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Abstract: The glutathione system includes reduced (GSH) and oxidized (GSSG) forms of glutathione; the enzymes re-

quired for its synthesis and recycling, such as gamma-glutamate cysteine ligase ( -GCL), glutathione synthetase (GS), 

glutathione reductase (GSR) and gamma glutamyl transpeptidase ( -GGT); and the enzymes required for its use in me-

tabolism and in mechanisms of defense against free radical-induced oxidative damage, such as glutathione s-transferases 

(GSTs) and glutathione peroxidases (GPxs). Glutathione functions in the central nervous system (CNS) include mainte-

nance of neurotransmitters, membrane protection, detoxification, metabolic regulation, and modulation of signal transduc-

tion. A common pathological hallmark in various neurodegenerative disorders, such as amyotrophic lateral sclerosis and 

Alzheimer’s and Parkinson’s diseases, is the increase in oxidative stress and the failure of antioxidant systems, such as the 

decrease in the GSH content. The administration of exogenous neurohormone melatonin at pharmacological doses has 

been shown not only to be an effective scavenger of reactive oxygen and nitrogen species but also to enhance the levels of 

GSH and the expression and activities of the GSH-related enzymes including -GCL, GPxs, and GSR. The exact mecha-

nisms by which melatonin regulates the glutathione system are not fully understood. The main purpose of this short re-

view is to discuss evidence relating to the potential common modulation signals between the glutathione system and mela-

tonin in the CNS. The potential regulatory mechanisms and interactions between neurons and non-neuronal cells are also 

discussed.  

Keywords: Glutathione, -glutamate cysteine ligase, glutathione peroxidases, melatonin, brain. 

INTRODUCTION 

 Oxidative stress occurs when the production of reactive 
oxidative species (ROS) exceeds the capacity of cellular an-
tioxidant defenses to remove these toxic species. The central 
nervous system (CNS) in particular is highly susceptible to 
damage by ROS for several reasons. First, the CNS has a 
high rate of oxygen consumption; the brain constitutes about 
2% of total body weight but accounts for 20% of total body 
oxygen usage. Second, the CNS has high iron content, which 
could be a source (through Fenton and Haber-Weiss reac-
tions) of ROS. Moreover, iron is differentially distributed in 
some brain areas, and its presence has been shown to in-
crease with the age [1] while the antioxidant defenses decline 
[2, 3]. Third, the CNS might be especially vulnerable to ROS 
because it is rich in lipids with unsaturated fatty acids, which 
are a source for lipid peroxidation (LPO). Finally, the brain 
has only moderate antioxidant capacity; this limited capacity 
confers susceptibility to oxidative destruction and might con-
tribute to the development of neurodegenerative disorders [2, 
4, 5]. 
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 The role and potential clinical applications of endoge-
nous and exogenous antioxidants for protecting the brain 
from ROS have been extensively tested but are still debated. 
Nutritional supplement studies have tested the protection 
conferred by vitamins E and C or by micronutrients such as 
selenium either alone or in combination. These studies have 
shown benefits of nutritional supplements in experimental 
models, but in clinical studies the results are still controver-
sial [6]. Ideally, the design and application of antioxidants 
must take into consideration the free radical or toxic com-
pound target organ, the blood brain barrier (BBB) permeabil-
ity of the compound, and the dose and time of administration 
[7]. In all cases, understanding the mechanisms of action of a 
compound with antioxidant properties is crucial to the design 
and implementation of clinical trials, which eventually will 
lead to more effective antioxidant therapeutics [6]. 

 Glutathione and melatonin have been evaluated as pro-
tective compounds for the CNS. In the case of GSH, the pro-
tective effect is achieved by supplying glutathione’s precur-
sor amino acids, mainly cysteine. GSH does not cross the 
BBB, and oral or intravenous administration of GSH results 
in quick degradation or elimination. Several compounds 
have been tested to increase GSH in brain, for example the 
GSH monoethyl ester (GEE), L-2oxothiazolidine-carboxilic 
acid (OTC) and N-acetyl cysteine (NAC) [8]. Although in 
some cases GSH levels increased selectively in the brain 
(NAC) or specifically in astrocytes (OTC), either toxic ef-
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fects related to the compound or a lack of response in the 
target organ were observed. 

 More than a decade ago, the antioxidant properties of 
melatonin were described. This product of the pineal gland 
might exert its antioxidant effects directly by acting as a free 
radical scavenger and indirectly by increasing the expression 
and activity of antioxidants and decreasing the expression of 
pro-oxidant enzymes [3, 9, 12]. However, the precise mecha-
nisms of melatonin’s antioxidant effects are not fully under-
stood. 

