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Melatonin regulation of antioxidant enzyme gene expression
J. C. Mayo a, R. M. Sainz a,b, I. Antolín a, F. Herrera a, V. Martin a and C. Rodriguez a,b,*

a Departamento de Morfología y Biología Celular, Facultad de Medicina, c/Julian Claveria s/n, 33006 Oviedo, 
Austurias (Spain), Fax + 34-985 10 3618, e-mail: carro@correo.uniovi.es
b Instituto Universitario de Oncología del Principado de Asturias (IUOPA), Universidad de Oviedo, 
Facultad de Medicina, Julian Claveria s/n, 33006 Oviedo (Spain)

Received 18 June 2002; reiceived after revision 5 August 2002; accepted 27 August 2002 

Abstract. Antioxidant enzymes (AOEs) are part of the
primary cellular defense against free radicals induced by
toxins and/or spontaneously formed in cells. Melatonin
(MLT) has received much attention in recent years due to
its direct free radical scavenging and antioxidant proper-
ties. In the present work we report that MLT, at physio-
logical serum concentrations (≈1 nM), increases the
mRNA of both superoxide dismutases (SODs) and glu-
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tathione peroxidase (GPx) in two neuronal cell lines. The
MLT effect on both SODs and GPx mRNA was mediated
by a de novo synthesized  protein. MLT alters mRNA sta-
bility for Cu-Zn SOD and GPx. Experiments with a short
time treatment (pulse action) of MLT suggest that the reg-
ulation of AOE gene expression is likely to be receptor
mediated, because 1-h treatment with MLT results in the
same response as a 24-h treatment.

Key words. Melatonin; gene expression regulation; Cu-ZnSOD; MnSOD; glutathione peroxidase; oxidative stress;
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Introduction

Antioxidant enzymes are part of the cellular defense
against oxidative stress. Thus, the primary defense
against damage by superoxide anion radical (O2

–) damage
and its reactive progeny is the superoxide dismutase
(SOD) family of enzymes (EC 1.15.1.1) [1]. Three forms
of this protein are currently known in humans, namely
Cu-ZnSOD (SOD1, cytosolic), MnSOD (SOD2, mito-
chondrial), and an extracellular form of Cu-ZnSOD (EC-
SOD). All these enzymes catalyze the same reaction, the
dismutation of superoxide radical into hydrogen peroxide
and oxygen. Other antioxidant enzymes such as glu-
tathione peroxidase (GPx; EC 1.11.1.9) and catalase (EC
1.11.1.6) efficiently detoxify the hydrogen peroxide into
water. Together, the enzymatic systems work coordi-
nately, permitting cells to survive in an environment with
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oxygen and to clear out reactive oxygen species (ROS)
formed by other toxic sources [2]. When ROS are too
high they overload the cellular detoxifying mechanisms,
and a state called oxidative stress appears [3]. Beside the
regulation of antioxidant enzymes (AOEs) by the redox
status of the cell, evidence for their hormonal modulation
is growing rapidly, and it seems to be important in aging,
as there is a parallel decrease in endocrine function with
age. Levels of several hormones (e.g., growth hormone
and prolactin) correlate well with different AOE activities
in different tissues [4]. Study of the hormonal regulation
in different cells becomes very important for physiologi-
cal and therapeutic approaches.
The neurohormone melatonin or N-acetyl-5-methoxy-
tryptamine (MLT) is mainly synthesized in the pineal
gland of all mammalian species [5], and in non-mam-
malian vertebrates, invertebrates, algae, bacteria, and a
variety of plants [6]. MLT exhibits a direct radical- scav-
enging ability at high concentrations that has been shown



CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Research Article 1707

relevant in the prevention of different oxidative-stress-re-
lated processes such as aging or neurodegenerative disor-
ders [7, 8]. Moreover, other authors and our group have
reported a non-scavenging antioxidant role for this hor-
mone in vivo. Among these effects are the inhibition of
the pro-oxidant enzyme nitric oxide synthase (NOS) [9]
and an increase in the activity and mRNA levels of vari-
ous antioxidant enzymes [10, 11]. Finally, our group has
reported the role of physiological concentrations of MLT
in preventing the decrease in AOE mRNA levels when
cultured neuronal cells were under oxidative conditions
[12].
The aim of the present work was to delineate the effect of
normal serum concentrations of MLT on AOE gene ex-
pression in different neuronal cell lines under normal
conditions (not under oxidative stress) in order to eluci-
date the physiological role of this hormone in AOE me-
tabolism. We also addressed the mechanisms involved in
this regulation.

Materials and methods

Materials and reagents
All cell culture reagents were purchased from Sigma
(Spain) except fetal bovine serum (FBS) and horse
serum (HS) which were obtained from Linus (Cultek,
Spain) and dextran D-70 that was obtained from Amer-
sham (UK). Culture flasks and dishes were acquired
from Falcon (Becton Dickinson Bio Science, France).
Rat tail collagen type I was purchased from Roche
(Mannheim, Germany). MLT was obtained from Aldrich
(Sigma, Spain). All other reagents were purchased from
Sigma.

Culture of cell lines
PC12 cells were purchased from the American Type Cul-
ture Collection (ATCC cat. no. CRL 1721) and were cul-
tured, as originally described [13], in RPMI 1640 supple-
mented with 10% heat-inactivated HS and 5% FBS, 100
units/ml penicillin, 100 mg/ml streptomycin and 0.25 mg/
ml amphotericin-B. Cells were maintained in rat tail-col-
lagen-type-I-coated T75 flasks at 37°C in an atmosphere
containing 5% CO2. For all the experiments, cells were
seeded at a density of 5 ¥ 106 cells in 100-mm collagen-
coated dishes. Medium was always changed every other
day until the beginning of the experiment. Experiments
were performed when cells reached 70% confluence.
Neuroblastoma cells (SK-N-SH) were obtained from
ATCC (cat. no. HTB-10). They were grown following the
manufacturers specifications, in 90% Eagle’s minimum
essential medium (EMEM) supplemented with 1.0 mM
sodium pyruvate, 10 % FBS, 100 units/ml penicillin, 100
µg/ml streptomycin, and 0.25 µg/ml amphotericin B.
Cells were maintained in T-75 flasks in 5% CO2 at 37 °C

and medium was changed every other day. For all experi-
ments, cells were seeded in 60-mm dishes until they
reached 70% confluence and then experiments were car-
ried out as described below. Eventually, in the indicated
experiments, in order to remove steroids present in culture
media, serum was depleted of organic components with
charcoal-dextran as described elsewhere [14].
MLT was always prepared as 100 mM stock dissolved in
50% dimethylsulfoxide (DMSO) and added directly to
the medium from a freshly prepared ¥100 stock in
Hank’s balanced salt solution (HBSS). Control plates
were treated with the amount of DMSO used to dissolve
melatonin. 

Northern blot analysis
Cells were grown in 100-mm dishes and after the time
points indicated in the different experiments (see Results)
harvested by brief trypsinization, centrifuged at 1000 g
for 5 min and washed twice in ice-cold PBS. Extraction
of total RNA was performed as previously described [15].
Samples were electrophoresed in 1% agarose gel and
RNA was transferred to Hybon N+ nylon membranes
(Amersham) using a Hybaid Vacu-aid vacuum device
(Thermo Hybaid, Ashford, UK). Blots were then hy-
bridized with the following probes: a 0.6-kb EcoRI frag-
ment from the pUC13 rat Cu-ZnSOD cDNA clone; a
pSP65-RMS 1.4-kb EcoRI fragment containing rat Mn-
SOD cDNA clone; a 0.6-Kb EcoRI fragment from the
pBGPx-24LK 440 rat GPx cDNA clone and a 1.5-kb
EcoRI fragment with 18S ribosomal subunit cDNA
cloned into Bluescript SK– (ATCC). Probes were labeled
with 32P-dCTP using the Rediprime random prime label-
ing system (Amersham). After hybridization at 42°C
overnight, blots were exposed for 24 h to X-omat AR
films (Kodak).

