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Melatonin Reduces Protein and Lipid Oxidative Damage
Induced by Homocysteine in Rat Brain Homogenates

Santiago Ortega-Gutiérrez,1,2 Lorena Fuentes-Broto,1 Joaquı́n J. Garcı́a,1,3* Marta López-Vicente,1,2
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Abstract Numerous data indicate that hyperhomocysteinemia is a risk factor for cardio- and cerebrovascular
diseases. At least in part, homocysteine (HCY) impairs cerebrovascular function because it generates large numbers of free
radicals. Sincemelatonin is a well-known antioxidant, which reduces oxidative stress and decreases HCY concentrations
in plasma, the aim of this study was to investigate the effect of melatonin in preventing HCY-induced protein and lipid
oxidation in rat brain homogenates. Brain homogenates were obtained from Sprague–Dawley rats and were
incubated with or without HCY (0.01–5 mM) or melatonin (0.01–3 mM). Carbonyl content of proteins, and
malondialdehyde (MDA) and 4-hydroxyalkenals (4-HDA) concentrations in the brain homogenates were used as an
index of protein and lipid oxidation, respectively. Under the experimental conditions used, the addition of HCY (0.01–
5 mM) to the homogenates enhanced carbonyl protein and MDAþ4-HDA formation. Melatonin reduced, in a
concentration-dependent manner, protein and lipid oxidation due to HCY in the brain homogenates. These data suggest
that preserving proteins from oxidative insults is an additional mechanism by which melatonin may act as an agent in
potentially decreasing cardiovascular and cerebrovascular diseases related to hyperhomocysteinemia. J. Cell. Biochem.
102: 729–735, 2007. � 2007 Wiley-Liss, Inc.
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Free radicals are defined as any species
capable of independent existence that contains
one or more unpaired electrons in their outer
orbital. When free radicals interact with
other molecules and when they exceed the
defense capacity of the endogenous antioxidant
systems, indiscriminate damage occurs in
macromolecules, such as proteins and lipids;
this damage compromises cellular functions.
The central nervous system (CNS) is a tissue
highly susceptible to free radical injury for
several reasons: first, in the CNS membrane,
lipids are rich in polyunsaturated fatty acid
side chains, which are particularly sensitive to

free radical attack; second, the CNS has a
poorly developed endogenous antioxidant
defense system, for example, catalase is parti-
cularly low; third, certain areas of the brain
produce H2O2 and they are rich in iron and
copper, two metals which readily stimulate
hydroxyl radical (.OH) formation via the
Fenton reaction; and finally, the CNS has a
high metabolic rate which initiates the genera-
tion of large numbers of damaging free radicals
[Sinet et al., 1980; Beard et al., 1993; Reiter,
1998].

Homocysteine (HCY) is an intermediate
aminoacid, which results from the conversion
of methionine to cysteine. Hyperhomocysteine-
mia is a risk factor for coronary atherosclerotic
vascular diseases, stroke, venous thrombosis,
and it has been associated with Alzheimer’s
disease and vascular dementia [Kang et al.,
1992; Stampfer et al., 1992; Loscalzo, 1996;
Rodrigo et al., 2003; Faraci and Lentz, 2004].
Elevated HCY concentrations in the blood are
detected in 40% of patients with coronary,
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cerebrovascular, or peripheral atherosclerosis
[Clarke et al., 1991]. Although its physiopatho-
logical mechanisms are complex and not fully
understood, much evidence suggests that
hyperhomocysteinemia induces vascular and
brain damage because of the highly reactive
thiol group in HCY that it is readily oxidized
leading to the formation of homocystine, HCY-
mixed disulfides, and HCY thiolactone. During
these oxidative processes, several reactive
species are generated [Loscalzo, 1996; Moselhy
and Demerdash, 2003, 2004; Perna et al., 2003;
Topal et al., 2004; Perez-de-Arce et al., 2005].

Melatonin (N-acetyl-5-methoxytryptamine)
is the main product of the pineal gland and,
additionally, it is produced in several organs in
vertebrates [Tan et al., 1999]. Melatonin con-
centrations in the serum exhibit a pronounced
circadian rhythm, with the highest levels
during the night-time and lowest concentra-
tions during the daytime. In the last five
decades, intensive research has shown that
melatonin is involved in the modulation of a
variety of endocrine, neural and immune pro-
cesses [Reiter, 2004]. Numerous publications
have proven that melatonin protects the brain
from many chemical insults both in vivo and
in vitro [Lapin et al., 1998; Wakatsuki et al.,
1999; Cabrera et al., 2000; Ortega-Gutiérrez
et al., 2001; Baydas et al., 2003; Lee et al., 2005].

