, inhibiting anticoagulant factors, increasing platelet

aggregation, and impairing endothelial�dependent arterial

vasodilatation [26]. Furthermore, it has been shown that

neurotoxic effects of Hcy are involved in NMDA stimula�

tion, nitric oxide synthase activation, and associated free

radical formation [27]. Hcy is able to generate reactive

toxic oxygen species such as superoxide, hydroxyl radicals,

and hydrogen peroxide [28, 29] and to initiate lipid perox�

idation. Consistent with these reports, in the present study

we show that Hcy stimulated lipid peroxidation. This was

supported by the previous studies, which report that Hcy

can increase malondialdehyde + 4�hydroxyalkenals levels

both in vitro [30] and in vivo [31] and administration of

melatonin reduces this lipid peroxidation product. Hcy is

readily oxidized as a consequence of auto�oxidation and

during oxidation of the sulfhydryl groups oxygen derived

free radicals are formed, which promotes lipid peroxida�

tion [28, 29]. We also show here that Hcy significantly

reduced GSH�Px activity in the brain regions. Hcy can

increase oxidative stress by inhibiting expression and func�

tion of antioxidant enzymes such as superoxide dismutase

and GSH�Px [7, 32]. Thus, in addition to generating reac�

tive oxygen and reactive nitrogen species during auto�oxi�

dation, Hcy impairs crucial enzymes responsible for the

inactivation or reduction of these reactive species. In

agreement with previous studies [30, 31], herein we found

that melatonin significantly reversed the oxidative stress

seen in Hcy rats and normalized their antioxidant enzyme

activity in different areas of the brain.

The major findings of this study are that Hcy stimu�

lates overproduction of glial markers (GFAP and S100B),

and treatment with melatonin prevents Hcy�induced

augmented production of GFAP and S100B. These data

suggest that Hcy induces glial reactivity, a universal cellu�

lar reaction to central nervous system damage. During

reactive gliosis, glial cells secrete neurotoxic substances,

such as excitatory amino acids, pro�inflammatory

cytokines or free radicals, which kill neurons and have

been proposed to be the major causes of neurodegenera�

tive diseases such as Alzheimer’s disease and Parkinson’s

disease [33]. Reactive glial cells and the factors they pro�

duce actively contribute to disease progression and

pathology [34]. Increases in S100B levels induce an ele�

vation in intra�neuronal free calcium concentrations,

which are neurotoxic. Thereby Hcy�induced reactive

gliosis may alleviate oxidant injury to neuronal compo�

Fig. 3. Analysis of the correlation between plasma Hcy levels and

activity of GSH�Px (a), levels of LPO (b), contents of GFAP (c),

and levels of S100B (d) in hippocampus of Hcy rats. Regression

analysis revealed that there was a significant negative correlations

between plasma Hcy levels and GSH�Px activity (r = –0.631, p =

0.01) whereas significant positive correlations existed between

the levels of Hcy and LPO (r = 0.670, p = 0.006) and between the

levels of Hcy and GFAP (r = 0.550, p = 0.04) in Hcy rats. The

correlation between Hcy levels and S100B contents (d) of hip�

pocampus was not significant (r = 0.440, p = 0.09).

G
S

H
�P

x,
 u

n
it/

g
 p

ro
te

in

1.5

27

24

21

18

15

15 18 21 24 27 30

LP
O

, 
n

m
o

l/
m

g
 p

ro
te

in

15 18 21 24 27 30

4

5

6

7

8

G
F

A
P,

 r
e

la
tiv

e
 u

n
its

15 18 21 24 27 30

2.0

2.5

3.0

3.5

S
1

0
0

B
, 

re
la

tiv
e

 u
n

its

Hcy, µmol/liter

15 18 21 24 27 30

1.8

1.5

1.2

0.9

0.6

a

b

c

d



MELATONIN PROTECTS NERVOUS SYSTEM AGAINST HOMOCYSTEINE TOXICITY S95

BIOCHEMISTRY  (Moscow)   Vol.  71   Suppl. 1   2006

nents and cell death. The mechanism by which Hcy

induces glial reactivity is not clear. However, Hcy�

induced oxidative reaction accompanied by the genera�

tion of reactive oxygen species, such as hydrogen perox�

ide or superoxide anion, and reduction in the activity or

expression level of GSH�Px might induce reactive gliosis.

Glial cells are situated between vessels and neurons to

protect neurons from insults. Thus, glial cells are the tar�

gets and mediators of many insults to the nervous system.

These results support a model in which cortical astrocytes

have been found to be affected by Hcy cytotoxicity in a

time� and dose�dependent manner [8].

In the present study we found that melatonin pre�

vents reactive gliosis induced by Hcy. To our knowledge

this is the first report to show that melatonin inhibits

Hcy�induced reactive gliosis. Recently we have reported

that increase in GFAP levels was found to be related with

elevated oxidative stress [17, 35], and administration of

melatonin significantly reduced the reactive gliosis both

in brain and in retina [17, 18]. Furthermore, we also

found that functional pinealectomy caused an elevation

in total and degraded levels of GFAP in different brain

parts and these elevations were reversed by the melatonin

treatment [36].

Our experimental data show that Hcy can sensitize

glial cells the mechanism which might contribute to the

pathogenesis of neurodegenerative disorders and further

suggest that melatonin can be involved in protecting

against the toxicity of Hcy by inhibiting of reactive oxy�

gen species generation and stabilizing glial cell activity.

This work was supported by the Firat University

Research Foundation (FUBAP, project No. 1056).
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