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AbstractÐMelatonin was recently reported to be an e�ective free radical scavenger and antioxidant.
Melatonin is believed to scavenge the highly toxic hydroxyl radical, the peroxynitrite anion, and possibly
the peroxyl radical. Also, secondarily, it reportedly scavenges the superoxide anion radical and it
quenches singlet oxygen. Additionally, it stimulates mRNA levels for superoxide dismutase and the ac-
tivities of glutathione peroxidase, glutathione reductase and glucose-6-phosphate dehydrogenase (all of
which are antioxidative enzymes), thereby increasing its antioxidative capacity. Also, melatonin, at least
at some sites, inhibits nitric oxide synthase, a pro-oxidative enzyme. In both in vivo and in vitro exper-
iments melatonin has been shown to reduce lipid peroxidation and oxidative damage to nuclear DNA.
While these e�ects have been observed primarily using pharmacological doses of melatonin, in a small
number of experiments melatonin has been found to be physiologically relevant as an antioxidant as
well. The e�cacy of melatonin in inhibiting oxidative damage has been tested in a variety of neurological
disease models where free radicals have been implicated as being in part causative of the condition.
Thus, melatonin has been shown prophylactically to reduce amyloid b protein toxicity of Alzheimer's
disease, to reduce oxidative damage in several models of Parkinson's disease (dopamine auto-oxidation,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 6-hydroxydopamine), to protect against glutamate
excitotoxicity, to reduce ischemia-reperfusion injury, to lower neural damage due to d-aminolevulinic
acid (phorphyria), hyperbaric hyperoxia and a variety of neural toxins. Since endogenous melatonin
levels fal l markedly in advanced age, the implication of these ®ndings is that the loss of this antioxidant
may contribute to the incidence or severity of some age-associated neurodegenerative diseases. # 1998
Elsevier Science Ltd. All rights reserved
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ABBREVIATIONS

AAPH 2,2'-Azo-bis(2-amidinopropane) dihydrochloride
Ab Amyloid beta peptide
AD Alzheimer's disease
AIP Acute intermittent porphyrin
ALA d-Aminolevulinic acid
CAT Catalase
DA Dopamine
DHBA Dihydroxybenzoic acid
DMPO 5,5-Dimethylpyrroline N-oxide
eÿ Electron
GPx Glutathione peroxidase
GRd Glutathione reductase
G-6PD Glucose-6-phosphate dehydrogenase
GSH Reduced glutathione
GSSG Oxidized glutathione
H+ Hydrogen atom
HO2

.
Hydroperoxy radical

H2O Water

H2O2 Hydrogen peroxide
KA Kainic acid
LOO

.
Peroxyl radical

LPS Lipopolysaccharide
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NAS N-Acetylserotonin
NMDA N-methyl-D-aspartate
NO

.
Nitric oxide

O2 Oxygen
1O2 Singlet oxygen
Oÿ2
:

Superoxide anion radical
.
OH Hydroxyl radical
6-OHDA 6-Hydroxydopamine
ONOO- Peroxynitrite anion
PBN a-Phenylnitrone
PD Parkinson's disease
PUFA Polyunsaturated fatty acid
SOD Superoxide dismutase
THA Terephthalic acid

1. INTRODUCTION

The central nervous system (CNS) is highly suscep-
tible to damage by a variety of biological agents.
This problem is enhanced by the fact that neurons
and neuron-derived cells, with few exceptions, do
not renew themselves so a gradual reduction in
these essential elements throughout a lifetime is una-
voidable. The insidious reduction in the number of
neurons and their synaptic connections eventually
compromises virtually all CNS functions. Because of
this, a prudent action would be to minimize neur-
onal loss and thereby possibly forestall the associ-
ated neurophysiological and neurobehavioral
decrements that are seemingly inevitable in the aged.
This would be of particular importance under the
current circumstances where improvements in medi-
cal sciences have ensured progressively greater long-
evity in succeeding generations of humans thereby
rapidly increasing the number of individuals reach-
ing advanced age in many well developed countries
of the world.
Some of the most destructive processes are a

direct consequence of one of the inescapable aspects
of the environment under which most species live.
Thus, an atmosphere consisting of 20% oxygen (O2,
dioxygen) is highly destructive because of the oxidiz-
ing potential of this and related molecules. These
molecules, characterized as reactive oxygen species
(ROS) or intermediates, over the course of a lifetime
bludgeon essential molecules into submission such
that they can no longer function in their normal ca-
pacity (Esterbauer, 1985; Stadtman, 1992; Wallace,
1992; Beckman and Ames, 1997). Thus, whereas
aerobic organisms cannot obviously survive in the
absence of O2, likewise its use in many cases leads
to their slow demise. This is known as the oxygen
paradox (Halliwell and Gutteridge, 1984) and the
destructive properties of O2 and ROS may account
for many aspects of aging per se (Harman, 1980,
1991; Poeggeler et al., 1993; Reiter, 1997a) as well as
a variety of medical conditions experienced during
senescence (Freeman and Crapo, 1982; Kehrer,
1993; Klaunig et al., 1997), including many age-as-

sociated, debilitating diseases of the CNS (Beal,
1995; Reiter, 1995a; Hurn et al., 1996; Hensley et
al., 1997).
To survive in an oxidizing environment, which

most species do, they must be equipped with the
necessary molecular tools to combat at least some
of the damaging e�ects of the O2-rich environment.
Fortunately, organisms possess (Sies, 1993; Sies and
Stahl, 1995; Vatassery, 1997) or have at their dispo-
sal (Jaskot et al., 1983; Gri�th, 1985; Meister, 1988)
molecules, referred to as antioxidants, which help
them to resist oxidation. This complex array of pro-
cesses, identi®ed as the antioxidative defense system,
is more or less adequate to counterbalance the mul-
tiple oxidative processes in young organisms; how-
ever, with advanced age or when organisms are
exposed to toxins and/or free radical generating
agents the antioxidative defenses may not be up to
the task and, as a result, related diseases and signs
of aging occur (Fig. 1). Thus, the secret to resisting
free radical associated diseases and premature aging
may in part depend on the ability of the organisms
to cope with and withstand the molecular mutilation
that occurs as a consequence of oxidative processes
throughout life (Bandy and Davison, 1990; Harman,
1992; Levine and Stadtman, 1992; Reiter et al.,
1996a).
Of all the organs in the body, the CNS takes

more than its share of oxidative abuse (Halliwell
and Gutteridge, 1985; Braughler and Hall, 1989;
Floyd, 1990). The reasons for this are several-fold.
The brain although constituting only a small percen-
tage (in the human about 2%) of the body weight
consumes a disproportionately large amount (in the
human about 20%) of the O2 inhaled. Given that
by-products of O2 are toxic, it is not surprising that
neural tissue may thus be destroyed at a more rapid
rate than other organs.
Considering its high utilization of O2, one might

predict the brain would be endowed with an extra
complement of antioxidative processes. Not only
does this not seem to be the case, it actually is rather
de®cient in its ability to resist oxidative plundering.
For example, it has low levels of the important anti-
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oxidative enzymes (Savolainen, 1978; Bondy, 1997).
The brain also contains, at least regionally, high
concentrations of iron and ascorbic acid (vitamin
C). Unbound iron alone and in combination with
ascorbic acid actively generates oxidants (Sadrzadeh
et al., 1987). The brain contains high concentrations
of polyunsaturated fatty acids (PUFA) in which oxi-
dative processes can be rather easily initiated and
once underway the process is self-propagating
(Sevanian and McLeod, 1997). The brain is
equipped with a morphophysiological barrier, the
so-called blood±brain barrier, which fortunately
limits the access of many toxins into the CNS but,
at the same time, it restricts the entrance of a num-
ber of antioxidants. Finally, as noted already, when
neurons are lost, the loss is permanent since these
cells are di�erentiated to the point where they can
no longer undergo cell division.

2. REACTIVE OXYGEN SPECIES AND THEIR
TOXICITY

Well over 90% of the O2 that enters human cells
is used for the production of energy by mitochon-
drial cytochrome oxidase; during this process, four
electrons (eÿ) are added to each O2 molecule result-
ing in the formation of two molecules of water as
follows:

O2 � 4H� � 4eÿÿÿÿ42H2O �1�
An estimated 1±4% of the O2 taken into cells,

however, forms partially reduced O2 species, the
ROS; some of these contain an unpaired electron
and are therefore referred to as free radicals. In the
strictest sense the word, `free' preceding `radical' is
not necessary since all radials are `free' (Leigh,

1990). In the biological sciences, however, it has
become conventional to include the word `free' to
describe a radical and, thus, in the present report
the term `radical' and `free radical' will be used
interchangeably.
The diatomic oxygen molecule, that is, O2, itself

quali®es as a radical inasmuch as it possesses two
unpaired electrons, each located in a di�erent orbital
but both having the same spin quantum number.
Because of the parallel spin of these unpaired elec-
trons, O2 itself has relatively low reactivity in con-
trast to other radicals which can be highly reactive.
For O2 to oxidize a molecule directly it would have
to accept a pair of electrons, and these electrons
would have to have spins opposite to those of the
unpaired electrons in O2. The two electrons forming
a covalent bond in a molecule would not meet this
criterion since they have spins opposite to one
another. Thus, the reaction of O2 with non-radical
species, which constitutes most molecules in cells, is
severely limited by this factor of spin restriction.

2.1. Superoxide Anion Radical

Within biological systems, O2 usually accepts elec-
trons one at a time resulting in the following inter-
mediates:

O2ÿÿÿ4eÿsuperoxide anion radical
ÿ
Oÿ2
:�

ÿÿÿ4eÿhydrogen peroxide�H2O2�
ÿÿÿ4eÿhydroxyl radical�:OH �ÿÿÿ4eÿwater

ÿ
H2O

� �2�
The intermediates have various degrees of reactivity
with non-radial species. The acceptance of a single
electron by O2 generates the Oÿ2

:
. The Oÿ2

:
is pro-

duced in vivo in a variety of ways (Fig. 2). The
major source of this reactant is via the electron

Fig. 1. Diagrammatic representation of the potential role of radicals in aging and the development of
age-related diseases that involve free radicals. When organisms are young, free radical generation is
more-or-less balanced by a variety of antioxidants. With advancing age and exposure to toxins, stress
and environmental insults free radical generation increases and overwhelms the antioxidant defense sys-

tems and aging accelerates and age-related diseases develop.
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chain in mitochondria (Nohl and Hegner, 1978;
Sohal, 1997). It is generally held that Oÿ2

:
is not

highly reactive towards biological substrates in an
aqueous environment. Moreover, once formed, Oÿ2

:

quickly undergoes dismutation to generate H2O2;
this reaction is markedly accelerated by a family of
enzymes, the superoxide dismutates (SOD)
(Fridovich, 1989). Since SOD removes an oxidant,
that is, Oÿ2

:
, from the cell it is generally considered

an important antioxidative enzyme (Touati, 1989).
In solution, Oÿ2

:
actually exists in equilibrium

with the hydroperoxyl radical (HO2
.
)

Oÿ2
:�H�eHO2

: �3�
Under conditions of tissue acidosis, which can occur
in the nervous system during ischemia, equation (3)
favors the formation of the HO2

.
.

HO2
.
is a much more lipid soluble and is a far

more powerful oxidizing or reducing agent than is
Oÿ2
:
. Thus, in an acidic environment lipid peroxi-

dation, due to the conversion of Oÿ2
:
to HO2

.
, is

greater. Finally, HO2
.
has a much higher rate of dis-

mutation to H2O2 than does Oÿ2
:
.