We previously demonstrated that melatonin
inhibits HCY-induced oxidative damage in
brain homogenates [Osuna et al., 2002]. The
purpose of the current work was to examine
the potential role of melatonin in preventing
HCY-induced protein oxidative damage in the
brain and compare these effects with the ability
of melatonin to reduce lipid peroxidation.
Protein carbonyl content and malondialdehyde
(MDA) and 4-hydroxyalkenals (4-HDA) concen-
trations in the brain homogenates were used as
indices of oxidative damage of proteins and
lipids, respectively.

MATERIALS AND METHODS

Chemicals

All reagents were of analytical grade and
obtained from commercial sources. Homo-
cysteine and melatonin were purchased
from Sigma–Aldrich (Madrid, Spain). Other
chemicals used were of the highest quality
available. The Bioxytech LPO-586 kit for lipid

peroxidation was obtained from Calbiochem
(La Joya, CA).

Animals and Homogenates

The handling and animal procedures were
made in strict accordance with the recommen-
dations of the European Economic Community
Committee (86/609/CEE) for the care and use of
laboratoryanimals.MaleSprague–Dawley rats
weighing 225–250 g were purchased from
Harlan Ibérica S.A. (Barcelona, Spain) and
received standard chow and water ad libitum.
After beingacclimated for 2weeksunder a light/
dark cycle of 12/12 h (lights on at 7:00 a.m.)
the animals were anesthetized with sodium
thiopental administered intraperitoneally
(50 mg/kg) and perfused through the heart
with an ice-cold saline solution (0.9% NaCl) to
minimize the excess of intravascular transition
metals that could artificially increase oxidative
damage. Immediately after perfusion, the
brains were quickly removed, washed in saline,
andhomogenized (1:10w/v)withaPolytron-like
stirrer in 20 mM Tris-HCl buffer (pH 7.4).

Induction of Oxidative Damage
in Brain Homogenates

In a first study, protein and lipid oxidation
was induced by incubation of brain homo-
genates (n¼ 6 each) in a shaking water bath
for 2h at 378Cusing six different concentrations
of HCY (0.01, 0.05, 0.1, 0.5, 1, 5mM). This study
was performed to determine the concentration
of HCY required to induce an appropriate
amount of protein and lipid oxidation. In a
second study, to determine the optimal incuba-
tion time, aliquots of brain homogenates
(n¼ 6 each) were incubated with 1 mM HCY
for 0, 10, 30, 60, 90, 120, and 180 min. In a
third study (n¼ 6), several concentrations of
melatonin (0.01, 0.1, 0.5, 1, and 3 mM) were
used in combination with 1 mM HCY. Melato-
nin was dissolved in absolute ethanol and then
diluted with buffer; the final concentration of
alcohol was <1% in the brain homogenates.
The same volume of ethanol was added to all
homogenates regardless of treatment.

After incubating the samples as described
above, the oxidative reaction was stopped by
placing the aliquots on ice for 10 min. They
were then centrifuged at 3,000� g for 10 min at
48C. Thereafter, the supernatantswere assayed
for their levels of protein carbonyl andMDAþ4-
HDA concentrations.
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Analytical Procedures

Carbonyl contentsweremeasuredasan index
of oxidative protein damage using the method
described by Levine et al. [1990]. Carbonyl rests
interact with 2,4-dinitrophenhylhydrazine,
yielding a colored complex with a peak absor-
bance at 375 nm in the ultraviolet spectrum.
Results are expressed as nmol carbonyl per mg
protein.
MDAþ4-HDA levels were used as an index of

the oxidative breakdown of lipids in the brain
homogenates [Janero, 1990]. In the assay,
MDAþ4-HDA react with N-methyl-2-phenylin-
dole, yielding a stable chromophore with a peak
maximal absorbance at 586 nm; 1,1,3,3-tetra-
methoxypropane was used as a standard.
Results are expressed as nmol MDAþ4-HDA
per mg protein.
The protein concentrations in the incubation

media were assessed using the method of
Bradford [1976], where bovine serum albumin
served as a standard.

Statistical Analysis

Results are expressed as means� standard
errors. Student’s paired data t-test was used for
comparison of the means. Values were accepted
as being statistically different if a P-value
was �0.05.

