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Abstract Aging is associated with an increased
production of free radicals and alterations in the
mechanisms of adaptation to stress. A number of
studies have shown a causal connection between age-
related oxidant/antioxidant imbalance and the dimi-
nution of an organism’s melatonin levels in old age.
Restoration of this rhythm may contribute to the re-
stabilization of cellular homeostasis. The present
work was aimed at examining the effect of the
administration of melatonin or its precursor, the
amino acid tryptophan, on heterophil lipid peroxida-
tion (LPO) levels and superoxide dismutase (SOD)
activity in heterophils from young (4–5 year) and old
(12–14 year) ringdoves (Streptopelia risoria) under
both basal and antigen-induced (stressful) conditions.
Young animals were treated for 3 consecutive days
with a single daily oral dose (0.25 mg) of melatonin at
1900 hours while old animals were treated for 3

consecutive days with either an oral dose (2.5 mg) of
melatonin at 1900 hours or an oral capsule of 300 mg/
kg body weight of L-tryptophan at 0900 hours. Non-
treated old animals presented lower circulating levels
of melatonin at night and higher levels of malonalde-
hyde (MDA) both day and night when compared to
young birds. In both age groups, LPO levels were
lower at night than during the day. Melatonin or
tryptophan treatments significantly increased serum
melatonin levels, reinforced SOD activity, and re-
duced MDA levels induced by the antigen. Melatonin
and tryptophan may be useful agents for the treatment
of disease states and processes in which an excessive
production of oxidative damage occurs.
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Introduction

The free radical theory of aging states that the
organismal deterioration that occurs as a result of
increasing longevity is specifically a consequence of
the persistent accumulation of free radical-mediated
damage to essential molecules, which gradually
compromises the function of cells, tissues and,
eventually, of the organism itself (Reiter et al.
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2008a). Consequently, aging may be viewed as a
process of irreversible injuries associated with accu-
mulated oxidative debris.

To minimize the deleterious action of reactive
species, cells are equipped with a series of antiox-
idative enzymes that metabolize toxic reactants to less
reactive or totally innocuous molecules. The super-
oxide dismutases (SODs) are among these antioxida-
tive enzymes. However, this protective machinery
seems to be impaired with aging. In particular, SOD
activity has been shown to decrease in aged individ-
uals (Bolzán et al. 1997; Inal et al. 2001; Kedziora-
Kornatowska et al. 2007), although this finding
remains disputed (Kasapoglu and Özben 2001). On
the other hand, it has been widely demonstrated that
there is an age-associated increase in the steady-state
concentrations of lipid peroxidation (LPO) products
(Praticò 2002), probably due to the failure of
antioxidative mechanisms or an imbalance between
these and oxidation processes in advanced age.

During phagocytosis, a series of oxygen-dependent
biochemical events take place, leading ultimately to
the production of highly reactive oxidants, which play
a key role in the microbicidal activity of phagocytes.
Oxidative stress generated during phagocytosis pro-
vides protection against micro-organisms, but may
cause tissue damage if it occurs to an excessive
degree and/or the antioxidant mechanisms do not
function properly, as has been described for aged
individuals (Terrón et al. 2001).

Melatonin and its metabolites have direct scaveng-
ing actions against free radicals and related products
(Peyrot and Ducrocq 2008; Tan et al. 2007) as well as
indirect antioxidative action via its ability to stimulate
antioxidant enzymes, including SOD (Kedziora-
Kornatowska et al. 2007; Reiter et al. 2008b).
Additionally, melatonin neutralizes superoxide anion
radicals derived from phagocytic function (Paredes et
al. 2007a, b; Terrón et al. 2004, 2005a). The
amplitude of the night time melatonin peak decreases
dramatically with age (Karasek and Reiter 2002;
Touitou 2001). Given melatonin’s substantial antiox-
idant activity, this reduction may be possibly linked to
the exacerbated free radical damage accumulated
during aging (Reiter et al. 1999). Thus, the exogenous
administration of the pineal indole or related mole-
cules including its precursor, the amino acid trypto-
phan, may have positive effects in delaying free
radical damage and oxidative stress due to age.

In the ringdove (Streptopelia risoria), aging provokes
a significant decrease in the amplitude and circulating
levels of the melatonin rhythm (Paredes et al. 2006).
This is accompanied by significantly lowered circulat-
ing serotonin levels, impairments in the activity/rest and
core and peripheral temperature rhythms (Paredes et al.
2006, 2007c, d; 2009a), as well as alterations in
heterophil function (Paredes et al. 2007a, b) and
elevated cytokine serum levels (Paredes et al. 2009a).

Since exogenous administration of both melatonin
as well as its precursor, the amino acid tryptophan,
reportedly restores the afore-mentioned rhythms in
the aged ringdove (Paredes et al. 2007e, 2009b), and
considering that aging may also be a consequence of
the loss of resistance or adaptability to stress, the aim
of the present work was to examine the effect of
administration of melatonin or tryptophan on LPO
and SOD activity in heterophils from young and old
ringdoves in both basal and antigen-induced (stress-
ful) conditions.