 This brief review focuses on the mechanisms of regula-
tion of GSH and GSH-related enzymes by melatonin in the 
CNS. Maintenance of GSH in the CNS involves the interac-
tion of neurons and non-neuronal cells such as astrocytes; in 
this context, some considerations about regulatory mecha-
nisms of melatonin are also discussed. 

THE GSH SYSTEM IN THE CNS 

 GSH is synthesized de novo in two sequential ATP-
dependent reactions: first, -glutamate cysteine ligase ( -
GCL) catalyzes a reaction between glutamate and cysteine to 
form the dipeptide -glutamylcysteine; second, GSH syn-
thetase (GS) catalyzes a reaction between -glutamylcysteine 
and glycine to produce GSH. Maintenance of the reduced 
form of GSH occurs by the enzyme glutathione reductase 
(GSR), which reduces GSSG to produce two GSH molecules 
in an NADPH-dependent reaction [13]. The glutathione sys-
tem is comprised of both the reduced (most abundant, GSH) 
and oxidized (GSSG) forms of GSH and the enzymes related 
to its synthesis, maintenance and metabolism. GSH is the 
most abundant antioxidant in cells, although concentrations 
vary among different tissues. In the brain, where GSH pro-
vides a critical mechanism of endogenous defense against 
free radicals, the GSH concentration is approximately 1-3 
mM [14, 15]. Selective increases in GSSG that lead to 
changes in the ratio of GSH/GSSG and a high production of 
ROS are associated with the development and progression of 
neural degeneration in disorders such as Parkinson’s, 
Huntington’s, and Alzheimer’s diseases and in cerebellar 
degeneration [2, 5, 14]. Functions of the GSH system are 
essential for cellular maintenance and survival. For example, 
as an antioxidant, GSH serves as a hydrogen donor for the 
elimination of the free radical by-products of metabolic 
pathways that regenerate other cellular antioxidants such as 

-tocopherol, ascorbate or ubiquinones. In reactions medi-
ated by glutathione peroxidases (GPx), GSH also reduces 
organic peroxide by-products of LPO [16, 17]. GSH also 
reacts with toxic compounds, either spontaneously or enzy-
matically, through glutathione S-transferases (GSTs) to form 
excretable GSH-conjugates [16, 18-20]. GSH is a cysteine 
reservoir because this amino acid in its free form is easily 
auto-oxidized, thereby producing free radicals which result 
in neurotoxic effects [21, 22]. Moreover, in recent years, 
GSH has been found to modulate cellular signaling through 
“glutathionylation” of key cysteines located in the active site 
or regulatory regions of proteins like kinases, phosphatases 
and transcription factors [23, 24] or through the modulation 
of ROS-sensitive signal transduction pathways following 
changes in the intracellular redox state [20, 25-27]. 

 As mentioned above, GSH levels have been reported in 
the range of 1-3 mM [14, 26], and it has been demonstrated 
that GSH content is higher in astrocytes than in neurons [28]. 
In vitro, GSH is released by astrocytes, and then, through 
extracellular catabolism, amino acids are generated and used 
as precursors for neuronal GSH synthesis [29, 30]. GSH is 
exported from astrocytes to the extracellular space through 
the multidrug resistance protein 1 [15, 31-33]. Once there, 
GSH is catabolized by ectopeptidases like -glutamyl 
transpeptidase ( -GGT) that are present in the external neu-
ronal membrane [30]. GSH precursors are then taken up by 
neurons through different amino acid transporter systems. 
Moreover, uptake of GSH precursors might vary with neu-
ronal age. For example, cortical immature neurons exclu-
sively uptake cysteine via the xCT system [34] whereas ma-
ture neurons use the cysteine-permeable, Na

+
-dependent glu-

tamate transporter system XAG
_ 

[8, 30, 35], glutamate trans-
porters [8, 36], and possibly specific transporters such as 
GlyT 1 and 2 for glycine [37, 38]. In the CNS, the intracellu-
lar GSH content correlates with -GCL mRNA levels and 
enzymatic activity, and the GSH concentration is variable 
among different brain regions following the descending or-
der cortex > cerebellum > hippocampus > brain stem [39]. 