Quantification of autoradiographies
All autoradiographs from Northern blots shown were
scanned with a Hewlett Packard Scanjet 5p. The scanned
images were quantified using Scion Image for windows
(NIH Image for PC) program downloaded from the web
site http://www.scioncorp.com.

Graphical representation of data
Data of each sample obtained from densitometric analy-
sis were previously standardized with an 18S ribosomal
subunit value. Control samples of each enzyme were as-
signed 100% of gene expression in each experiment and
the rest of the samples were relativized versus the control
value. Experiments were repeated at least four times and
a representative experiment is shown in each case.
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Results

Time course of the MLT effect on AOE gene expression
Our previous studies showed that MLT treatment for 24 h
prevented the decrease in AOE mRNA levels shown by
PC12 cells when treated with neurotoxins. These findings
led us to study the possible regulation by MLT of AOE
gene expression when the cells are under physiological
conditions (i.e., not under induced oxidative stress). We
tested the physiological concentration of MLT (1 nM;
equivalent to serum levels) in a time-course experiment.
Results from a representative experiment are shown in fig-
ure 1A. MLT induced an increase in Cu-ZnSOD and Mn-
SOD mRNA levels in a time-dependent manner. The phys-
iological dose of MLT induced a maximum peak in the
mRNA levels for both enzymes after 24 h in the presence
of the hormone, although significantly higher levels than
controls were found shortly after 6 h of treatment (fig. 1B). 

Dose response study of MLT effect on AOE gene 
expression
Having demonstrated the time course effect of MLT, we
studied the response to different doses of the hormone af-
ter 6 h of treatment, as at this time, MLT induced a sig-
nificant increase in the gene expression of both SODs. As
represented in figure 2, physiological (1 nM) or a low
pharmacological dose of MLT (100 nM) were able to in-
crease the mRNA coding for both SODs and GPx.

Effect of translation and transcription inhibitors on
gene expression of AOEs induced by MLT
We tried to delineate the effect of the physiological dose
of MLT on GPx and SOD mRNA synthesis using in-
hibitors of protein synthesis and DNA transcription. 
Cycloheximide (CHX) was used as an inhibitor of protein
synthesis. It was added 1 h before 1 nM MLT addition
and culture was then continued for a futher 24 h. As
shown in figure 3, CHX prevented MLT induction of
GPx, Cu-ZnSOD, and MnSOD gene expression. 
The use of the transcription inhibitor actinomycin D
(ACT D) made it possible to study the hypothetical effect
of MLT on mRNA stability. MLT was added to the cul-
ture medium (except in control groups) 24 h before
adding ACT D. SOD and GPx mRNA levels were then
measured at the different times indicated in figure 4,
which plots the regression curves. MLT induced an in-
crease in AOE gene expression, while ACT D had a dif-
ferent effect on the three enzymes studied. The rate of de-
cay of Cu-ZnSOD and GPx mRNA from MLT treated
cells was higher than that from control cells. This result
indicates that the mRNAs for Cu-ZnSOD and GPx (fig.
4A, C) in cells stimulated with MLT have lower stability
than the mRNA from control cells. In contrast, MnSOD
mRNA levels from both control and MLT-treated cells
seemed to have virtually the same half-life (fig. 4B).