2.2. Hydrogen Peroxide

Besides SOD, several other enzymes that generate
H2O2 also exist in human tissues; these include L-
amino acid oxidase, glycolate oxidase and mono-
amine oxidase. In dopaminergic nerve terminals the
oxidative deamination of dopamine (DA) by mono-
amine oxidase is the chief catabolic pathway for this
monoamine (Cohen, 1988). Indeed, it has been pro-
posed that the accelerated turnover of DA in the
brain of Parkinson's patients may account for the
increase oxidative stress in dopaminergic terminals
which eventually leads to their destruction.

Likewise, the side e�ects of prolonged L-DOPA
treatment in Parkinson's patients may also relate to
excessive H2O2 formation and its conversion to
more highly toxic molecules (Olanow, 1990).
H2O2 itself is not especially toxic unless it is in

high concentrations within cells. There are features
of the molecule, however, which make it hazardous.
H2O2 readily di�uses through cellular membranes
and can thereby distribute to sites distant from
where it was generated. Also, in the presence of
transition metals, most often Fe2+ (Fig. 2) but also
Cu1+, H2O2 is reduced to the hydroxyl radical
(
.
OH) via either the Haber±Weiss or Fenton reac-

tions (Imlay et al., 1988; Halliwell and Gutteridge,
1990); Yamasaki and Piette, 1991).
The ultimate fate of H2O2, however, is not always

the
.
OH. In most cells H2O2 is converted to innocu-

ous products by the actions of two important anti-
oxidative enzymes, that is, catalase and selenium-
dependent glutathione peroxidases (GPx) (Fig. 2).
In the brain the GPx are considerably more import-
ant than catalase because of the low activity of the
latter enzyme in most parts of the CNS (Jain et al.,
1991). GPx utilizes H2O2 and hydroperoxides as
substrates during the conversion of reduced gluta-
thione (GSH) to its disul®de (GSSG) (Gri�th,
1985).

2.3. Hydroxyl Radical

The
.
OH is perhaps not the only destructive

species that is formed during the Fenton reaction
(Bielski, 1991) but its formation is well documented
as is its ability to oxidize adjacent molecules
(Halliwell and Gutteridge, 1989). An intermediate in
the reaction of H2O2 with Fe2+ may be the iron±
oxygen complex referred to as ferryl which itself is

Fig. 2. A summary of the multiple by-products generated by the partial reduction of oxygen (O2). The
explanatory details for the pathways, diagrammatically represented here, are summarized in the text.
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highly oxidizing and which degrades to form the
.
OH.
There is universal agreement that once formed,

the
.
OH reacts rapidly with any molecule within a

few AÊ ngstroms of where it is produced. Because of
its high reactivity its estimated half-life at 378C is on
the order of 1� 10ÿ9 sec. The .

OH readily damages
nuclear and mitochondria DNA, membrane lipids
and carbohydrates. When the

.
OH is produced

within mammalian cells it virtually always leaves in
its wake damaged DNA products (Cochrane, 1991).
There are at least two ways in which DNA damage
is achieved. In many cases the mutilated DNA may
occur because H2O2 reacts with either Fe2+ or
Cu1+ that is bound to molecules in the immediate
vicinity of DNA so when the toxic

.
OH is formed its

®rst target is the adjacent nucleic acids (Halliwell
and Arouma, 1989). Alternatively, during excitatory
neurotransmitter stimulation of neurons, the large
increases in intracellular free Ca2+ activates nucle-
ase enzymes in the nucleus which results in the for-
mation of

.
OH which subsequently leads to DNA

damage (Orrenius et al., 1989).
Besides its destructive actions at the level of the

genetic material in the nucleus, the
.
OH does not

reserve itself speci®cally for this action. Thus, this
semi-reduced oxygen species also interacts with
membrane lipids to initiate lipid peroxidation; this is
accomplished when the

.
OH removes an allelic H+

from a PUFA; this results in a radical chain reaction
wherein lipid peroxidation is self-propagating
(Fig. 3). The process of lipid decomposition is
favored during ischemic acidosis. During neural
ischemia for example, lipid peroxidation could actu-
ally be initiated in the absence of an oxygen radical
initiator when iron released from storage proteins
reacts with lipid hydroperoxides thereby decompos-
ing them to peroxyl and alkyl radicals which can
abstract a H+ leading to further lipid breakdown
(Halliwell and Gutteridge, 1990). As already men-
tioned, the brain is a favorite site for lipid peroxi-
dation because of its regionally high content of iron
and due to the fact that neural membrane phospho-
lipids are composed of a high content of easily oxi-
dized PUFA such as linoleic (18:2) and arachidonic
acid (20:4).

2.4. Singlet Oxygen

Singlet oxygen (1O2) is formed under photoxida-
tive conditions when energy is transferred to O2

from photoexcited sensitizers, for example, rose ben-
gal or methylene blue (Fig. 2). 1O2 is not a diradical
like molecular oxygen and it is highly reactive
toward most ole®ns; thus, it can abstract a H+ from
a PUFA to initiate lipid peroxidation. In biological
systems, 1O2 may play a prominent role in the per-
oxidation of membrane lipids (Halliwell and
Gutteridge, 1989).

2.5. Peroxyl Radical

Perhaps the most thoroughly studied of all oxi-
dative processes is that of the break down of lipids
in cellular membranes during which the peroxyl rad-
ical is formed (Asano et al., 1991). The process,

referred to as lipid peroxidation, is extremely com-
plex and can be self-propagating which means that
once initiated it would theoretically lead to the oxi-
dation of all the lipids in a cell; thus, it can be highly
destructive. The initiation of lipid peroxidation by
the

.
OH was already summarized above (see Section

2.3). However, the
.
OH is not the only radical that

can begin the process of lipid destruction; 1O2 and
ONOOÿ can also do so (Sevanian and McLeod,
1997).
Once underway, a number of toxic products are

generated during the decomposition of fatty acids.
These include, as noted already, lipid hydroperox-
ides and the peroxyl radical (LOO

.
). The LOO

.
can

then attack a nearby PUFA and re-initiate (propa-
gate) the process (Fig. 3). Vitamin E (a-tocopherol)
is the premier LOO

.
scavenger and chain breaking

antioxidant (Packer, 1994).

2.6. Nitric Oxide and Peroxynitrite Anion

NO
.
is often characterized as a double-edged

sword. Under normal physiological conditions this
nitrogen-centered radical has important functions as
a neuronal messenger molecule; however, when NO

.

increases intracellularly to unusually high concen-
trations it initiates a toxic cascade of events which
can lead to the death of neurons (Dawson et al.,
1992; Zhang et al., 1994). A common example of
NO

.
toxicity is seen in glutamate neurotransmission

in the CNS where N-methyl-D-aspartate (NMDA)-
receptor activation leads to large rises in [Ca2+]i fol-
lowed by the stimulation of neuronal NOS (Dawson
et al., 1991) leading to the generation of NO

.
. As

seen in Fig. 4, this induces a series of events that
can lead to neuronal destruction.
During focal ischemic events in the CNS the

release of excitatory amino acid neurotransmitters
including glutamate causes large increases in NO

.

(Malinski et al., 1993). NO
.
then interacts with Oÿ2

:

to generate the peroxynitrite anion (ONOOÿ) (Radi
et al., 1991a). It is this latter molecule which
accounts for much of the toxicity of NO

.
. Hastening

Oÿ2
:
removal with exaggerated SOD activity reduces

infarct volume following focal cerebral ischemia in
mice (Kinouchi et al., 1991) as does inhibition of
NOS (Dawson and Snyder, 1994). These ®ndings

Fig. 3. Lipid peroxidation is an extremely damaging pro-
cess because once it is initiated it is self sustaining since the
peroxyl radical (LOO

.
) can re-initiate (propagate) the pro-

cess. Theoretically once underway lipid peroxidation,
because of this re-initiating chain of events, could go on

inde®nitely.
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are consistent with ONOOÿ being the culprit in NO
.

toxicity (Fig. 4).
Whereas ONOOÿ is a simple molecule, it is

chemically highly complex. Its reactivity is roughly
the same as that of

.
OH and NO2

.
(hydroperoxyl

radical or hydrogen dioxide). The toxicity of
ONOOÿ derives from its ability to directly nitrate
and hydroxylate the aromatic rings of amino acid
residues (Beckman et al., 1992), to react with sul-
phydryls (Radi et al., 1991a), with zinc-thiolate moi-
eties (Crow et al., 1995) as well as with lipids (Radi
et al., 1991b), proteins (Moreno and Pryor, 1992)
and DNA (King et al., 1992) (Fig. 4). This ubiqui-
tous activity makes the ONOOÿ a molecule that can
have devastating e�ects on neuronal physiology as
well as viability.

3. MELATONIN AS A FREE RADICAL
SCAVENGER

The toxicity of free radicals can be mitigated by
direct free radical scavengers and by indirect antiox-
idants (Sies, 1993). Examples of molecules that
directly scavenge radicals include the tocopherols
(vitamin E), ascorbic acid (vitamin C), b-carotene,
and GSH (Halliwell, 1994; Sies and Stahl, 1995). A
number of enzymes act as indirect antioxidants since
they metabolize free radicals or their reactive inter-
mediates to harmless products. Enzymes which func-
tion in this capacity include SOD, GPx, glutathione
reductase (GRd) and catalase (CAT).
In the last several years, the chief secretory pro-

duct of the pineal gland, melatonin (Reiter, 1991),
has been found to be both a direct free radical sca-
venger and an indirect antioxidant (Hardeland et
al., 1995; Reiter et al., 1995, 1997a,b; Hardeland,
1997). Because of these actions, melatonin has been
pharmacologically tested for its ability to reduce
oxidative damage is a variety of experimental neuro-
logical processes and it has generally been found
highly e�ective in this regard (Reiter et al., 1997c,
1998a).
Melatonin (N-acetyl-5-methoxytryptamine) is a

product of tryptophan metabolism and is produced
in a limited number of organs in mammals including

the pineal gland, retinas and in the gastrointestinal
tract (Reiter, 1991). Melatonin has a molecular
weight of 232 and is both lipid (Costa et al., 1995,
1997) and water soluble (Shida et al., 1994),
although its solubility in lipid is clearly greater. The
bulk of the melatonin measured in the blood is de-
rived from the pineal gland and in all mammalian
species where it has been measured, blood melatonin
concentrations are 5±15 times higher at night than
during the day. Melatonin is, however, not exclu-
sively a mammalian synthetic product. It is also
found in all non-mammalian vertebrates (Binkley,
1988), in invertebrates (Vivien-Roels and Pevet,
1993) including algae (Poeggeler et al., 1991) and
bacteria (Manchester et al., 1995; Tilden et al.,
1997) as well as in a variety of edible plants (Hattori
et al., 1995; Murch et al., 1997). Thus, melatonin is
not only an endogenously produced antioxidant but
it can also be ingested. The role of either of these
sources in terms of the total antioxidative capacity
of the organism has yet to be determined.
The bioavailability of melatonin following its ex-

ogenous administration to three mammalian species
(rat, dog and monkey) was recently investigated
(Yeleswaram et al., 1997). The apparent elimination
half-lives following an intravenous dose of either
3 mg kgÿ1 (dog and monkey) or 5 mg kgÿ1 (rat) was
19.8, 18.6 and 34.2 min for the rat, dog and
monkey, respectively. In rats, an intraperitoneally
(i.p.) administered dose of 10 mg kgÿ1 had a bioa-
vailability of 74% suggesting a lack of an appreci-
able ®rst pass hepatic extraction in this species; in
dogs given melatonin orally, however, bioavailabil-
ity was reduced to roughly 17%. This suggests
marked species di�erences in the hepatic extraction
of melatonin. Studies using a human adenocarci-
noma cell line or Coca-2 cells suggest that melatonin
would be readily absorbed in the human and there
would be a low ®rst-pass hepatic extraction. These
observations are consistent with the high concen-
trations of melatonin in the blood of humans given
the indoleamine orally (Aldhous et al., 1985).
As indicated earlier, when injected into animals or

given orally, melatonin levels quickly increase in the
blood and, followed shortly thereafter, by its uptake
into tissues (Menendez-Pelaez et al., 1993;
Menendez-Pelaez and Reiter, 1993). Its levels in tis-
sues can exceed blood concentrations manifold.
There are no morphophysiological barriers to mela-
tonin; this is apparent in reference to the brain were
melatonin concentrations increase soon after the
peripheral administration of the indoleamine
(Menendez-Pelaez et al., 1993).
Intracellularly, melatonin may not be distributed

uniformly. When pharmacological doses of melato-
nin were given to rats, highest concentrations of
melatonin occurred in the nuclei of cells (Menendez-
Pelaez et al., 1993). This was determined immuno-
cytochemically and by radioimmunoassay measure-
ment after cells were disrupted and organelles
separated by centrifugation. More recently,
Finnochiaro and Glikin (1998) examined the subcel-
lular distribution of ¯uorescein-immunolabeled mel-
atonin in several mouse tissues including NB41A3
neuroblastoma cells. Regardless of the cellular type
examined, the workers detected melatonin in both