MELATONIN 

 Melatonin (5-methoxy-N-acetyltryptamine) is synthe-
sized from serotonin. This indoleamine is synthesized from 
tryptophan through the following reactions: 5-hydroxylation, 
decarboxylation, N-acetylation and O-methylation. Alterna-
tive pathways for melatonin formation involve O-
methylation of serotonin followed by N-acetylation of 5-
methoxytryptamine or O-methylation of tryptophan, decar-
boxylation and N-acetylation [10]. In vertebrates, melatonin 
is produced predominantly by the pineal gland, but it has 
been well documented that melatonin production also occurs 
in extrapineal sites such as the retina, Harderian gland, gas-
trointestinal tract, bone marrow, platelets, and skin [10, 12, 
40-42]. It is well-known that the synthesis and secretion of 
melatonin are markedly influenced by light-dark cycles: dur-
ing daylight the synthesis and secretion of melatonin are 
reduced while in darkness synthesis increases [40]. Mela-
tonin produced by the pineal gland is released into the cere-
brospinal fluid and the systemic circulation where it exerts 
various biological actions upon reaching melatonin receptor-
rich target tissues [12]. Melatonin and its metabolites formed 
in the kynuramine pathway (see [9] for review) have multi-
ple beneficial effects including biological modulation of 
mood; sleep regulation; sexual behavior; and anti-
inflammatory, chronobiological, immunomodulatory, and 
neuroendocrine actions (see [10-12, 43, 44] for detailed re-
views). 

MELATONIN AS AN ANTIOXIDANT 

 Melatonin is of great clinical interest due to its potential 
ability to diminish the damage caused by increased levels of 
free radicals, neuronal loss, and motor or cognitive dysfunc-
tions in neurodegenerative diseases, including Alzheimer’s 
and Parkinson’s diseases, Huntington’s chorea, and 
amyotrophic lateral sclerosis, and in ischemia-reperfusion 
injury and traumatic brain injury [3, 43, 45, 46]. The antioxi-
dant properties of melatonin in biological systems include a 



Glutathione Regulation by Melatonin in CNS Central Nervous System Agents in Medicinal Chemistry, 2010, Vol. 10, No. 4    289 

direct antioxidant effect, which involves scavenging of ROS 
to prevent oxidative damage to cellular structures including 
membrane lipids and DNA (see [3, 11, 47] for reviews), and 
an indirect antioxidant effect, in which melatonin regulates 
the transcription and activity of antioxidant enzymes [48]. 
For example, melatonin induces -GCL mediated by AP-1 in 
vitro [49] and enhances GPx and SOD activities [50-53]. 
Interestingly, the inhibition of melatonin by light also inhib-
its the increase of SOD and GPx in avian and rodent tissues, 
which indicates a coordinated circadian regulation [54-57]. 
Additionally, in pinealectomized rats, GPx activity over 24 h 
was lower and LPO was increased, supporting the hypothesis 
that melatonin enhances GPx activity [58]. 

EVIDENCE THAT GSH AND GSH-RELATED  

ENZYMES ARE REGULATED BY MELATONIN IN 

THE CNS 

 Through subcutaneus or intraperitoneal administration, 
melatonin easily crosses the BBB and is detectable at higher 
concentrations in the brain relative to blood content [59, 60]. 
An interesting pharmacokinetic property of melatonin is its 
distribution into distinct structures of the brain following 
exogenous administration (Table 1). Melatonin has been 
detected in cortex, hippocampus, cerebellum, striatum, 
thalamus/hypothalamus, midbrain and medulla (see Table 1). 
Additionally, in Table 1 we summarize some examples from 
the literature in which melatonin has a positive effect on the 
regulation of GSH and its related enzymes under different 
stress conditions. Nevertheless, an intriguing question con-
cerns the mechanisms through which this positive regulation 
occurs in the brain, considering the extraordinary complexity 
of this organ. A general cellular model for the regulation of 
antioxidant genes by melatonin has been proposed by Rodri-
guez et al. [48]. This model suggests that the regulation of 
antioxidant genes occurs through the activation of receptors 
MT1/2 and subsequent modulation of protein kinases, such 
as PKA, PKC, and members of mitogen activated protein 
kinases family (MAPK), and modulation of transcription 
factors, such as RZR/ROR nuclear orphan receptor, 
CREB/ATF, nuclear factor B (NF- B), and AP-1, that fi-
nally lead to the modulation of antioxidant-related genes 
[48]. This interesting and generalized model for the regula-
tion of the expression of antioxidant enzymes might include 
additional components depending on the specific tissue. In 
the CNS, the regulation of the GSH system involves cellular 
interactions between astrocytes and neurons [30, 61]. Addi-
tionally, GSH enzymes are differentially distributed among 
different brain regions; that distribution is reflected in differ-
ential GSH content among the regions. In the next section of 
this review, we discuss evidence of melatonin regulation of 
GSH in the CNS considering the system’s two main en-
zymes: GPxs and -GCL. 