Effect of short-term treatment with MLT
(pulse action) on AOE gene expression
Together, the above results indicated an induction effect
likely mediated by a receptor and/or an intermediate pro-
tein, because it is restricted to the physiological range of
the hormone and prevented by CHX. To examine whether
there was a receptor-mediated effect, we performed a set
of experiments in which we used a short-term (pulse)
treatment with MLT. Cells were treated for 1 h with MLT,
and medium was then replaced without the hormone and
mRNA levels for AOE were measured after different

Figure 1. Effect of 1 nM MLT on Cu-ZnSOD and MnSOD mRNA
levels. Cells were cultured with 1 nM MLT for the times indicated.
(A) Northern blot from PC12 cells treated with 1 nM melatonin
showing mRNA levels for Cu-ZnSOD, MnSOD and the 18S ribo-
somal subunit, the latter used as a housekeeping gene. (B) Graph
obtained from the densitometric analysis of the autoradiographies.
Each sample was standardized with the correspondent housekeep-
ing gene signal. Control samples (CON) were considered as 100%
gene expression. Results show the mean ± SE from four different
experiments. * p < 0.05 vs CON.
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times. For this set of experiments, we used medium sup-
plemented with steroid-depleted charcoal-stripped serum
to avoid the masking actions due to serum MLT or inter-
actions with steroids and other serum components. Re-
sults with PC12 cells are shown in figure 5. AOE mRNA
levels reached their maximum level 24 h after the short-
term treatment with MLT. One-hour MLT treatment in-

creased AOE gene expression, reaching similar mRNA
levels as obtained with the 24-hour treatment, except for
GPx. In this case, the mRNA level in the group treated for
24 h with MLT showed a higher induction with respect to
the groups incubated for only 1 h with the hormone.
Nonetheless, an increase in the groups cultured for 1 h
with MLT and then left untreated was also observed com-
pared to control cells. Also observed was a general de-
crease in AOE mRNA levels in control cells when they
were incubated with charcoal-stripped serum, compared
to cells cultured with normal serum.

Effect of MLT on AOE mRNA levels in human 
neuroblastoma cell lines
We extended this MLT study to other cell lines to study
whether the MLT effect can be extended to other neuronal
cell lines or species. For this purpose, we used neuroblas-
toma cells. Short-term treatment with MLT induced high
AOE mRNA levels in SK-N-SH cells (fig. 6). The timing
of the MLT effect differed to that found in PC12 cells.
Maximum mRNA levels for all AOEs studied were at 6 h

Figure 2. Dose response effect of MLT on Cu-ZnSOD, MnSOD
and GPx mRNA levels. Cells were cultured for 6 h with the indi-
cated MLT concentrations. (A) Autoradiographies from Northern
blots of RNA from PC12 cells showing a dose response study of the
MLT effect on Cu-ZnSOD, MnSOD, GPx, and 18S ribosomal sub-
unit mRNA. The latter was used as a housekeeping gene. (B) Graph
plotting the percentage of gene expression of Cu-ZnSOD, MnSOD
and GPx, previously standardized with the housekeeping gene val-
ues and related to the control (dashed bar) (see fig. 1 or Materials
and methods for details). Results show the mean ± SE from four dif-
ferent experiments. * p < 0.05 vs CON.

Figure 3. Effect of pre-treatment with the protein synthesis in-
hibitor cycloheximide (CHX) on MLT stimulation of Cu-ZnSOD,
MnSOD and GPx mRNA levels. Cells were pre-treated (or left un-
treated) for 1 h with CHX and then cultured (or left untreated) with
MLT for a further 24 h. Autoradiographies of Northern blots con-
taining RNA from PC12 cells (30 µg) hybridized with rat cDNA of
Cu-ZnSOD, MnSOD, GPx, and the 18S ribosomal subunit (house-
keeping) are shown. CHX pre-treatment partially prevented the in-
crease in all AOE mRNA levels induced after 24 h of culture in the
presence of 1 nM MLT.
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Figure 4. Effect of ACT D in the MLT-induced increase of Cu-Zn-
SOD, MnSOD and GPx mRNA levels. Cells were treated with MLT
for 24 h or left untreated (CON) and then ACT D was added for the
times indicated in both groups. Northern blots containing RNA
from PC12 cells (30 µg) were hybridized with rat cDNAs for Cu-
ZnSOD, MnSOD, GPx, and the 18S ribosomal subunit (housekeep-
ing). Graph with regression plots of densitometric analysis of
mRNA levels for Cu-ZnSOD (A), MnSOD (B) and GPx (C) are
shown (––––– , CON; ------ , MLT).