Fig. 4. Nitric oxide (NO)
.
rapidly combines with the super-

oxide anion radical �Oÿ2
.
) to produce a highly toxic agent

the peroxynitrite anion ONOOÿ. The molecule can either
directly damage lipids, proteins and DNA, or it can do so
after it degrades into other highly toxic molecules, that is,
the hydroxyl radical (

.
OH) or one that is similarly toxic.
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the cytosol and nuclei. Of special interest was that
the apparent quantities of melatonin in the cytosol
and nuclei ¯uctuated with the stage of the cell cycle.
On the basis of their ®ndings, Finnochiaro and
Glikin (1998) speculated that melatonin has a var-
iety of functions within cells and assumed that one
action may be the protection of macromolecules
from free radical damage. Additionally, they
suggested similar functions of melatonin in all cells.
The ®rst suggestion that melatonin may function

as a free radical scavenger came from the work of
Ianas et al. (1991). Unfortunately, because of the
poor quality of the English presentation, it is di�-
cult to determine precisely how e�ective melatonin
was as a free radical scavenger in this in vitro study;
they did conclude, however, that melatonin pos-
sesses both antioxidant and pro-oxidant activity, a
feature common to a number of so-called antioxi-
dants. Two years later, Tan et al. (1993a,b) provided
strong evidence that melatonin was highly e�ective
in detoxifying the highly reactive

.
OH.

3.1. Interactions of Melatonin with the Superoxide
Anion Radical

The Oÿ2
:
which is generated primarily during oxi-

dative phosphorylation in mitochondria (Nohl and
Hegner, 1978; Sohal, 1997) and also via a number
of enzymatic processes within cells (Halliwell and
Gutteridge, 1989) (Fig. 2), is itself not considered
highly reactive in aqueous media and it is quickly
metabolized primarily by its dismutation to H2O2

(Fridovich, 1989). Oÿ2
:
acts as a moderate reducing

agent, for example,in the reduction of cytochrome c.
Oÿ2
:
, however, can react with some targets very

quickly and when it does so with NO
.
it generates

the ONOOÿ (Saran et al., 1990):

Oÿ2
:�NO

:ÿÿÿ4ONOOÿ �4�
This reaction is directly applicable to the CNS

since NO
.
is produced in vivo in many brain cells

and in the vascular endothelium of nervous tissue
(Moncada et al., 1991). NO

.
performs a variety of

useful functions including the regulation of vascular
tone and functioning as a neurotransmitter. Since
NO

.
produces relaxation of smooth muscle cells in

blood vessel walls, the interaction of Oÿ2
:
with NO

.

[equation (4)] may lead to vasoconstriction which
could have deleterious e�ects (Nakazono et al.,
1991). Of interest is old literature which indicates
that pinealectomy (reduction in circulating melato-
nin) leads to a gradual increase in blood pressure in
rats (Karppanen, 1974) which is reversed by melato-
nin administration (Holmes and Sugden, 1976) This
suggests that melatonin's direct or indirect inter-
actions with NO

.
may be involved in the hyperten-

sive response induced by surgical removal of the
pineal gland. This interpretation is complicated by
more recent observations which show that melato-
nin causes vasoconstriction of some vessels by acting
on speci®c receptors in these tissues (Krause et al.,
1995); this suggests that pinealectomy and the result-
ing reduction in melatonin would lead to the relax-
ation of blood vessels and a reduction in blood
pressure.

While the reactivity of Oÿ2
:
in mammalian cells is

usually considered to be low, there is evidence that
in isolated submitochondrial particles Oÿ2

:
may inac-

tive the NADH dehydrogenase complex of the mito-
chondrial electron transport chain (Zhang et al.,
1990). Certainly, the protonated form of Oÿ2

:
, that

is, HO2
.
; is more reactive than Oÿ2

:
, at least in vitro.

Thus, while Oÿ2
:
is not capable of initiating lipid per-

oxidation and decomposing lipid hydroperoxides,
HO2

.
does so (Aikens and Dix, 1991). However,

there is no evidence in vivo that HO2
.
has these

e�ects. At physiological pH values, only a small
fraction of Oÿ2

:
is believed to be in its protonated

form.
Melatonin seems to have little ability to directly

scavenge the Oÿ2
:
. While melatonin's precursor, sero-

tonin, exhibits some reactivity toward Oÿ2
:
, melato-

nin does not (Chan and Tang, 1996). These ®ndings
are consistent with those of Marshall et al. (1996)
who also reported that melatonin does not directly
react with Oÿ2

:
generated by the hypoxanthine±

xanthine oxidase system. Whether melatonin reacts
with HO2

.
has yet to be studied.

There are ways in which melatonin may, however,
in¯uence the intracellular concentration of Oÿ2

:
. As

will be discussed next, the product that is formed,
that is, the indolyl cation radical (Hardeland et al.,
1993), when melatonin donates an electron to a
highly reactive free radical such as the

.
OH, is

believed to secondarily scavenge Oÿ2
:
thereby redu-

cing its levels within cells. Furthermore, melatonin
has been reported to increase mRNA levels for
SODs (Antolin et al., 1996; Kotler et al., 1998), the
family of enzymes that play a major role in the dis-
mutation of Oÿ2

:
. If the rise in SOD mRNA is as-

sociated with a proportional increase in the activity
of this family of metalloenzymes, then melatonin
would serve to lower intracellular concentrations of
Oÿ2
:
by stimulating its conversion to H2O2.

3.2. Interactions of Melatonin with Hydrogen
Peroxide

Like Oÿ2
:
, H2O2 at low micromolar concentrations

intracellularly is generally considered to be poorly
reactive although higher levels can interfere with
energy-producing systems within cells, for example,
by reducing the activity of the glycolytic enzyme gly-
ceraldehyde-3-phosphate dehydrogenase (Cochrane,
1991). In general, the toxicity of H2O2, as well as
that of Oÿ2

:
, is usually assumed to be a consequence

of its conversion to the
.
OH by the Fenton and

Haber±Weiss reactions (Halliwell, 1978). Melatonin
has been reported to have no direct reactivity
toward H2O2 in the peroxidase±guaiacol assay
(Poeggeler et al., 1994; Tang et al., 1996).
Cells are endowed with enzymes which convert

H2O2 to non-toxic products thereby reducing the
formation of the

.
OH. The enzymes which function

in this capacity are CAT and GPx (Chance et al.,
1979). CAT activity within the brain is considered
to have minimal in¯uence as an antioxidative pro-
cess because of its low activity. On the other hand,
the GPx, which require selenium for their action,
play an important antioxidant role because they
remove H2O2 when they oxidize GSH to its disul®de
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form (GSSG). The activity of GPx is stimulated by
exogenously administered melatonin in several
organs including the brain (Barlow-Walden et al.,
1995; Pablos et al., 1995a,b, 1997a). Thus, melatonin
would be expected to reduce both intracellular H2O2

levels and
.
OH generation. The stimulatory e�ect of

melatonin on GPx is consistent with its rapid uptake
into the CNS after its peripheral administration
(Menendez-Pelaez et al., 1993; Menendez-Pelaez and
Reiter, 1993). The potential physiological relevance
of melatonin in stimulating GPx activity was
recently emphasized by the ®nding that in several
regions of chick brain, GPx exhibits a marked night-
time increase which is prevented when the birds are
exposed to constant light (Pablos et al., 1998). Since
nighttime light exposure prevents the nocturnal pro-
duction of melatonin, the implication of these ®nd-
ings is that the nightly rise in neural GPx activity
may be driven by the associated increase in melato-
nin (Drijfhout et al., 1996).
Once GSH is oxidized to GSSG, this product is

regenerated back to GSH in a reaction catalyzed by
the ¯avoprotein enzyme GRd, another important
antioxidative enzyme (Fig. 5). Its activity, like that
of GPx, is stimulated by exogenously administered
melatonin (Pablos et al., 1997a) and its nocturnal
increase in the chick brain may be a consequence of
the nighttime rise in melatonin production (Pablos
et al., 1998). Finally, a co-factor required for GRd
activity, that is, NADPH, is generated by the ac-
tivity of the enzyme glucose-6-phosphate dehydro-
genase (G-6PD) (Fig. 5). According to Pierre®che
and Laborit (1995), G-6PD is also stimulated by
melatonin. If these results are validated in a variety
of species, collectively these ®ndings will show that
melatonin has a signi®cant role in removing H2O2

from cells by modulating the activity of at least
three antioxidative enzymes which directly or in-

directly function in the metabolism of H2O2 to non-
toxic products thereby protecting cells from oxi-
dative stress by reducing

.
OH generation.

Recent preliminary studies suggest that melatonin
may also stimulate the H2O2 metabolizing enzyme,
CAT, in the brain (Montilla et al., 1997). If so, the
signi®cance of this ®nding remains unknown since
CAT activity in the CNS is generally considered to
play a minor role in H2O2 removal and antioxida-
tive defense.

3.3. Interactions of Melatonin with the Hydroxyl
Radical

Tan et al. (1993a) speci®cally tested melatonin's
ability to scavenge the

.
OH. Using a well de®ned

cell free system in which H2O2 was exposed to ultra-
violet light (254 nm) to generate the

.
OH, they deter-

mined that melatonin competed very e�ectively with
the spin-trapping agent 5,5-dimethylpyrroline N-
oxide (DMPO) in neutralizing the highly toxic

.
OH.

When both melatonin and DMPO were present in
the mixture, melatonin in increasing concentrations
reduced the number of DMPO±

.
OH adducts which

were quanti®ed by HPLC with electrochemical
detection and con®rmed by electron spin resonance
(ESR) spectroscopy. In the same report, Tan et al.
(1993a) compared melatonin to two well-known
.
OH scavengers, that is, glutathione and mannitol,
and found that melatonin was signi®cantly better
than both these agents. Structure±activity studies
revealed that the acetyl group on the side chain and
the methoxy group at position 5 of the indole
nucleus were both important for melatonin's

.
OH

scavenging activity.
Using a somewhat di�erent system where

.
OH

were generated via the Fenton reaction in the pre-
sence of DMPO and melatonin, Matuszak et al.