GPxs REGULATION IN THE CNS: THE “CLASSIC” 

ANTIOXIDANT TARGETS OF MELATONIN 

 Glutathione peroxidases constitute a family of selenopro-
teins that contain a selenocysteine at the active site that is 
successively oxidized and reduced during catalytic cycles, 
conferring the antioxidant capacity to eliminate peroxides 
using GSH as the reducing substrate. There are five members 
of the selenium-containing GPx family in mammals: cytoso-

lic GPx (cGPx, GPx1), gastrointestinal GPx (GI-GPx, 
GPx2), plasma GPx (pGPx, GPx3), phospholipid hydroper-
oxide GPx (PHGPx, GPx4), and GPx6 which is restricted to 
the human olfactory system [77]. These proteins are pro-
duced according to a hierarchy that is dependent on the Se 
supply and mRNA stabilization; the hierarchy probably re-
flects the biological importance of the GPx family members 
[77, 78]. Under selenium deficiency, cGPx mRNA and pro-
tein are rapidly degraded, whereas other GPxs remain stable 
(e.g., PHGPx) or increase (e.g., GI-GPx) [79-81]. 

 Early studies, first in rat brain and shortly thereafter in 
chick tissue, correlated exogenous melatonin administration 
with an increase in GPx activity [50, 53]. Interestingly, most 
of the changes in GPx activity reported in the literature have 
been evaluated by a coupled reaction that detects global per-
oxidase activity using GSR and cumene hydroperoxide as a 
substrate [50, 55, 82]. This method is limited because spe-
cific analyses of enzymatic activity and mRNA expression 
have demonstrated that in the brain, the cGPx and PHGPx 
isoforms are expressed differentially and moreover may be 
implicated in different functions [83, 84]. The cGPx is the 
classic peroxidase that reduces H2O2 produced by O2 dismu-
tation [85], meanwhile PHGPx functions include the reduc-
tion of inorganic and organic peroxides – particularly phos-
pholipid hydroperoxides – within membranes and lipopro-
teins, the regulation of apoptosis, and gene expression, 
among others (reviewed in [86, 87]). Moreover, in rats, cGPx 
and PHGPx are differentially modulated by age and brain 
region. Both enzymes have been detected in cerebrum, cere-
bellum, midbrain, and brain stem [83]. Additionally, cGPx 
predominantly localizes to reticular thalamic and red nuclei, 
cortex, dentate gyrus, and pontine nucleus; moderate cGPx 
levels were observed in caudate-putamen, septum nuclei, the 
diagonal band of Broca, hippocampus, thalamus, and hypo-
thalamus of the mouse brain [85]. At the cellular level, high 
levels of cGPx have been reported in microglia, whereas low 
levels have been detected in neurons and astrocytes in mouse 
and human brains [85, 88, 89]. In contrast, PHGPx mRNA is 
expressed mainly in neurons during postnatal development in 
the cortex, hippocampus, and cerebellum; mRNA levels de-
crease gradually in the brain of adult rats [86]. Additionally, 
PHGPx expression in astroglial has been detected in both the 
immediate surrounding area of an injury and in astrocytes 
located in distant areas from the site of injury [86]. There are 
three PHGPx isoforms reported: cytosolic (c-PHGPx), mito-
chondrial (m-PHGPx), and nuclear (n-PHGPx, mainly ex-
pressed during spermatogenesis) [87], but in the brain, just c-
PHGPx and m-PHGPx have been detected by protein im-
munoreactivity and mRNA analysis [86]. There is little in-
formation about transcriptional regulation of GPx, but stud-
ies suggest a role of SRC kinases; the transcription factor 
NF- B [90]; and SP-1, NF-1, and Smad family members [91, 
92] in the up-regulation of PHGPx. Clearly, further evalua-
tion of the transcription factors involved in the regulation of 
cGPx and PHGPx by melatonin is warranted. 

 How is melatonin exerting its effects on the regulation of 
GPxs in the brain? As mentioned before, a limited supply of 
selenium influences the expression of GPxs according to a 
hierarchy, but this criteria is only valid in the case of cGPx 
expression because PHGPx remains unchanged in brain re-
gions under Se deficiency conditions [83]. On the other
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Table 1. GSH, GSH-Related Enzymes and Antioxidants Modulated by Melatonin in different Brain Structures during Oxidative 

Stress Conditions 

Brain Structure 
Animal 

Model 
Condition/Insult 

Antioxidant  

Evaluated 
Insult Consequence 

Melatonin  

Administration 
Melatonin Effect Reference 

Rat 
Polychlorinated 

biphenyls 

GSH, Cu/Zn SOD, 

Mn SOD, GPx 

 Cu/Zn SOD, Mn 

SOD, GPx 

mRNA expression 

and activities, tissue 

damage 

i.p. 