Figure 5. Effect of a short-term treatment with MLT (pulse action)
on PC12 cells. Cells were cultured in the presence of 1 nM MLT for
1 h or left untreated (CON) and then changed into medium without
MLT. One group was maintained with MLT present in the medium
continuously for 24 h. (A) Northern blots from PC12 cells showing
mRNA levels for Cu-ZnSOD, MnSOD, GPx and the 18S ribosomal
subunit (used as housekeeping gene) in a time-course study after the
short-term treatment (1 h) with 1 nM MLT. (B) Graph representing
densitometric analysis of autoradiographies illustrated in A with the
mRNA levels from control or MLT-treated cells for the times indi-
cated (for details see fig. 1 or Materials and methods). Results show
the mean ± SE from four different experiments. * p < 0.05 vs CON.

A

B



MLT has been studied extensively for its antioxidant
properties in several tissues and in different species. It has
been proposed as a general protector against neurodegen-
eration, aging, or against other oxidative-induced dis-
eases [7, 8, 17]. Many of the MLT protection results re-
ported occur in the pharmacological range, MLT acting
as a free radical scavenger. However, reports do not ex-
clude, in addition to this effect at high concentrations, a
possible action in the serum concentration range. 
The results shown in the present work demonstrating
MLT-induced gene expression at physiological concen-
trations and under non-oxidative conditions support the
hypothesis that this hormone can work in several ways as
an antioxidant, depending on the dose used: inducing
gene expression and/or enzyme activity (at low concen-
trations) or as a direct free radical scavenger (at high con-
centrations). The previously reported increase in enzyme
activity could easily be a consequence of the increased
levels of mRNA caused by MLT.
The influence on gene expression described here could be
related to some MLT receptor function or other physio-
logical interactions. This can be deduced from experi-
ments in which the culture was treated with MLT for 1 h
only and then left up to 24 h without the hormone. These
results could be explained in terms of receptor binding or
interaction with other intracellular factors. G-coupled
membrane receptors of MLT exist, which have been
cloned and sequenced [18]. In addition to the membrane-
binding sites, nuclear MLT receptors have also been de-
scribed [19]. Some controversy exists about these, since
other authors could not reproduce the binding properties
of MLT to RZR/ROR [20]. Nonetheless, RZR/ROR re-
sponse elements have been found in some important
genes, some of them related with oxidative stress. To
date, no RZR response elements have been described in
the promoters of AOE genes, a point that needs to be con-
sidered and investigated more deeply. Although the pres-
ence of melatonin receptors in PC12 or SK-N-SH cell
lines has not been extensively investigated, the MT1
membrane receptor has been previously demonstrated in
PC12 cells [21]. The use of different MLT analogues for
membrane or nuclear receptor or membrane protein in-
hibitors (e.g., pertussis toxin) to mimic or block, respec-
tively, MLT effects on AOEs could provide interesting
data about the molecular mechanisms involved. Our re-
sults also indicate MLT could regulate different antioxi-
dant enzymes in different ways, because GPx mRNA lev-
els in PC12 cells were higher when MLT was continu-
ously present in the culture medium compared to cells
cultured for 1 h and left for 24 h without MLT.
Experiments with CHX imply a role for de-novo-synthe-
sized proteins in the increase of gene expression induced
by MLT. These results suggest a possible role for early re-
sponse gene proteins or other transcription factors. The
regulation of g-glutamylcysteine synthetase (the rate-limit-
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and then decreased, although remaining higher than in the
controls  24 h after the treatment. As in the case of PC12
cells, 1 h treatment with MLT was enough to induce an
increase in the mRNA levels of both SODs and GPx. 