Fig. 5. Diagrammatic representation of the fates of Oÿ2
:
; it can combine with nitric oxide to generate the

peroxynitrite anion (ONOOÿ) or it is dismutated to hydrogen peroxide (H2O2). H2O2 is utilized as a sub-
strate by GPx when it oxidized glutathione (GSH) to its disul®de (GSSG); the latter molecule is reduced
back to GSH by GRd which requires the co-factor NADPH. GPx, GRd and G-6PD have been shown
to be stimulated by melatonin. This would remove H2O2 from cells and reduce the likelihood of it being

converted to the hydroxyl radical.
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(1997) also reported the indoleamine to be a highly
e�ective

.
OH scavenger. Like Tan et al. (1993a),

they used ESR spectroscopy to verify their ®ndings
and calculated that the rate constant for the scaven-
ging of the

.
OH by melatonin was

2.7�1010 Mÿ1 secÿ1.
Also using ESR spectroscopy to identify and

quantify the DMPO±
.
OH, Susa et al. (1997) found

that melatonin reduced chromium (VI)-related
.
OH

generation. They further showed that DNA damage
typical of that induced by the

.
OH was reduced in

the presence of melatonin. Their conclusion was
that melatonin is a potent free radical scavenger and
that it e�ectively protects against DNA strand
breaks, lipid peroxidation and cytotoxicity caused
by chromium.
The

.
OH radical scavenging activity of melatonin

in vitro has also been con®rmed by PaÈ hkla et al.
(1998) who used terephthalic acid (THA) as a
chemical dosimeter of

.
OH since it forms an adduct,

that is, THA±
.
OH (Barreto et al., 1994). In this sys-

tem, melatonin, in a concentration dependent man-
ner, reduced the formation of the THA±

.
OH with

the IC50 for melatonin being 11.421.0 mM. This
IC50 value for melatonin is not greatly di�erent than
that reported by Tan et al. (1993a) where the IC50

for the ability of melatonin to reduce DMPO±
.
OH

formation was 21 mM.
From simple cell free systems such as those used

by Tan et al. (1993a,b), Matuszak et al. (1997) and
PaÈ hkla et al. (1998) it is di�cult to determine the in
vivo relevance of melatonin as a physiological

.
OH

scavenger. Within cells there are numerous mol-
ecules that could function in the detoxi®cation of
the

.
OH and which would compete with melatonin

for this function. Since physiologically, melatonin
levels within cells seem quite low (in the nanomolar
range) and other potential scavengers exceed its con-
centration by several orders of magnitude, the
degree to which endogenous melatonin protects
against free radical damage via direct free radical

scavenging remains to be determined. Melatonin's
action in this regard will only be known when all of
its antioxidative actions are determined (they seem
to be multiple) and more information is available
concerning its concentrations within subcellular
compartments. Thus, for the time being it would
seem prudent to simply classify melatonin as a phar-
macological antioxidant in mammals.
There is, however, one organism (Gonyaulax poly-

edra) in which intracellular melatonin levels are very
high and in which these physiological concentrations
are su�cient to protect the organism from oxidative
damage (Antolin et al., 1997). Furthermore, pinea-
lectomy, which merely reduces endogenous circulat-
ing levels of melatonin, exaggerates oxidative
damage after treatment of rats with free radical gen-
erating agents (Tan et al., 1994; Manev et al.,
1996b). Thus, the possibility that physiological levels
of melatonin contribute to the total free radical
scavenging capacity of the organism should not be
totally disregarded at this point.
Poeggeler et al. (1994, 1995, 1996) further showed

that melatonin is also an e�cient radical scavenger
in other in vitro systems. By measuring changes in
indole ¯uorescence, they showed that melatonin was
quickly oxidized by

.
OH generated with Fenton re-

agents but not by iron itself. Likewise, they found
that melatonin was oxidized in the presence of H2O2

only and ®nally that melatonin synergized with
other antioxidants, for example, vitamins C and E,
in the scavenging of radicals. This is an important
observation because it suggests that in vivo, particu-
larly in the presence of other free radical scavengers,
melatonin could have a role as a physiologically rel-
evant antioxidant.
In detoxifying the

.
OH radical, melatonin is

believed to work via electron donation (Hardeland
et al., 1993; Poeggeler et al., 1994, 1996). In so
doing, melatonin must itself become a radical, the
indolyl cation (or melatonyl) radical, of which there
may be several isoforms (Stasica et al., 1998)

Fig. 6. Melatonin (I) is believed to detoxify highly toxic radicals by electron donation. In doing so, it
becomes the indolyl cation radical, of which there may be more than one form (II and III).
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(Fig. 6). The indolyl cation radical may then scaven-
ger a Oÿ2 thereby further reducing the number of
.
OH generated since Oÿ2

:
is its precursor (Hardeland

et al., 1993; Poeggeler et al., 1994). Thus, each mela-
tonin molecule apparently has the capability to sca-
venge two radicals.
Evidence that exogenously administered melato-

nin acts in vivo to scavenge the
.
OH was recently

provided by Li et al. (1997). This group used the sal-
icylate trapping method to show that melatonin ad-
ministration to rats undergoing ischemia-reperfusion
of the brain reduced dihydroxybenzoic acid
(DHBA) in the microdialysate retrieved from the
ischemic brain. DHBA is a speci®c product formed
by the interaction of the

.
OH and salicylate and its

reduction indicates that melatonin scavenged
.
OH

thereby leading a reduced DHBA formation. This is
the ®rst evidence which shows that melatonin func-
tions as a

.
OH quencher in vivo.

3.4. Interactions of Melatonin with Singlet Oxygen

The evidence that melatonin detoxi®es 1O2 comes
from indirect evidence provided by Cagnoli et al.
(1995). This group showed that the neurotoxic
e�ects of 1O2 in vitro were counteracted by melato-
nin. To achieve this, newborn rat cerebellar granule
cells were treated with a photosensitizing dye, rose
bengal, and they were then exposed to light, a pro-
cedure which generates 1O2 (Agarwal et al., 1991).
This reactive molecule is believed responsible for cell
death during ischemia-reperfusion injury and may
play a role in Parkinson's disease (PD) (Perry and
Young, 1986). Based on the suggestion of Poeggeler
et al. (1993) that melatonin may quench 1O2,
Cagnoli et al. (1995) added melatonin to the culture
medium of granule cells treated with rose bengal
and exposed to light. Both neuronal apoptosis and
inhibition of creatine kinase activity were prevented
by the addition of melatonin. Since melatonin in
pharmacological concentrations overcame the
photodynamic injury to the neurons, the authors
surmised that melatonin directly neutralized 1O2;
this observation requires more direct evidence before
it is certain that melatonin functions as a 1O2

quencher.

3.5. Interactions of Melatonin with the Peroxyl
Radical

The LOO
.
is highly devastating not only because

of its high reactivity but also due to the fact that it
re-initiates (propagates) the process of the oxidation
of lipids (Fig. 3) (Cheesman, 1993). Thus, once
underway lipid peroxidation becomes a vicious cycle
and, theoretically at least, the oxidation of a single
PUFA could lead to the breakdown of all such mol-
ecules in the cell. Lipid peroxidation is usually
de®ned as the oxidative mutilation of lipids and it
usually refers to fatty acid oxidation, although cho-
lesterol can also be a target of this process. Lipid
peroxidation is especially damaging in the CNS
since this tissue contains high concentrations of
easily oxidizable PUFA (Reiter, 1995a). The
destruction of membrane lipids compromises the
functions of membrane localized receptors and

channels as well as the transmembrane passage of
solutes and the ¯uidity of the membrane.
Interruption of the process of lipid peroxidation is a
necessary and critical function of lipid soluble anti-
oxidants and they can either inhibit the initiation
step or interrupt its propagation, that is, perform as
a chain breaking antioxidant. As described above,
melatonin scavenges several ROSs, for example,
1O2, ONOOÿ and the

.
OH, that are capable of initi-

ating lipid peroxidation. A role for melatonin in the
detoxi®cation of the LOO

.
has also been claimed.

The ability of melatonin to detoxify the LOO
.

was ®rst proposed by Pieri et al. (1994, 1995). In
their in vitro assay they used the peroxyl radical in-
itiator 2,2'-azo-bis(2-amidinopropane) dihydrochlor-
ide (AAPH) to induce lysis of human erythrocytes
and then compared melatonin, vitamin E (Trolox),
vitamin C, GSH and mannitol in terms of their abil-
ity to resist oxidative damage. Estimates of the
hemolysis of a 1% human erythrocyte suspension
after a 3 hr incubation with AAPH indicated that
melatonin was superior to the other LOO

.
scaven-

ging in reducing red blood cell damage. In each case
the inhibition of erythrocyte lysis was related to the
dose of antioxidant and when the e�ciencies of the
®ve molecules were compared that of melatonin>vi-
tamin E>vitamin C>GSH>mannitol. Considering
that each molecule of vitamin E scavenges two
LOO

.
(Burton et al., 1983), Pieri et al. (1995)

assumed that a single molecule of melatonin detoxi-
®es four LOO

.
, a ®nding that clearly requires con®r-

mation.
Melatonin's e�ciency as a LOO

.
scavenger has

been investigated and questioned by others as well.
According to Scaiano (1995) melatonin, in a com-
petitive situation, would be nearly as e�ective as
vitamin E in trapping free radicals (Evans et al.,
1992); this description of the e�cacy of melatonin in
scavenging the LOO

.
di�ers slightly from that of

Pieri et al. (1994, 1995) but it still suggests that the
indole is a lipid antioxidant. Scaiano (1995) also
concluded that both the 5-methoxy group on the
indole nucleus as well as the side chain are essential
for the free radical scavenging activity of melatonin;
this is consistent with the earlier observations of
Tan et al. (1993a) who came to the same conclusion.
Melatonin was also found to scavenge the trichloro-
methylperoxyl radical with a rate constant of
2.7�108 Mÿ1 secÿ1 (Marshall et al., 1996); this
group felt that melatonin may neutralize the LOO

.
,

although the speci®c nature of the interaction
remains unclear.
While melatonin has proven e�ective in a number

of tests designed to determine whether it detoxi®es
the LOO

.
exactly how e�ective it is relative to vita-

min E continues to be debated. Vitamin E is widely
considered to be the premier LOO

.
scavenger

(Liebler, 1993) and the claim by Pieri et al. (1994,
1995) that melatonin is superior to vitamin E in this
regard requires further documentation. Other
workers report melatonin may e�ectively somehow
neutralize the peroxyl radical, but the e�ciency with
which it does so is roughly equal to or slightly less
than that of vitamin E (Scaiano, 1995; Marshall et
al., 1996). Melatonin is, however, an inhibitor of
lipid peroxidation (Reiter et al., 1996b, 1997a;
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Reiter, 1997a) which could well involve processes
other than its direct LOO

.
scavenging ability.