 Cu/Zn SOD, Mn 

SOD, GPx 

mRNA expression 

and activities 

[62, 63] 

Rat Formaldehyde SOD, GPx 

 SOD, GPx activi-

ties.  

 MDA, apoptosis 

i.p. 

 enzymes activi-

ties, 

 MDA and apop-

tosis 

[64] 

Rat Homocysteine GSH, GPx 
 Lipid peroxidation 

(LPO) 
i.p. 

GSH level and 

GPx activity 
[65] 

Rat 
Ischemia/ Reperfu-

sion 
SOD, GSR 

 glucose consump-

tion, SOD and GSR 
i.p. 

 glucose con-

sumption, 

 SOD and GSR 

[66] 

Rat Kainic Acid GSH 

 GSSG/GSH ratio, 

GPx, neuronal 

damage 

i.p. 
 GSSG/GSH,  

GPx 
[67] 

Cortex 

Rat Melatonin 
GPx, Cu/Zn-SOD, 

Mn-SOD 

Acute and chronic 

exposure 
i.p. 

 mRNA in all 

antioxidant en-

zymes 

[68] 

Rat 
Polychlorinated 

biphenyls 

GSH, Cu/Zn SOD, 

Mn SOD, GPx 

 Cu/Zn SOD, Mn 

SOD, GPx mRNA 

expression and ac-

tivities, tissue dam-

age 

i.p. 

 Cu/Zn SOD, Mn 

SOD, GPx mRNA 

expression and 

activities 

[62, 63] 

Rat Ethanol GPx  LPO i.p.  GPx,  LPO [69] 

Rat Homocysteine GSH, GPx  LPO i.p. 
GSH level and 

GPx activity 
[65] 

Rat Lead GSH, SOD 

 LPO,  GSH  

SOD activity,  lost 

of neuronal density 

i Subcutaneus 

injection 

 LPO,  GSH  

SOD activity,  

lost of neuronal 

density 

[70] 

Hippocampus 

Rat KA GSH  GSH i.p. 
Partial restoration 

of GSH 
[71] 

Rat 
Polychlorinated 

biphenyls 

GSH, Cu/Zn SOD, 

Mn SOD, GPx 

 Cu/Zn SOD, Mn 

SOD, GPx mRNA 

expression and activi-

ties, tissue damage 

i.p 

 Cu/Zn SOD, Mn 

SOD, GPx mRNA 

expression and 

activities 

[62, 63] 

Rat Homocysteine GSH, GPx  LPO i.p 
GSH level and 

GPx activity 
[65] 

Rat 
Ischemia/ Reperfu-

sion 
SOD, GSR 

 glucose consump-

tion, SOD and GSR 
i.p 

 glucose con-

sumption, 

 SOD and GSR 

[66] 

Cerebellum 

Mouse 
Acute gamma radia-

tion 
GSH 

 LPO,  GSH,  

lost Purkinje Cells 
i.p 

LPO,  GSH,  

lost Purkinje Cells 
[72] 
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(Table 1) contd…. 

Brain Structure 
Animal 

Model 
Condition/Insult 

Antioxidant  

Evaluated 
Insult Consequence 

Melatonin  

Administration 
Melatonin Effect Reference 

Rat Kainic Acid GSH 

 GSSG/GSH ratio, 

GPx, neuronal 

damage 

i.p  GSSG/GSH [67] 

Rat Lead GSH, SOD 

 LPO,  GSH  

SOD activity,  lost 

of neuronal density 

Subcutaneus 

injection 

 LPO,  GSH  

SOD activity,  

lost of neuronal 

density 

[70] 

Mouse 

1-methyl-4-phenyl-

1,2,3,6-

tetrahydropyridine 

GSH, SOD  GSH,  SOD i.p  GSH,  SOD [73] 

Striatum 

Mouse 

1-methyl-4-phenyl-

pyridinium ion/ 

Buthionin sulfoxi-

mine 

GSH/GSSG 
 GSH, 

GSSG/GSH 
i.p  GSSG/GSH [74] 

Rat 
Ischemia/ Reperfu-

sion 
SOD, GSR 

 glucose consump-

tion, SOD and GSR 
i.p. 

 glucose con-

sumption, 

 SOD and GSR 

[66] 
Thalamus/  

Hypothalamus 

Rat Phosphine GSH, GPX,  SOD 
GSH, GPX,  

SOD 
i.p. 