RESULTS

HCY Concentration-Response Studies

The initial study showed that HCY induces
oxidative stress in proteins and lipids in the
rat brain homogenates. HCY concentrations
greater than 0.01mMand0.1mM, respectively,
significantly increased carbonyl content in the
proteins and the MDAþ4-HDA levels in the
homogenates (Fig. 1). An HCY concentration of
1 mM was selected for the following studies
since it provided high levels of both protein and
lipid oxidative damage.

Time Course Studies

The second studywas performed to assess the
optimal incubation time to generate an appro-
priate amount of oxidative damage induced by
1 mM HCY. As showed in the Figure 2, protein
carbonyl content as well as lipid peroxidation
increased in a time-dependent manner. A 2 h
incubation was selected for following studies.

Melatonin Co-Treatment Studies

The final study tested whether melatonin
reduces oxidative damage to proteins and lipids
in rat brain homogenates induced by 1 mM
HCY incubated for 2 h. Melatonin’s inhibitory
effects on HCY-induced carbonyl content in
proteins and MDAþ4-HDA levels increased
in a concentration-dependent manner, as
illustrated in Figure 3. Melatonin (0.5 mM) or
greater significantly reduced the carbonyl con-
tent in proteins of brain homogenates below
those treated with 1 mMHCY alone. Melatonin
(3 mM) lowered the oxidative protein injury
even to levels below those in the controls. The
concentration of melatonin required to prevent

Fig. 1. Incubation of rat brain homogenateswith homocysteine
(HCY) at 378C for 2 h increased carbonyl content in proteins
(A) and malondialdehyde (MDA) and 4-hydroxyalkenals
(4-HDA) concentrations (B). Values are means� standard errors
(n¼ 6). *P�0.05 versus brain homogenates without HCY.

Melatonin Reduces HCY-Induced Oxidative Damage 731



the carbonylation of proteins induced by 1 mM
HCY by a 50%, that is, IC50, was 1.19 mM.

With regard to the beneficial effects of
melatonin in protecting lipids from oxidative
damage, concentrations of 0.1 mM or greater
significantly reduced the levels ofMDAþ4-HDA
in brain homogenates below the level of
those treated with 1 mMHCY alone. Melatonin
(3 mM) also reduced lipid peroxidation even
below the control samples (neither HCY nor
melatonin). The melatonin IC50 that prevented
MDAþ4-HDA formation was 0.40 mM.

DISCUSSION

It has been proposed that hyperhomo-
cysteinemia promotes cerebral and cardiovas-
cular diseases through endothelial and platelet
dysfunction, elevated susceptibility of low
density lipoproteins to oxidation, and genera-
tion of large numbers of free radicals [Blundell
et al., 1996; Halvorsen et al., 1996; Durand
et al., 1997; Mahfouz and Kummerow, 2004].
The thiol group of HCY makes it an autoxidiz-
able compound in the presence of oxygen and
transition metals such as iron and copper. As a
consequence of this oxidation, .OH, H2O2, and
superoxide anion radicals (O2

.�) are generated
[Starkebaum and Harlan, 1986; Loscalzo,
1996; Perna et al., 2003]. Our results show
that melatonin effectively prevents oxidative
damage due to HCY exposure in rat brain

homogenates. These findings are consistent
with some reports, which have shown that
melatonin prevents both in vivo and in vitro
HCY-induced lipid peroxidation in the brain
[Osuna et al., 2002; Baydas et al., 2003, 2006].

Whereas numerous reports have documented
the protective actions ofmelatonin on lipids and
DNA in the brain tissue [Reiter, 1998], few have
focused on its effectiveness in limiting oxidative
damage to proteins. Two early reports showed
that melatonin reduces the oxidation of the
bovine serum albumin due to .OH generated by
metal catalyzed oxidation induced, for example,
Cu2þ/H2O2 and ascorbate/Fe3þ/EDTA systems,
and the alkylperoxyl radicals formed by the
azo initiator 2,20-azino(2-amidinopropane)
hydrochloride [Kim et al., 2000; Mayo et al.,
2003]. In addition, melatonin reduced in vivo
the severity of protein oxidation induced by

Fig. 2. Time-dependent increase in carbonyl content in
proteins (*) and malondialdehyde (MDA) and 4-hydroxyalk-
enals (4-HDA) concentrations (&) in rat brain homogenates
following incubation with 1 mM homocysteine (HCY). Results
are means� standard errors of six independent experiments.
*P�0.05 versus control homogenates without incubation.