3.6. Interactions of Melatonin with Nitric Oxide and
Peroxynitrite Anion

NO
.
, or endothelium derived relaxing factor, is an

important second messenger in neurons (Feldman et
al., 1993). This gaseous mediator is generally per se
not considered to be highly toxic but after it inter-
acts with the Oÿ2

:
it forms the ONOOÿ which blud-

geons a number of macromolecules (Beckman et al.,
1990). This being the case, nitric oxide synthase
(NOS) could be classi®ed as a pro-oxidative enzyme
(Lipton et al., 1993).
It was recently reported that, at physiological con-

centrations, melatonin inhibits rat cerebellar (Pozo
et al., 1994) and hypothalamic NOS activity
(Bettahi et al., 1996). In these studies NOS inhi-
bition by melatonin was dose-dependent and
coupled to a reduction in cGMP production acti-
vated by L-arginine. Additionally, it was shown that
melatonin concentrations measured in the blood of
chicks inversely correlates with NO

.
and cGMP

levels in the cerebral cortex (Guerrero et al., 1997).
The melatonin-induced suppression of NOS ac-

tivity is believed to be a consequence of the binding
of calmodulin by melatonin (Pozo et al., 1997;
Anton-Tay et al., 1998). NOS is a calmodulin-acti-
vated enzyme (Bredt and Synder, 1990) and by bind-
ing calmodulin melatonin may limit its availability
for this function. With a drop of NO

.
synthesis, the

formation of the ONOOÿ is curtailed, and the po-
tential oxidative damage resulting from this latter
molecule is averted (Pryor and Squadrito, 1995).
Whether melatonin reduces NOS activity in all tis-
sues that contain this enzyme is unknown.
Besides reducing NO

.
formation by restricting the

activation of NOS and thereby limiting the second-
ary cytotoxicity caused by ONOOÿ, melatonin was
recently shown to directly scavenge the latter mol-
ecule as well (Gilad et al., 1997). ONOOÿ toxicity
not only relates to its ability to initiate lipid peroxi-
dation, but it also reduces mitchondrial respiration,
inhibits the function of membrane pumps, depletes
cellular GSH, and damages DNA leading to acti-
vation of poly(ADP ribose) synthase which causes
cellular energy depletion (Pryor and Squadrito,
1995; Szabo, 1996). Gilad et al. (1997) used the abil-
ity of ONOOÿ to oxidize dihydrorhodamine 123 as
an index of melatonin's e�cacy to scavenge the
anion. The addition of melatonin to the mixture led
to a dose-dependent inhibition of the oxidation of
dihydrorhodamine 123 to rhodamine. This group
further showed that melatonin also reduced DNA
strand beaks in J774 macrophages incubated with
ONOOÿ and reduced the degree of suppression of
mitochondrial respiration. The potency of melatonin
to limit ONOOÿ damage was comparable to that of
other highly e�ective peroxynitrite scavengers, GSH
and cysteine (Gilad et al., 1997). The authors did
note, however, that melatonin even at low mM con-
centrations, could not totally reverse the toxicity of
ONOOÿ at the level of mitochondrial respiration.
That the in vitro studies of Gilad et al. (1997)

have applicability to the in vivo situation was docu-

mented by Cuzzocrea et al. (1997) who showed that
melatonin reduced the in¯ammatory response
induced by carrageenan where both NO

.
and

ONOOÿ are believed to mediate the in¯ammation
(Beckman and Koppenol, 1996; Szabo, 1996). In the
comprehensive study of Cuzzocrea et al. (1997) they
demonstrated, using several di�erent endpoints, mel-
atonin's anti-in¯ammatory ability and theorized this
was related to the ability of the indole to inhibit
NOS activity and to scavenge ONOOÿ and the

.
OH.

These ®ndings were extended by the same group
(Cuzzocrea et al., 1998) where melatonin was found
to potently inhibit the severe in¯ammatory response
in rats following the injection of a non-bacterial
proin¯ammatory molecule, zymosan; this molecule,
in addition to initiating a marked in¯ammatory re-
sponse, causes multiple organ failure (Mainous et
al., 1995). Again, Cuzzocrea et al. (1998) speculated
that melatonin's protective e�ects were a conse-
quence of its ability to reduce NO

.
formation and

scavenge ONOOÿ and associated oxidants.

3.7. Melatonin and Membrane Fluidity

Fluidity is de®ned as the quality of ease of move-
ment, whereas viscosity is the quality of resistance
to movement (Zimmer and Freisleben, 1988); these
features are obviously interrelated. A membrane is
an anisotropic two-dimensional ¯uid exhibiting both
lateral and rotational mobilities of proteins and
lipids. Both proteins and lipid±protein interactions
account for membrane ¯uidity (Zimmer, 1984).
Membrane ¯uidity is a parameter speci®c for each
type of membrane depending on its molecular com-
position. An optimal ¯uidity exists for the speci®c
functions of a given membrane and alterations in
membrane ¯uidity change the functional dynamics
of the membrane. Under conditions of oxidative
stress, membrane ¯uidity is often decreased (Victor
et al., 1985), possibly due to the oxidation of lipid
double bonds and amino acid side chains. Owing to
its high solubility in lipid, vitamin E has been widely
investigated as to its e�ects on the ¯uidity of mem-
branes (Urano and Matsuo, 1989).
Like vitamin E, melatonin is also capable of pro-

tecting against the reductions in membrane ¯uidity
and associated processes of lipid peroxidation.
Using hepatic microsomes, Garcia et al. (1997)
showed that the reduction in membrane ¯uidity,
estimated with the aid of ¯uorescence spectroscopic
techniques, induced by treatment with a combi-
nation of FeCl3, ADP and NADPH, was reversed in
a dose-dependent manner by the addition of melato-
nin to the culture medium. The e�ects of melatonin
correlated with the ability of the indole to inhibit
the peroxidation of lipids in the microsomes. The
authors surmised that the stabilizing action of mela-
tonin was a consequence of its free radical scaven-
ging activity. Peroxidation of lipids not only
increases the rigidity (decreases the ¯uidity) of
microsomal membranes but other cellular mem-
branes as well (Watanabe et al., 1990; Ghosh et al.,
1993); thus, it can be safely assumed that melato-
nin's ability to protect against ¯uidity changes is not
restricted to microsomes but extends to membranes
in general. Likewise, although these studies utilized
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hepatic microsomes, the information obtained is ap-
plicable to other tissues as well, including the brain
where melatonin has been shown to inhibit lipid per-
oxidation (Reiter et al., 1997a).
Since melatonin has actions similar to the anties-

trogen tamoxifen, including the inhibition of lipid
peroxidation and the stabilization of cell mem-
branes, Garcia et al. (1998) also studied these agents
in combination in terms of their ability to prevent
membrane rigidity. While each drug independently
partially reduced microsomal membrane ¯uidity due
to treatment with FeCl3, ADP and NADPH, in
combination the e�ect of these agents was greater
than the sums of the two individually. The impli-
cation of these ®ndings is that, in the clinical situ-
ation where tamoxifen, among many bene®cial
e�ects, also functions as a genotoxic carcinogen
(Hard et al., 1993), a therapeutic regimen including
melatonin plus tamoxifen may allow for a lower
dose of the latter agent thereby reducing its collat-
eral toxicity. Certainly, the ability of melatonin and
tamoxifen to cooperatively interact in membrane
stabilization further emphasizes the potential im-
portance of melatonin in maintaining cellular mem-
branes in an optimally functional state.

4. DISEASE MODELS OF FREE RADICAL
DAMAGE IN THE CNS: INFLUENCE OF

MELATONIN

As mentioned already, the amount of abuse the
brain takes from free radicals is generally considered
to be extensive (Halliwell and Gutteridge, 1985;
Poeggeler et al., 1993; Reiter, 1995a; Reiter et al.,
1997c). Perhaps the major reasons for this are its
high utilization of O2, its relatively poorly developed
antioxidant network, and the fact that it contains
large amounts of easily oxidizable fatty acids. As a
consequence, the molecular carnage and cytotoxicity
that is measured in the brain after toxin exposure
and during aging is often substantial. This oxidative
damage has been considered a common link in the
pathogenesis and neuropathology of a variety of
neurodegenerative disorders (Table 1).
Undoubtedly, one of the major challenges for

contemporary neurology is the deferral and preven-
tion of age-associated neurodegenerative conditions
that are commonplace in a population whose life
span has shown substantial increases in recent dec-
ades. The debilitating consequences of brain deterio-
ration and malfunction obviously compromise the

quality of life and longevity and, additionally, they
are ®nancially taxing to society. The scienti®c quest
to identify the causes and e�ective treatments for
these devastating conditions is diverse and intensive.
While oxidative stress may be one feature that links
many neurological de®cits, it is also obvious that
these diseases have extremely complex etiopatholo-
gies and it is unlikely that a single agent will totally
combat their development. Melatonin, however, is
of interest in this context for several reasons:

1. the endogenous production of this molecule falls
dramatically with age (Reiter et al., 1980, 1981;
Touitou et al., 1981; Iguchi et al., 1982; Sack et
al., 1986; Reiter, 1992) coincident with the onset
of many of the age-associated neurodegenerative
conditions (Beal, 1995; Hurn et al., 1996; Hensley
et al., 1997);

2. melatonin readily crosses the blood±brain barrier
and after its exogenous administration it is found
in high concentrations in the brain, sometimes
exceeding those in the blood manifold
(Menendez-Pelaez and Reiter, 1993; Menendez-
Pelaez et al., 1993; Finnochiaro and Glikin,
1998);

3. melatonin is a ubiquitously acting free radical
scavenger and antioxidant (Hardeland et al.,
1993; Poeggeler et al., 1993; Reiter et al., 1994;
Reiter, 1995b,c) which in models of neurological
diseases has proven e�ective in reducing oxidative
damage and preserving neurological function
(Reiter, 1995a; Reiter et al., 1998a);

4. the only procedure, that is, food restriction, in
animal models of aging that signi®cantly delays
senescence also retards the age-associated loss of
melatonin (Stokkan et al., 1991; Henden et al.,
1992) suggesting a potential association between
the loss on melatonin and the signs of aging.

What follows is a summary of neurological disease
models where melatonin has been tested as a pallia-
tive agent.

4.1. Alzheimer's Disease

Alzheimer's disease (AD) is the most common
cause of progressive cognitive decline in the aged
population and a�ects an estimated 15 million
people worldwide with this number expected to
increase with the continuing rise in mean longevity.
A triad of neuromorphysiological features character-
ize AD and include amyloid-b plaques (senile pla-

Table 1. Neurological diseases and processes which are believed to involve free radicals

Alzheimer's disease Neuronal ceroid-lipofuscinosis (Batten's disease)
Amyotrophic lateral sclerosis Neuronal apoptosis
Autoimmunode®ciency syndrome (HIV infection) Neurotoxin exposure (e.g. MPTP)

Parkinson's disease
Down's syndrome Progeria
Epileptic seizures Schizophrenia
Head trauma Spinal cord injury
Hyperbaric hyperoxia Tardive dyskinesia
In¯ammation Werdnig±Ho�man disease
Ischemia/reperfusion Viral infections
Muscular dystropies Vitamin E de®ciency
Myesthenia gravis Xenobiotic-induced nerve damage
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ques), neuro®brillary tangles and extensive neural
loss particularly in the hippocampus and cerebral
cortex (Koh et al., 1990; O'Banion et al., 1994;
Mattson et al., 1997); these changes are associated
with dementia and characteristic neurobehavioral
consequences. The signs of the disease changes in
the majority of cases appear to arise sporadically
and usually have a late life onset (after 65 years of
age) (Harman, 1995). In a less common form of
familial AD, the onset of the condition is typically
much earlier (40±50 years of age).
That oxidative stress may be a culprit in neuronal

loss in AD has been emphasized in recent years and
the evidence is becoming progressively stronger that
radicals are involved in the neural pathogenesis of
this disease (Hensley et al., 1995; Richardson and
Zhou, 1996; Markesbery, 1997). The free radicals
that have been incriminated as causing neuronal loss
are believed to be generated by amyloid b (Ab)-pep-
tide (Robakis and Pappolla, 1994; Benzi and
Noretti, 1995; Harris et al., 1995; Manelli and
Puttfarcken, 1995). In particular, the 25±35 amino
acid residue of the larger Ab peptide (consisting of 1
to 39±43 peptides) is believed to be especially e�-
cient in generating free radicals which lead to a
series of events which destroy adjacent neurons
(Kang et al., 1987; Butter®eld et al., 1994) (Fig. 7).
The potential involvement of ROS in neuronal

death in AD led Pappolla et al. (1997a,b) to investi-
gate the e�ect of melatonin on the sequence of
events leading to neuronal destruction. Using both

murine neuroblastoma (N2a) and PC12 (pheochro-
mocytoma) cells, this group demonstrated that co-
incubation of these cells with either Ab peptide(35±
45) or Ab peptide(1±40) and melatonin greatly
reduced cellular death compared to that caused by
either peptide alone. Furthermore, the degree of Ab-
induced lipid peroxidation in the cells was reduced
in the presence of melatonin as were the very high
intracellular calcium levels that were measured in
the cells incubated with only Ab. Finally, cellular
shrinkage and the development of membranous
bleds, features characteristic of apoptosis, were
greatly reduced when melatonin was added to the
Ab-containing medium. Given these ®ndings,
Pappolla et al. (1997a,b) speculated that melatonin,
because of its free radical scavenging activity, neu-
tralized the radicals that were generated extracellu-
larly by Ab peptide as well as those produced
intracellularly by the markedly increased calcium;
thereby reducing the neurotoxicity of the Ab peptide
leading to increased cellular survival (Fig. 7). The
feature that makes the ®ndings of special interest is
that melatonin greatly increased the survival of the
cells in this study. These observations, coupled with
the known reduction in melatonin (Reiter, 1992) in
the aged, opens the possibility that the loss of this
antioxidant in the later stages of life may predispose
individuals to the neurotoxic e�ects of Ab peptide
and therefore to AD. Antioxidants in general are
receiving increased interest as agents that may defer
the onset of this devastating disease.