 GSH,  GPx,  

SOD 
[75] 

Rat 
Ischemia/ Reperfu-

sion 
SOD, GSR 

 glucose consump-

tion, SOD and GSR 
i.p. 

 glucose con-

sumption, 

 SOD and GSR 

[66] 
Midbrain 

Rat Rotenone GSH, SOD, CAT  GSH,  OH• Intranigral  GSH, SOD, CAT [76] 

Medulla Rat 
Ischemia/ Reperfu-

sion 
SOD, GSR 

 glucose consump-

tion, SOD and GSR 
i.p. 

 glucose con-

sumption, 

 SOD and GSR 

[66] 

 

hand, administration of sodium selenite (0.1 mg/kg i.p.) and 
melatonin (10 mg/kg i.p.) in a rat model of ische-
mia/reperfusion restore GSH levels and global activity of 
GPxs, thereby preventing neuronal injury [93]. Interestingly, 
selenium and melatonin provide cellular protection from 
ROS damage through similar mechanisms. For example, 
both melatonin and Se enhance the expression and activity of 
GPxs, but melatonin also acts directly as a free radical scav-
enger [11]. The stabilization of GPx mRNA levels that oc-
curs with an adequate supply of Se is necessary for GPxs 
regulation. The stabilization of mRNA levels has also been 
observed following exogenous melatonin administration, 
which strongly supports a common regulatory mechanism of 
GPxs that leads to increased protein synthesis and finally to 
higher peroxidase activity [94]. However, how this stabiliza-
tion in mRNA levels of cGPx or PHGPx isoforms is modu-
lated by melatonin is still unknown. 

-GCL EXPRESSION, INCREASES IN GSH LEVELS, 

AND MELATONIN IN THE CNS: POTENTIAL 

MECHANISMS 

 As shown in Table 1, under conditions of oxidative 
stress, melatonin administration is associated with increases 

in mRNA expression and activity of GPx and other GSH-
related enzymes in several brain regions. However, in some 
cases, a corresponding increase in GSH content was not de-
tected; rather, GSH levels were either maintained or slightly 
elevated [70, 71]. A possible explanation for the limited 
GSH recovery could be that high GPx activity for ROS de-
toxification increases GSH consumption, thereby limiting the 
full recovery of the thiol level. This effect might depend on 
the nature of the toxic agent, the amount of GSH participat-
ing in the processes, and on the ability of a specific brain 
region to activate GSH synthesis. In this regard, there is 
scarce evidence concerning the effect of melatonin on the 
expression of brain -GCL mRNA. This issue is important 
because -GCL (which includes the catalytic and modifier 
subunits) catalyzes the rate-limiting enzyme in GSH synthe-
sis [95, 96]. Under oxidative stress conditions (Table 1), in-
traperitoneal administration of melatonin increases the GSH 
content in some brain regions. However, it has been demon-
strated that GSH synthesis correlates with -GCL mRNA 
expression and activity [39]. Thus, it could be speculated that 
the increase in the GSH content after melatonin administra-
tion observed in these experiments could be due to a coordi-
nated increase in -GCL expression and activity as previ-
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ously observed [26, 61, 97]. In support of this observation, 
some clues have emerged from diverse lines of investigation. 
First, sequence analysis studies have led to the identification 
of regulatory elements in the promoter of -GCLc and -
GCLm. Mulcahy and coworkers have reported that the -
GCLc and -GCLm promoters contain regulatory elements 
for transcription factors such as AP-1, activator protein-2 
(AP-2), Sp-1, NF- B, and Nrf2 [98-105]. Second, in vitro 
experiments have positively associated melatonin with the 
modulation of these transcription factors. For example, in 
ECV304 human vascular endothelial cells, 1 M melatonin 
induced the expression of -GCL and resulted in an increase 
in the GSH content at 24 h by a mechanism that is tentatively 
linked to the transcriptional activity of AP-1 and retinoid Z 
receptor/retinoid receptor-related orphan receptor alpha 
(RZR/RORalpha) [49]. With respect to the transcription fac-
tor Nrf2, recent evidence indicates that melatonin increases 
Nrf2 expression as well as antioxidant enzyme levels under 
conditions of oxidative stress and inflammation in different 
tissues in vivo [106-108]. Additionally, melatonin has been 
linked to the activation of all of the aforementioned tran-
scription factors through activation of MAPK family path-
ways (i.e., p38