Discussion

The data shown in the present paper support a role for MLT
at serum concentrations in the physiological regulation of
AOEs. Physiological or near-physiological concentrations
of MLT stimulate AOE mRNA levels and this regulation
seems to be mediated by de novo synthesized protein/s,
likely via a receptor. MLT also regulates Cu-ZnSOD and
GPx mRNA stability. Together, the results reported here
account for a new hormonal regulation of the antioxidant
cellular system, in this case by the neurohormone MLT. 
Our group previously reported MLT regulation of AOE
gene expression in vivo in Harderian gland under por-
phyrin-induced cell damage [11] and in the brain cortex
[16].  We also found prevention by normal serum concen-
trations of MLT (1 nM) of the decrease in AOE mRNA in
PC12 cells treated with the neurotoxin 6-OHDA [12]. In
the last model, AOE stimulation is likely to be at least one
of the protective mechanisms against 6-OHDA neurotoxi-
city. To our knowledge, no experiments performed in cell
cultures showing the effects of a physiological serum con-
centration of MLT on AOE gene expression without oxida-
tive stress challenge have been reported until now. 

Figure 6. Effect of a short-term treatment with 1 nM MLT on other
neuronal cell line (SK-N-SH cells). The graph represents the den-
sitometric analysis of autoradiographies with the mRNA levels for
AOE, standardized with housekeeping levels and related to the con-
trol (for details see fig. 1 or Materials and methods). Results show
the mean ± SE from four different experiments.



ing enzyme in GSH synthesis) gene expression by MLT
has been reported recently [22]. The authors show evidence
that the AP-1 factor is the mediator of the MLT response.
SODs and GPx have response elements for this oxidative
stress transcription factor, as well as for NF-kB. Putative
response elements for AP-1, Sp1, NF-kB or C/EBP have
been found in the 5¢-flanking region of the Cu-ZnSOD ge-
nomic sequence [23]. NF-kB activation is one of the most
important redox-sensitive transcription factors and plays
an essential role in gene expression of MnSOD [24]. Since
MLT has been reported to regulate NF-kB activation [25],
the role of these factors as mediators of MLT action on
AOEs should therefore be investigated. 
An increase in mRNA levels may be due to an increase in
the rate of transcription or an increase in mRNA half-life
stability. Results with ACT D demonstrate that there is no
effect on MnSOD mRNA stability, suggesting that the in-
crease of this mRNA should be due mainly to an increase
in transcription rate. Cu-ZnSOD and GPx mRNA stabil-
ity in MLT-treated cells was found to be less than in con-
trol cells. MLT could increase transcription of these en-
zymes, with a shorter mRNA half-life. A decrease in
SOD mRNA stability also occurs with hypoxia in lung fi-
broblasts [26] but insights into these mechanisms have
not yet been described.
Although hormonal regulation of AOE gene expression
has received less attention in the literature than other regu-
lating factors, now there is an increasing interest in the dif-
ferent roles of hormones on the AOE status. Several hor-
mones have been shown to regulate gene expression of
AOE [27–30]. Additionally, in MCF-7 cells, a glutathione
peroxidase gene, GPx2, is regulated by retinoic acid due to
the presence of a retinoic acid response element [31], while
both GPx and catalase have been shown to be regulated by
NGF [32]. Our results confirm the existence of other hor-
monal factors that could act as regulators of the AOE gene
expression. The importance of knowing all the physiologi-
cal regulators that can play a fundamental role controlling
AOE is essential for the study of the molecular factors that
can affect their expression. Additionally, AOE hormonal
regulation may account for important therapeutical impli-
cations, as the role of these enzymes becomes fundamen-
tal in some neurodegenerative disorders or during aging,
when hormonal status declines.
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