Fig. 7. A proposed mechanism by which amyloid b protein generates free radicals and promotes the
destruction of neurons in AD. This is sometimes referred to as the shrapnel model of AD. The model
includes multiple changes in membrane function including oxidation of lipids, alterations in transport
proteins, changes in channel functions, and perturbations of enzyme activities. Ca2+ in¯ux leads to high
[Ca2+]i which further generates destructive radicals which can destroy the function of mitochondria
which leads to cellular death as a consequence of energy depletion. The numbers 1±5 indicate the sites at
which melatonin may act to interfere with Ab peptide toxicity: 1, preventing the generation of Ab pep-
tide; 2, reducing the formation of Ab ®brils; 3, scavenging free radicals generated extracellularly by Ab
®brils; 4, reducing lipid peroxidation and preventing membrane dysfunction by scavenging the peroxyl

radical; 5, scavenging radicals generated intracellularly as a result of increased [Ca2+]i.
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Other studies also indicate a potential role for
melatonin in delaying the onset of AD. The Ab pep-
tide in the brain of AD patients is cleaved from the
larger glycosalated membrane-bound Ab precursor
protein (AbPP) (Yoshikawa, 1993a; Selkoe, 1994).
Soluble derivatives of AbPP (sAPP) which lack a
cytoplamic tail, transmembrane domain, and a small
portion of the extracellular domain are proteolyti-
cally generated by a family of secretases. In vitro
melatonin pharmacologically was found to strongly
inhibit the production of sAPP from neuroblastoma
and PC12 cells (Song and Lahiri, 1997). This e�ect
of melatonin was reversible. The implication of
these ®ndings is that melatonin may reduce the gen-
eration of Ab peptide and, thus, also thereby secon-
darily reduce neuronal death. In addition, Pappolla
et al. (1997c, 1998) have recently found that the
aggregation of Ab peptide into b-sheets and amyloid
®brils, which are important for the toxicity of the
peptide and renders it resistance to proteolytic
degradation, is greatly reduced by melatonin.
Collectively, the ®ndings suggest that melatonin
may act in a variety of ways to reduce neuronal loss
in AD patients by altering the processes of Ab pep-
tide generation and action (Fig. 7). The studies of
Pappolla et al. (1997a,b, 1998), as well as those of
Song and Lahiri (1997) were, however, conducted in
vitro and how the ®ndings relate to the in vivo situ-
ation remains uninvestigated.
That melatonin reduced lipid peroxidation

induced by Ab peptide was also investigated by
Daniels et al. (1998). Human platelets incubated
with Ab peptide dose-dependently exhibited
increased lipid peroxidation. Melatonin added to the
culture medium reduced lipid decomposition that
was caused by Ab peptide. Since aluminum has also
been implicated in the etiology of AD (Kawakara et
al., 1992), Daniels et al. (1998) also tested whether
melatonin would in¯uence the toxicity of this metal.
Like Ab peptide, aluminum was found to induce
lipid peroxidation with the response being inhibited
by melatonin. While these e�ects of melatonin were
speculated to be related to the free radical scaven-
ging and antioxidant activities of melatonin, the re-
sponse to aluminum could also be a consequence of
the binding of this metal ion by melatonin, an obser-
vation that was recently reported by Limson et al.
(1998).
The results summarized suggest that melatonin,

for a variety of di�erent reasons, may be bene®cial
in curtailing some of the damaging neural processes
associated with AD. These ®ndings seem to have
attracted the attention of experimental neuroscien-
tists and it is likely that additional studies investi-
gating melatonin's actions in neural models of AD
will be forthcoming in the near future.

4.2. Parkinson's Disease

Parkinson's disease is a major neurodegenerative
disorder with a prevalence of roughly 150 cases for
every 100 000 elderly people. The condition is
characterized by the progressive deterioration of the
DA containing neurons in the pars compata of the
substantia nigra in the brain stem (Bernheimer et
al., 1973; Fearnley and Lees, 1991). The loss of

these catecholaminergic neurons is associated with a
variety of sensory and motor impairments which
lead to tremor, rigidity and akinesia (Ben-Shackar et
al., 1986). For an individual to manifest signs of PD
it is estimated that the nigro-straital dopaminergic
neuronal population must be depleted by at least
80% (Lees, 1992). Thus, in most cases the initiating
factor for PD probably precedes the overt signs of
Parkinsonism by 5±10 years. As with AD, there are
many theories to explain the etiopathology of PD;
however, one common denominator of most of
these theories is the involvement of free radicals
(Olanow, 1990; Fahn and Cohen, 1992; Youdim et
al., 1993; Yoshikawa, 1993b).
According to the free radical theory of PD, dopa-

minergic neurons are lost as a consequence of their
relatively high exposure to ROS, most notably H2O2

which is produced during both the enzymatic, via
monoamine oxidase activity, and non-enzymatic,
due to the auto-oxidation, destruction of DA (Fahn
and Cohen, 1992). Not only does oxidative stress
destroy the dopaminergic neurons but it also com-
promises mitochondrial oxidative phosphorylation
leading to decreased energy output by these orga-
nelles and eventually to secondary death of the cells.
There is ample evidence that the brain of PD
patients exhibits signs of enhanced oxidative stress
(Perry and Young, 1986; Dexter et al., 1989): Miller
et al. (1996) assessed the ability of melatonin to pro-
tect against DA autoxidation-induced protein
damage using the oxygen radical absorbance ca-
pacity assay (Cao et al., 1993). Their results showed
that melatonin does reduce the degree of oxidation
of the ¯uorescent protein which is the basis for the
assay indicating that melatonin prevents macromol-
ecular damage that is a result of DA autoxidation.
The authors surmised that this was due to the free
radical scavenging capacity of melatonin and they
suggested that the indole may have bene®cial e�ects
in reducing oxidative damage in the brain of PD
patients.
Perhaps the most commonly used model of PD in

experimental neuroscience is of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) toxicity
(LoÈ schmann et al., 1994). This cytotoxin has pro-
vided important information on the potential mech-
anisms of PD. MPTP is taken up by astrocytes
where it is metabolized to methyl-4-phenylpyridi-
nium ion (MPP+); this cation is released from the
astrocytes and taken up by dopaminergic neurons
where it has a variety of actions which lead to cellu-
lar death. Presumably included in the actions of
MPP+ are its ability to deplete the cells of ATP
(Chan et al., 1991), to generate free radicals (Lai et
al., 1993) and to induce apoptosis (Dipasquale et
al., 1991). When AcunÄ a-Castroviejo et al. (1997)
used this model of PD to examine melatonin's abil-
ity to reduce the e�ects of MPTP administration
into mice, they found that the increased lipid peroxi-
dation that occurred in the straitum, hippocampus
and midbrain after MPTP injection was overcome
by melatonin co-administration.
Immunocytochemically, they also found that mela-
tonin reduced the drop in tyrosine hydroxylase
immunoreactivity in the striatum of MPTP-treated
mice. The speci®c e�ects of MPTP alone or in com-
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bination with melatonin on the DA neurons of the
substantia nigra were not evaluated in this study.
These preliminary ®ndings were followed by more

thorough in vitro studies which further suggest the
ability of melatonin as a potential anti-Parkinson
agent. In the study in question, the ability of mela-
tonin to rescue DA neurons from death in several
models where oxidative stress was a major com-
ponent was examined (Iacovitti et al., 1997). In the
initial trial, dopaminergic cells, plated at low den-
sity, were grown in serum-free media, a procedure
that led to death of virtually all the cells within 2±
3 days presumably because they were derived of
essential growth factors; when melatonin was added
to the serum-free medium the majority of the neur-
ons, including the tyrosine hydroxylase immuno-
positive cells, were maintained for at least 7 days.
Similarly, in a second model of oxidative stress, mel-
atonin protected dopaminergic neurons from the
neurotoxic injury induced by MPP + . While it is
premature to assume that melatonin may be ben-
e®cial to patients developing PD, the ®ndings of
AcunÄ a-Castroviejo et al. (1997) and Iacovitti et al.
(1997) which used a reasonably well de®ned model
for the disease indicates a clinical trial should be
considered.
Another model of PD involves the used of 6-hy-

droxydopamine (6-OHDA). This agent, like MPTP,
destroys catecholaminergic neurons, also via free
radical mechanisms (Cohen and Heikkila, 1974;
Zigmond and Sticker, 1989), and when injected into
the substantia nigra of rats it causes degeneration of
the nigro-striatal system (Michel and Hefty, 1990).
Using cell mobility, signs of apoptosis, and quanti-
tation of DNA fragmentation, 6-OHDA was found
to both damage and kill naõÈ ve (undi�erentiated) and
neuronal (di�erentiated) PC12 cells in culture when
melatonin was absent from the culture medium
(Mayo et al., 1998a). In the presence of melatonin,
the cytotoxicity of 6-OHDA, as indicted by all the
measured parameters, was signi®cantly reduced.
Since 6-OHDA by itself caused signi®cantly re-
ductions in mRMA levels for three antioxidative
enzymes, that is, manganese superoxide dismutase
(MnSOD), copper±zinc superoxide dismutase
(CuZuSOD) and GPx, and these decrements were
prevented by melatonin, the authors judged that the
protective actions of melatonin were in part a conse-
quence of the preservation of the activity of these
antioxidative catalysts. They also predicted other
bene®cial actions of melatonin on 6-OHDA-treated
cells as well and, in a second report (Mayo et al.,
1998b), they found that the antiproliferative e�ects
of melatonin may also be involved in protecting at
least undi�erentiated cells from 6-OHDA toxicity.
Thus, the antiapoptotic actions of melatonin in this
system are believed to be due to both the antioxi-
dant and antiproliferative e�ects of the indole
(Mayo et al., 1998b). Since the 6-OHDA model in
animals is a surrogate for PD in humans, the ®nd-
ings of Mayo et al. (1998a,b) also suggest the poten-
tial utility of melatonin in restraining dopaminergic
cell dysfunction and loss in PD.