Fig. 3. Protective effects of melatonin (Mel) on homocysteine
(HCY)-induced protein (A) and lipid (B) oxidation in rat
brain homogenates. Results are means� standard errors of six
experiments. *P�0.05 versus brain homogenates exposed to
HCY alone.
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gentamicin, as indicated by a decrease in the
carbonyl content in proteins of rats treatedwith
gentamicin or acetaminophen and subjected
to ischemia-reperfusion [Sener et al., 2002a,b,
2003]. The current investigation shows for the
first time that melatonin also preserves brain
proteins from the oxidative toxicity of HCY.
Acute hyperhomocysteinemia, after an

oral methionine load, impairs flow-mediated
endothelium-dependent vasodilatation in
healthy humans [Bellany et al., 1998; Cham-
bers et al., 1998]. Okatani et al. [2000] showed
thatmelatonin counteracts the vasoconstrictive
effect ofHCY in thehumanumbilical artery and
they suggested that this activity of melatonin
may be related to its free radical scavenging and
antioxidant actions. It was found that the
vasoconstrictor properties of HCY are due to a
reduction in the release of nitric oxide from
endothelial cells. This effect depends first on the
uncoupling of the endothelial nitric oxide
synthase due to the reduction of intracellular
tetrahydrobiopterin availability without affect-
ing the expression of this enzyme [Zhang et al.,
2000; Rodrigo et al., 2003; Topal et al., 2004],
and second, through the formation of the highly
reactive peroxynitrite anion by the combination
of O2

.�, generated during HCY oxidation,
and nitric oxide [Pryor and Squadrito, 1995;
Rodrigo et al., 2003]. Zhang et al. [1998, 1999]
demonstrated that melatonin also scavenges
peroxynitrite.
Another explanation regarding the mecha-

nism by which HCY induces oxidative damage
is via inhibition of several key antioxidant
enzymes. Hyperhomocysteinemia decreases
the expression of the cellular isoform of glu-
tathione peroxidase [Upchurch et al., 1997;
Outinen et al., 1999; Handy et al., 2005]. In
addition to its ability to scavenge directly free
radicals, melatonin also stimulates several
antioxidant enzymes. A number of reports have
shown that melatonin promotes the activities
and gene expression of glutathione peroxidase
and reductase, CuZn and Mn superoxide
dismutases, and catalase [Pablos et al., 1995;
Kotler et al., 1998; Naidu et al., 2003; Rodrı́guez
et al., 2004]. Recently, Baydas et al. [2003]
documented that intracerebroventricular injec-
tion of HCY reduced the activity of the
glutathione peroxidase in the cerebellum,
cortex, and hippocampus in Wistar rats. Con-
versely, co-treatment with melatonin resulted
in a significant increase in the activity of the

glutathione peroxidase in these brain regions as
compared with the animals that received HCY
alone.

Since hyperhomocysteinemia induces oxida-
tive stress, it seems appropriate to propose the
use of antioxidants as therapeutic agents,which
may attenuate this oxidative injury, especially
if the antioxidant molecule would also reduce
the concentration of HCY in the blood. An
earlier report [Bremner et al., 2000] demon-
strated that in the human, serum total HCY
levels exhibit a circadian rhythm with the
highest concentrations around 22:00 h and
gradually decreasing thereafter to lowest
levels around 10:00 h. In addition, Baydas
et al. [2002a,b] demonstrated in rats that
pinealectomy increases plasma HCY levels
compared with those in intact animals. Melato-
nin treatment reverses these changes. The
implications of these findings are that HCY
levels are inversely related to the concentra-
tions of melatonin in the blood.

In addition tomelatonin’s potential beneficial
actions in hyperhomocysteinemia, melatonin
use as a preventive agent may offer other
additional advantages; thus, it is ubiquitously
distributed in organisms and it has very low
toxicity [Reiter, 1998, 2004; Jahnke et al., 1999].
On the contrary, melatonin has been proposed
as an antioxidant that limits tissue damage
induced by numerous drugs whose toxicity is
a consequence of free radical generation
during their metabolism [Brzozowski et al.,
1997; Garcı́a et al., 1998; López-González
et al., 2000; Sener et al., 2002b, 2003].

In conclusion, the data present here provides
a new mechanism by which melatonin reduces
oxidative damage induced by HCY; thus, mel-
atonin protects cerebral proteins from oxidative
damage. Considering the effects reported
herein and previous results relative to the
antioxidant activity of melatonin and its
effects on HCY metabolism, we suggest that
melatonin might be an interesting potential
preventive strategy for reducing cardiovascular
and cerebrovascular complications of hyperho-
mocysteinemia.
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