MAPK
 and ERK1/2), which raises the possibil-

ity of a melatonin-mediated signal transduction pathway that 
leads to an increase in -GCL expression and GSH in the 
CNS [26, 104-105, 109]. In support of such a melatonin-
mediated pathway, in vitro and in vivo studies have demon-
strated a modulation by melatonin of MAPK signaling [110-
113]. For example, neuroprotective brain pathways activated 
by acute exposure to melatonin include Raf/MEK/ 
ERK/p90RSK [114] and phosphatidyl inositol-3 kinase/Akt 
signaling [115]. In the same study, chronic prophylactic 
treatment with melatonin increased ERK-1/-2 and/or JNK-
1/-2 phosphorylation [115]. Taken together, these data sug-
gest that in the brain, the antioxidant effects of melatonin 
could stimulate MAPK or Akt signal transduction pathways, 
potentially leading to the regulation of -GCL which is re-
flected in higher GSH content. A neuron-glial cell interac-
tion-based model that incorporates melatonin’s effects on 
GSH synthesis and -GCL expression and regulation is still 
needed to test these hypotheses. 

REGULATION OF THE GSH SYSTEM BY  

MELATONIN AND THE NEURON-ASTROCYTE  

INTERACTION 

 It is important to emphasize that in the CNS, modulation 
of the GSH system by melatonin occurs in an interactive 
environment involving both neurons and glia, particularly 
astrocytes. As mentioned initially, a clear biochemical inter-
action between neurons and astrocytes contributes to the 
regulation of GSH levels. First, some studies suggest that 
GSH concentrations are higher in cultured astrocytes (16-25 
nmol/mg of protein) than in neurons (< 1 nmol/mg of pro-
tein) [116]. Interestingly, both catalytic and regulatory 
subunit proteins of -GCL are present not only in astrocytes 
but also in dopaminergic neurons of the substantia nigra 
[117]. Nevertheless, these differential amounts of GSH could 
vary by species and/or could be due to the use of different 
brain areas for the preparation of primary cultures or to dif-
ferent culture conditions [118]. However, the general con-
sensus is that total GSH content is higher in astrocytes than 

in neurons [28, 116, 119-121], which could partially explain 
the higher susceptibility of neurons to oxidative damage as 
compared to astrocytes. 

 As shown in Table 1, exogenous melatonin administra-
tion induced similar responses with respect to the modulation 
of GSH and related enzymes in the brain regions evaluated. 
However, melatonin has differential protective effects in 
CNS tissues such as brain, total spinal cord, optic nerve, and 
spinal cord white matter; this last tissue is where the major 
effect has been observed [122]. In the brain of pinealec-
tomized rats, treatment with 500 μg/kg of melatonin twice 
daily for ten days significantly increased the content of 5-
hydroxyindoleacetic acid (5-HIAA) in striatum and the 5-
HIAA/5-HT ratio (an index of serotonergic activity) in nu-
cleus accumbens. Interestingly, this evidence pinpoints the 
differential effect of melatonin in some brain regions [123]. 

 Finally, it is unclear whether the neuron-astrocyte inter-
action is the same with respect to GSH synthesis in the pres-
ence or absence of melatonin. Some evidence demonstrates 
that melatonin exerts its neuroprotection by modulating this 
interaction. In a model of excitotoxicity induced with kainic 
acid in the hippocampus of mice, activation of neuronal Akt 
in hippocampal neurons and an up-regulation in the expres-
sion of astroglial cell line-derived neurotrophic factor 
(GDNF) were detected. That protection occurred by a direct 
effect of on astroglial GDNF levels, which subsequently 
activated the neuronal PI3K/Akt pathway [124]. As men-
tioned above, the PI3K/Akt pathway may be involved in 
neuroprotective responses in the brain [115]. Additionally, in 
vitro models strongly suggest that an increase of -GCL 
mRNA and GSH synthesis occur through activation of the 
PI3K/Akt/Nrf2 pathway [125-128]. Whether melatonin in-
creases the GSH content and the expression of -GCL 
through PI3K/Akt/Nrf2 in astrocytes and neurons remains to 
be tested. 