4.3. Excitotoxicity

The excitatory amino acid neurotransmitter gluta-
mate is present in millimolar levels throughout the
gray matter of the CNS. These high levels of gluta-
mate are typically concentrated in nerve terminals,
and after its release energy-dependent cellular
uptake mechanisms quickly clears the released gluta-
mate from the synaptic cleft. As a result, neurons
are usually only brie¯y exposed to the excitatory
neurotransmitter and the injury to the adjacent
neurons is minimal. Under certain conditions, for
example, during episodes of hypoxia or ischemia,
reduced cellular reuptake combined with increase
glutamate e�ux (due to depolarization of glutat-
mate-containing neurons) can read to large and sus-
tained build-up of the neurotransmitter in the
synaptic cleft (Choi, 1988). Also, certain disease
conditions involving energy depletion reduce the e�-
cacy of neurons to correct perturbations, for
example, increased [Ca2+]i, induced by glutamate
exposure (Novelli et al., 1988). This combination of
disturbances can cause glutamate exposure to
become cytotoxic, a phenomenon generally referred
to excitotoxicity, with the toxic e�ects being related
to large increases in free radical generation (Schulz
et al., 1995); this can lead to death of the postsyn-
aptic neurons, where these changes occur (Fig. 8)
(Coyle and Puttfarcken, 1993).
Glutamate interacts with a number of receptors

after it is released, one of which is the NMDA
receptor. Kainic acid (KA) is an agonist of the
NMDA receptor (Nakanishi, 1992) and when
injected either systemically or intracerebrally into
rodents it causes generalized limbic seizures and fre-
quently extensive neuronal damage (KoÈ hler, 1984).
These consequences are generally accepted as invol-
ving the excessive production of radicals and ROS.
In view of this, the KA model of excitotoxicity has
been widely used to test the e�cacy of free radical
scavengers and antioxidants in the CNS.
Melatonin's ability to reduce the toxic e�ects KA

were ®rst investigated by Melchiorri et al. (1995). In
these in vitro studies, melatonin in a dose±response
manner reduced KA-induced lipid peroxidation in
homogenates of the cerebellum, hippocampus, hypo-
thalamus and striatum of both Wistar and Sprague±
Dawley rats; the magnitude of the reduction in of
the products of lipid peroxidation varied from 10±
100%. In homogenates of whole brains, a similar
high degree of protection by melatonin was seen
when the damaged lipid products, malondialdehyde
and 4-hydroxyalkenals, were used as an index of
KA cytotoxicity (Melchiorri et al., 1996).
Similar protective actions of melatonin were

observed when neuronal cell cultures were utilized in
lieu of tissue homogenates. Thus, Giusti et al. (1995,
1997) used newborn rat cerebellar granule cell cul-
tures to examine melatonin's antiexcitotoxicity. Like
Melchiorri et al. (1995), they also found melatonin
to be bene®cial in preventing KA-induced excito-
toxicity and on the basis of their studies they pre-
dicted that melatonin's protective actions were
related to the radical scavenging properties of the
molecule. They drew this conclusion after they
showed that melatonin's e�ect is not related to the
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inhibition of ionotropic glutamate receptors and
melatonin did not compete with the binding of glu-
tamate to its receptor on cerebellar granular neur-
ons. Likewise, Lezoualc'h et al. (1996, 1998)
reported that oxidative apoptotic cell death induced
by glutamate in a cultured cloned hippocampal cell
line (HT22) and in organotypic hippocampal brain
slices was reduced by melatonin. DNA fragmenta-
tion typical of programmed cell death, detected by
Hoechst staining of the cells, and the degree of
damage was also partially reversed by melatonin.
Melatonin also reduced the toxicity of H2O2 to
neurons in hippocampal slices and the authors sur-
mised that the antioxidant properties of melatonin
a�orded the indole its antiexcitotoxic property.
Finally, Cazevieille et al. (1997) similarly reported

that melatonin was neuroprotective against gluta-

mate and hypoxia/reperfusion mediated by NMDA
receptors in rat cortical neurons. Like Giusti et al.
(1995), they proved melatonin did not have this
e�ect due to an action of the indole at the level of
the NMDA receptor. Cazevieille et al. (1997) also
reported that melatonin and the iron chelator des-
feroxamine reduced free radical damage in a retinal
cell preparation induced by a combination of ascor-
bate and iron. Their ®ndings, using both corticol
and retinal neurons, are consistent with melatonin's
neuroprotective actions being related to its functions
as a radical scavenger and antioxidant.
Numerous in vivo studies have also revealed mela-

tonin's anti-excitotoxic actions; these studies have
employed neurobehavioral, biochemical and mor-
phological criteria to demonstrate melatonin's abil-
ity to reduce the consequences of KA-mediated
excitotoxicity. Using the quantitative TUNEL
(dUTP-biotin nick end-labeling) technique and Nissl
straining, Manev et al. (1996a) found melatonin to
reduce KA-triggered DNA damage and cellular
death in the CA3 region of the hippocampus, the
amygada and the entorhinal cortex. These ®ndings
were con®rmed by Uz et al. (1996) who used the
same methods to document neural damage pro-
voked by kainate and reduced by melatonin.
Biochemically, melatonin prevented the decrease in
noradrenaline and the associated rise in 5-hydro-
xyindoleacetic acid in limbic structures of rats i.p.
injected with KA (Giusti et al., 1996) and also over-
came epileptic seizures induced by the excitatory
neurotransmitter (Giusti et al., 1996; Manev et al.,
1996b).
Besides melatonin's direct scavenging activity its

protective e�ect against KA toxicity may also relate
to the ability of the indole to maintain glutathione
homeostasis in neurons as shown by Floreani and
Lees (1991). When KA was i.p. administered to rats,
the drug decreased GSH levels in the amygada and
hippocampus but not in the striatum which is resist-
ant to the injury normally in¯icted by KA; KA
reduced GRd activity in the limbic structures as
well. The changes in GSH and GRd were overcome
in KA-injected rats co-administered melatonin. The
ability of melatonin to maintain glutathione homeo-
stasis would certainly bene®t the neurons consider-
ing the important role of GSH in reducing oxidative
damage. The sparing e�ect of melatonin on GSH
may have been secondary to the direct radical
scavenging properties of the indole.
Not only pharmacologically, but physiological

levels of melatonin as well have been shown to
reduce the excitotoxic activity of KA. When pinea-
lectomized rats (which have chronically low circulat-
ing melatonin levels) were treated with KA the
neurodegeneration was greater than that observed in
similarly-treated intact rats (which exhibit a nightly
rise in circulating melatonin levels) (Manev et al.,
1996b). The indices of oxidative neural damage in
this study included the TUNEL assay for DNA
damage and Nissl staining for cell death. The same
group showed that hippocampal 5-lipoxygenase
mRNA levels are increased in what they refer to as
melatonin-de®cient, pinealectomized rats (Uz et al.,
1997). These ®ndings suggest that the products of 5-
lipoxygenase activity, that is, leukotrienes, are toni-

Fig. 8. The action of the excitatory amino acid neurotrans-
mitter, glutamate, on the NMDA receptor causes the in¯ux
of calcium into the postsynaptic neuron. This leads to the
generation of NO

.
and Oÿ2

:
which combine to form the

peroxynitrite anion (ONOOÿ). This latter molecule causes
not only oxidative damage to proteins and lipids but also
to DNA bases which fragment leading to the activation of
PARS [poly (ADP-ribose) synthetase]. NAD is then used
in the ADP-ribosylation of nuclear proteins. For every
mole of NAD that is consumed, four free energy equiva-
lents of ATP are required to regenerate NAD. This high
utilization of energy coupled to inhibition of oxidative
phosphorylation by ONOOÿ compromises the cell's ca-
pacity to maintain its energy levels. With the energy supply

of the neuron depleted, the cell dies.
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cally reduced by the presence of melatonin syn-
thesized and secreted by the pineal gland. Since leu-
kotrienes are considered to contribute to
neurodegeneration (Ohtsuki et al., 1995), the ®nd-
ings of Uz et al. (1997) are especially important in
the context of the loss of melatonin during aging
(Reiter, 1992).
Overwhelmingly, the studies in which melatonin

was tested as an anti-excitotoxic agent have yielded
positive results. Certainly at pharmacological con-
centrations, but at physiological levels as well, the
pineal-derived secretory product has proven e�ective
in overcoming the neurobehavioral, biochemical,
morphological and molecular damage caused by
KA. As with other ®ndings summarized in this
review, the results are consistent with the idea that
melatonin plays a substantial role in neuroprotec-
tion.

4.4. Porphyric Neuropathy

Acute intermittent porphyrin (AIP) is a dominant
inherited metabolic disorder of haem biosynthesis
which leads to the urinary excretion of increased
amounts of the porphyrin precursors, d-aminolevuli-
nic acid (ALA) and porphobilinogen (Moore, 1993).
Recent data strongly suggest that ROS may account
for much of the pathophysiology of AIP since ALA
undergoes enolization and subsequent iron cata-
lyzed-oxidation which leads to the generation of
Oÿ2
:
, H2O2 and the

.
OH. Since ALA accumulates in

neural tissues, the neuropathogenesis apparent in
AIP patients is believed to be at least partly a sec-
ondary consequence of free radical production.
Three reports have been published which illustrate

the protective actions of melatonin against ALA
toxicity. In rat cerebellar tissue incubated with
ALA, lipid damage as measured by the levels of
malondialdehyde was highly signi®cantly increased;
however, when melatonin was also present in the
medium it reduced, in a dose±response manner, the
concentrations of damaged lipid products (Princ et
al., 1997). Similar observations were made by
Carneiro and Reiter (1998) who showed that in
homogenates of either cerebral cortex, cerebellum or
striatum ALA-toxicity to PUFAs was readily inhib-
ited by melatonin. These authors were of the
opinion that melatonin's protective actions were at-
tributable to its free radical scavenging properties.
Both these groups (Carneiro and Reiter, 1998;

Princ et al., 1998) also showed that melatonin's neu-
roprotective actions against ALA extended to the in
vivo situation as well. Thus, the deleterious e�ects of
ALA in the nervous system, as indicated by the
levels of damaged lipid products, were greatly
reduced or overcome by melatonin administration.
These ®ndings are of special interest not only

because they imply a potential use of melatonin to
reduce ALA toxicity in AIP patients, but also
because humans su�ering with this genetic disorder
have reduced levels of circulating melatonin (Puy et
al., 1993, 1996), a fact that could aggravate the neu-
rotoxicity actions of ALA. This further emphasizes
the potential therapeutic value of melatonin in AIP
subjects.

4.5. Ischemia-Reperfusion Injury

Like the neuropathological models described,
neural stroke also is considered to result in brain
damage due at least in part to free radicals that are
produced especially during reperfusion (Fig. 9)
(Christensen et al., 1994; Wei et al., 1997). There are
a variety of animal models in which to study neural
injury induced by transient ischemia followed by
reperfusion (Krieglstein and Oberpichler-Schwenk,
1994). Only a few of these models have been
exploited in studies investigating the e�ects of mela-
tonin in neuroprotection during ischemia/reperfu-
sion injury.
Cho et al. (1997) determined that transient fore-

brain ischemia in the rat followed by reperfusion
caused, 7 days later, a marked loss of CA1 pyrami-
dal neurons in the hippocampus; the period of ische-
mia was either 10, 20 or 30 min. Melatonin, when
given i.p. at the onset of reperfusion or at 2 and 6 hr
after reoxygenation, greatly reduced the number of
hippocampal neurons lost. One of the candidate
mechanisms that the authors proposed for the pro-
tective action of melatonin was its antioxidant ac-
tivity. Cho et al. (1997) claimed that melatonin
given 30 min prior to reperfusion onset was ine�ec-
tive in reducing neuronal loss due to ischemia/reper-
fusion. This is somewhat surprising since in many
other models of oxidative neurotoxicity, melatonin
given in advance (usually 20±30 min before) of toxin
exposure, readily prevented oxidative damage
(Reiter, 1997b; Reiter et al., 1997a,b).
The Mongolian gerbil (Meriones unguiculatus) has

been widely used as a model in which to investigate
ischemia/reperfusion brain damage because this
species has an incomplete circle of Willis and there-
fore merely ligating the carotid arteries bilaterally
totally interrupts the blood supply to the forebrain.
Guerrero et al. (1997) used this model in which to
examine the potentially bene®cial e�ects of melato-

Fig. 9. Ischemia/reperfusion injury, or stroke, in the brain
damages and kills many cells via multiple processes.

Involved in these processes are free radicals.
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nin against an ischemic insult. Since NO
.
has been

implicated as a damaging agent in ischemia/reperfu-
sion injury, the authors measured nitrite/nitrate and
cGMP levels as indices of NO

.
production. A

10 min ischemic period due to bilateral occlusion of
the carotid arteries followed by 5 min reperfusion
was followed by a rise in cerebral nitrite/nitrate
levels and cGMP concentrations. Melatonin, given
in pharmacological concentrations prior to interrup-
tion of the cerebral blood supply, prevented the
changes reported above suggesting that melatonin
inhibited NO

.
production. This would be consistent

with the observations of others (Bettahi et al., 1996;
Pozo et al., 1997) who report an inhibitory e�ect of
melatonin an NOS, the enzyme that determines the
quantity of NO

.
produced. The report of Guerrero

et al. (1997) included no estimates of morphological
or physiological brain damage. Escames et al. (1997)
have shown, however, that melatonin (and vitamin
E) also protects brain homogenates from nitric
oxide-induced lipid peroxidation in vitro; in these
studies vitamin E was more e�cient in doing so
than was melatonin.
Importantly, in addition to the pharmacological

studies summarized already (Cho et al., 1997;
Guerrero et al., 1997), Manev et al. (1996b) exam-
ined the e�ect of physiological levels of melatonin
on neural damage after middle cerebral artery occlu-
sion in the rat. In melatonin-de®cient rats due to
pinealectomy, infarct volume was greatly exagger-
ated compared to that in the brain of rats that also
su�ered middle cerebral artery occlusion but also
had an intact pineal gland and, therefore, a normal
endogenous melatonin cycle. Again, the obser-
vations of Manev et al. (1996b) indicate that cer-
ebrovascular accidents in the elderly, who lack a
robust melatonin rhythm (Reiter, 1992), may su�er
more extensive neural damage than would a young
individual who has higher melatonin levels on aver-
age.
Besides the brain per se, neural retinal cells in cul-

ture are protected from experimental ischemia/reox-
ygenation (8 hr ischemia followed by 16 hr
reoxygenation) when melatonin is in the growth
medium (Cazevieille and Osbourne, 1997). Since glu-
tamate is released in excess from these cells during
ischemia and the resulting damage is believed to be
related to free radical production after the inter-
action of the neurotransmitter with its receptors,
Cazevieille and Osbourne (1997) presumed that mel-
atonin preserved retinal neuronal integrity because
of its free radical scavenging properties.
Besides its direct protective e�ects in neural tissue,

there may be another reason melatonin helps to pre-
serve brain integrity after ischemia/reperfusion
injury. Bertuglia et al. (1996) have found that
damage to the microvasculature during ischemia/
reperfusion is prevented by melatonin. Thus, the
increased number of leucocytes adherent to the en-
dothelial cells and the greater edema seen in ische-
mia tissue are reduced by melatonin application.
Since brain edema contributes signi®cantly to the
amount of neural tissue damaged, these actions of
melatonin may also be essential to the neuroprotec-
tive e�ects of the indole.

4.6. Hyperoxia

Oxygen, since it is the source of the majority of
free radicals generated in aerobic organs (Halliwell
and Gutteridge, 1984), is considered highly toxic.
Thus, it is not surprising that the exposure of ani-
mals to hyperbaric hyperoxia leads to free radical
damage in a number of organs including the brain
(Torbati et al., 1992). Also, obvious is that since
hyperoxia produces its damage due to the gener-
ation of radicals, melatonin should a�ord some pro-
tection. This was the rationale of Pablos et al.
(1997b) when they exposed rats to 100% O2 at
4 atm with and without melatonin pretreatment.
Within 90 min, the rats exposed to hyperbaric
hyperoxia exhibited signi®cant increases in cerebral
cortical, hippocampal, hypothalamic, striatal and
cerebellar malondialdehyde and 4-hydroxyalkenals
levels, responses that were prevented in rats treated
with melatonin prior to the onset of high O2 ex-
posure. Likewise, each of these neural tissues exhib-
ited reductions in the activities of two important
antioxidative enzymes, GPx and GRd, after hyper-
baric hyperoxia exposure (Pablos et al., 1997b).
Again, these reductions were overcome in the mela-
tonin-treated rats. These ®ndings are consistent with
the oxygen radical scavenging activity of melatonin
and the results also emphasize the fact that melato-
nin quickly crosses the blood±brain barrier and
enters cells to protect them from oxidative abuse.
Bovine cerebral endothelial cells grown in culture

have been shown to exhibit DNA damage and
undergo apoptosis when they are exposed to 95 or
100% oxygen. These responses to hyperoxia are
reduced by melatonin in a dose-dependent manner
(Shaikh et al., 1997). Certainly the partial or total
destruction of cerebral endothelial cells by ROS
would increase the vulnerability of the brain to
damage from a wide variety of toxic agents.

4.7. Traumatic Brain Injury

Considering that free radicals play a deleterious
role in traumatic brain injury (TBI), MeÂ senge et al.
(1998) deemed it important to examine the potential
protective role of melatonin in a mouse model; in
this study melatonin's e�cacy was compared with
that of a-phenylnitrone (PBN), a spin trapping
agent known to detoxify free radicals. Head injury
was induced in mice using a free falling standardized
weight as described by Hall et al. (1993) and the as-
sociated neurological de®cit was evaluated 24 hr
later by a grip test, which measures the length of
time mice remain on a taut string suspended 40 cm
in the air. Both PBN and melatonin proved to be
neuroprotective as judged by the improved length of
time the animals remained on the string relative to
TBI mice not given either antioxidant. The total
dose of PBN given in this test was 40 times greater
than the dose of melatonin suggesting the latter mol-
ecule is very protective in protecting against TBI.

4.8. Neural Toxins

A dose- and time-dependent increase in products
of lipid peroxidation occurs in the brain of mice fol-
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lowing the administration of a sublethal dose of pot-
assium cyanide (Johnson et al., 1987). Furthermore,
seizures are a consequence of the intoxication of
mice with cyanide. Yamamoto and Yang (1996a,b)
presumable that some of the neurotoxicity of potass-
ium cyanide could be overcome by concurrent mela-
tonin administration. Indeed, both the seizures as
well as the marked increase in neural lipid peroxi-
dation were curtailed by the pharmacological ad-
ministration of melatonin. A similar protective
action of melatonin was seen in terms of the peroxi-
dation of lipids when brain homogenate were incu-
bated with cyanide.
The same group (Yamamoto and Yang, 1996c,d)

examined melatonin's ability to resist oxidative
damage to neural tissue induced by the sulfur-con-
taining amino acid, L-cysteine. Like cyanide, L-
cysteine administration causes seizures and the
destruction of membrane lipids in the central ner-
vous membrane. Since L-cysteine does not cross the
blood±brain barrier, for the in vivo studies it was
given intracerebroventricularly while melatonin was
administered subcutaneously. These studies showed
that the damaging e�ects of L-cysteine in the CNS
were greatly attenuated by melatonin.
Lipopolysaccharide (LPS), a bacterial endotoxin

which is highly toxic and which causes lipid peroxi-
dation in many organs, can cause multiple organ
failure (Yoshikawa et al., 1994). LPS was used by
Sewerynek et al. (1995a) to test melatonin's ability
to protect against the oxidative breakdown of lipids.
In the initial studies, which were carried out in vitro,
the lipids in brain homogenates were protected from
LPS-induced oxidative destruction by melatonin.
When extended to the in vivo situation, melatonin
similarly preserved the integrity of brain lipids
otherwise destroyed by LPS (Sewerynek et al.,
1995b) and furthermore the indole prevented the
drop in ¯uid intake and fever that was a conse-
quence of bacterial endotoxin administration (Nava
et al., 1997). The dipsogenic e�ects of melatonin
were believed, by the authors, to be due to a re-
duction in NO

.
generation while it presumably

reduced body temperature by preventing the exces-
sive formation of prostaglandins and cytokines.
H2O2 readily generates the

.
OH in tissue hom-

ogenates where transition metals are present. In
neural homogenates melatonin resists the peroxi-
dation of fatty acids induced by H2O2 (Sewerynek et
al., 1995c). Likewise, in the retina melatonin at
pharmacological concentrations also prevents the
peroxidation of lipids (Chen et al., 1995). The stu-
dies on the retina are of special interests since mela-
tonin is normally synthesized in this tissue.
According to Longoni et al. (1997), while melatonin
does inhibit lipid peroxidation in the retina, its pre-
cursor, that is, N-acetylserotonin (NAS), is even
more e�ective in this regard and thus they consider
endogenous NAS to be physiological relevant as an
antioxidant in the neural retina.
There are obviously numerous neurotoxins

against which melatonin, as a potentially protective
agent, has not yet been tested. If an agent works via
free radical mechanisms to in¯ict its damage, how-
ever, it is likely that melatonin will ameliorate the
destruction. Among the studies reported to date,
melatonin has not failed to resist the assault by free
radicals, regardless of where and how they were gen-
erated.

5. FINAL COMMENTARY

Obviously, there have been a variety of pro-
cedures attempted to reduce cognitive decline and
neuronal loss due to degenerative processes in the
CNS (Fig. 10). The most favorable would be to pre-
vent the damage before it occurs. The data summar-
ized in this review illustrates how one molecule, that
is, melatonin, experimentally at least is neuroprotec-
tive against a variety of degenerative processes in
the brain and may be an agent that could prove ben-
e®cial in forestalling neurodegeneration by prevent-
ing the initial damage.
The bulk of the studies summarized herein clearly

utilized pharmacological levels of melatonin to com-

Fig. 10. Schematic representation of the processes of neurodegeneration that compromise the function of
the CNS. Several means are potentially available to prevent or restore neural function. Ideally, agents
that would provide neuroprotection would be best and probably least costly. Antioxidants, including

melatonin, may have these neuroprotective functions.
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bat the massive oxidative stress that was induced by
a variety of procedures and agents. On the other
hand one would not expect physiological levels of
any antioxidant to prevent the free radical damage
caused by the overwhelming insults which are sum-
marized in this report. Indeed, the reason oxidative
damage occurs under these circumstances is that en-
dogenous, that is, physiological, defense mechanisms
are incapable of resisting such enormous onslaughts
of free radicals.
Melatonin's e�cacy in combating free radical

damage in the brain is certainly assisted by the ease
with which it crosses the blood±brain barrier.
Typically, melatonin was administered 20±30 min
prior to the initiation of the free radical generating
agent or process and it almost uniformly has proven
e�ective in limiting the resulting neural damage.
There are few if any, known antioxidants which, fol-
lowing a single administration, would be as power-
ful as melatonin as a protective agent against the
very highly toxic agents and processes employed in
the reports summarized herein.
This being the case, the possibility should be con-

sidered that melatonin does not function exclusively
as a free radical scavenger and antioxidant but may
have other actions which help cells and organisms
to cope with metabolic disasters. While the investi-
gations are still in their early phases, some studies
have shown that melatonin in¯uences gene ex-
pression beyond those related to antioxidative
enzymes. For example, nuclear factor kappa B
(NFkB), a multifunctional transcription factor
which is capable of in¯uencing to a variety of genes,
has been shown to be in¯uenced by melatonin.
Studies on melatonin's e�ects on gene regulation
may help to uncover additional mechanisms
whereby melatonin a�ords protection against free
radicals.
The CNS obviously is highly vulnerable to free

radical-induced molecular damage. This toxicity
relates not only to the high production of these
toxic agents but also due to its weaker than normal
mechanisms to ward o� such attacks. This probably
accounts for the large number of neural diseases
(Table 1) that are attributable to oxidative damage.
Furthermore, free radical damage to critical brain
structures probably plays a major role in neural de-
terioration with age. In view of this, melatonin
should be considered for use in clinical trials which
are designed to forestall the onset of free radical-re-
lated neurological diseases and neurobiological
aging (Reiter, 1995c; Reiter et al., 1997c, 1998b).
Investigations of this type seem especially relevant
considering the great increase in longevity that
humans are experiencing.
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