FINAL CONSIDERATIONS 

 The GSH system constitutes the main defense against 
oxidative damage. Disease, aging and environmental expo-
sure through diet, pollution, etc. consume endogenous GSH 
and antioxidants increasing the risk for oxidative stress dam-
age [4]. Melatonin is present in organisms at a concentration 
(< 1 nM) several orders of magnitude below that at which 
antioxidant effects have been reported both in vitro and in 
vivo [129], suggesting that the neurohormone is acting 
mainly as an antioxidant that quenches and/or reduces free 
radicals, although the activation of some signaling pathways 
might be expected in direct relationship to melatonin and 
melatonin receptor levels in the CNS. We have discussed 
evidence that exogenous melatonin can also exerts its protec-
tion by up regulating the GSH system. Additionally, it will 
be important to investigate the differential regional response 
to the presence of high levels of the neurohormone and to 
investigate if metabolic enzymes such as P450 cytochrome 
1B1 (CYP1B1), which hydroxylates melatonin [130], are 
also modulated by its presence. Such modulation occurs with 
cytochromes from the 1A and 1B subfamilies that are known 
to be induced in response to environmental carcinogens such 
as polycyclic aromatic hydrocarbons (PAH, ubiquitous com-
pounds present in urban air pollution and cigarette smoke). 
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This interaction could prove to be more complex than ex-
pected since melatonin protected the oxidative damage in 
brain by benzo(a)pirene, a carcinogenic PAH that consumes 
GSH [4]. The neuroprotection was observed as a significant 
inhibition of lipid peroxidation and induction of some en-
zymes of the GSH system like GPx and of SOD and CAT 
activities [131]. A similar response was observed in rat hip-
pocampus where the administration of the neurohormone 
exerted protection against the pro-oxidant activity of alumi-
num lactate [132] and according to Riter et al. [133] mela-
tonin protects against free radical-mediated damage by a 
wide variety of environmental insults. On the contrary, there 
is evidence that melatonin exacerbated the long-term poten-
tiation impairment, learning and memory deficit induced by 
lead acetate [134]. This information is important due to the 
fact that diet supplementation with melatonin is advertised 
commercially as having antioxidant and neuroprotective ef-
fects, and its unregulated consumption could lead to toxic 
drug interactions. 
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LIST OF ABBREVIATIONS 

Akt = Alpha serine/threonine-protein kinase 

AP-1 = Activating Protein 1 

AP-2 = Activator protein-2  

ATF = Activating transcription factor 

BBB = Blood brain barrier  

CAT = Catalase  

CNS = Central nervous system  

CREB = Cyclic-AMP response element bind-
ing protein 

cGPx = Cytosolic GPx  

CYP1B1 = P450 cytochrome 1B1  

ERK = Extracellular Signal-regulated Kinase 

-GCL = Gamma-glutamate cysteine ligase 

-GCLc = Gamma-glutamate cysteine ligase 
catalitic subunit 

-GCLm = Gamma-glutamate cysteine ligase 
modifier subunit  

-GGT = Gamma glutamyl transpeptidase 

GS = Glutathione synthetase  

GPxs = Glutathione peroxidases  

GSTs = Glutathione S-transferases  

GDNF = Astroglial cell line-derived neurotro-
phic factor  

GEE = GSH monoethyl ester 

GI-GPx  = Gastrointestinal GPx  

GSR = Glutathione Reductase 

GSH = Reduced Glutathione 

GSSG = Oxidized Glutathione  

GlyT 1 and 2 = Glycine transporters 1 and 2  

5-HT = 5-hydroxytriptamine 

5-HIAA = 5-hydroxyindoleacetic acid  

JNK, = c-Jun amino N-terminal kinase 

MAPK = Mitogen activated protein Kinase 

MEK = MAPK/ERK kinase  

NAC = N-acetyl cysteine 

NADPH = Nicotinamide adenine dinucleotide 
phosphate 

NF-1 = Neurofibromin 1 

NF-kB = Nuclear factor kappa B 

Nrf2 = Nuclear factor E2 p45-related factor 

OTC = L-2oxothiazolidine-carboxilic acid 

p38
MAPK

 = p38 kinase 

p90RSK = Ribosomal protein S6 kinase 

PHGPx = Phospholipid hydroperoxide GPx  

PI3K = Phosphatidylinositol 3-kinase 

PKA = Protein kinase A 

PKC = Protein kinase C 

PAH = Polycyclic aromatic hydrocarbons 

Raf = Proto-oncogene serine/threonine-
protein kinase  

ROS = Reactive oxygen species 

RZR/ROR = Nuclear hormone orphan receptor  

SOD = Superoxide dismutase  

SP-1 = Sex-specific storage-protein 1 

SRC = Sarcoma tyrosine kinases  

xCT = Subunit of cysteine transporter 

XAG
-
 = Cysteine-permeable, Na

+
-dependent 

glutamate transporter  
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