Materials and methods

Animals

Male and female ringdoves (Streptopelia risoria) of
4–5 years of age (young) and 12–14 years of age (old;
average life span of 15 years) weighing 150±20 g
were used in the study (n=10, per age group). The
animals were bred in our department and individually
housed in cages under controlled environmental
conditions (22°C; 70% humidity), kept under a
12/12 h light/dark photoperiod (darkness from 2000
to 0800 hours), and fed ad libitum (food and water).

The study was approved by the Ethical Committee
of the University of Extremadura (Badajoz, Spain) in
accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals.

Animal treatment

Various doses and patterns of administration of
melatonin and tryptophan were tested in previously
published reports (Paredes et al. 2007c, d), which
were based on even earlier studies of administration
of these molecules (Herichova et al. 1998; Huether et
al. 1992; Terron et al. 2002). The results of these latter
studies indicated that doses within this range induce
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significant changes in circulating melatonin levels.
Thus, it was observed that a single daily oral dose of
0.25 or 2.5 mg melatonin (Sigma, St. Louis, MO) kg
body weight (b.w.)−1 0.1 mL phosphate buffered
saline−1 (PBS) per animal per day to young or old
animals, respectively, 1 h before lights off
(1900 hours), or a single oral capsule of 300 mg/kg
b.w. L-tryptophan (Sigma) given to old animals at
0900 hours (1 h after the onset of the light period)
restored the amplitude of the serum melatonin rhythm
in old doves to that of young birds and improved the
nocturnal rest in both age groups (Paredes et al.
2007c, d). The treatments also enhanced phagocytosis
and free-radical scavenging activity in both young and
old animals as well as correcting the age-related altered
secretion of cytokines and thermoregulatory responses
(Paredes et al. 2007a, b; 2009b). Birds were therefore
treated in the present research with the afore-mentioned
doses and patterns of administration for 3 consecutive
days. Vehicle-treated birds received only 0.1 mL PBS
or capsules containing the excipient—methylcellulose
(Sigma)—with the same schedule as the melatonin- or
tryptophan-treated animals, respectively. Non-treated
values were obtained before treatment from animals
that had not been given PBS, methylcellulose, melato-
nin, or tryptophan. As no significant variations were
observed in these values with respect to the vehicle, the
latter are not reported in the Results.

Serum collection

Blood samples were drawn from all ten birds at
acrophases (times at which the variable reached its
maximum) and nadirs (times at which the variable
reached its minimum) of the melatonin rhythm,
allowing at least 1 week between consecutive extrac-
tions. Based on previous research, the acrophases of
the melatonin rhythm in the basal groups were
established at 0200 hours and 0100 hours, and the
nadirs at 1400 and 1300 hours, in young and old
ringdoves, respectively (Paredes et al. 2006). In the
melatonin-treated birds, the acrophases and nadirs
were established at 0230 hours and 1430 hours, and
0300 hours and 1500 hours in young and old animals,
respectively (Paredes et al. 2007d). In the tryptophan-
treated animals, the acrophase and nadir were estab-
lished at 0330 and 1530 hours, respectively (Paredes
et al. 2007c). The collections (1 mL per animal per
week) were taken from the brachial vein with a 25-

gauge needle and a syringe, and then transferred
unheparinized to a pre-prepared tube containing
serum-separating gel. The samples were centrifuged
at room temperature for 15 min at 300 g. The serum
was then divided into aliquots in Eppendorf vials, and
kept frozen at −30°C until the time of assay.

Measurement of melatonin in serum

Melatonin was determined by means of a commercial
radioimmunoassay kit (IBL, Hamburg, Germany) that
consisted of 125I-melatonin (140 kBq), assay buffer,
enzyme, enzyme buffer, melatonin standards, rabbit
anti-melatonin antiserum, precipitating agent and
controls (lyophilized serum samples), according to
the manufacturers instructions. Determinations were
carried out in duplicate. Results are expressed in
picograms per milliliter.

Isolation of heterophil leukocytes

Heterophil leukocytes were obtained immediately
after the extraction of 1 mL blood (at the acrophase
and nadir of the respective melatonin rhythm) from
the brachial vein, to which 0.5 mL PBS and 0.5 mL
lithium heparin were added, followed by centrifuga-
tion at 600 g for 15 min in a gradient using
Histopaque (1 mL 1119, 1 mL 1077; Sigma). The
heterophils were then washed in PBS and adjusted to
5×106 cells/mL medium. The cell precipitate was
separated into aliquots of 300μL per tube. Samples
were divided into three groups: basal (containing only
cells), control (cells incubated in a thermal bath at
37°C for 45 min), and control + latex [cells incubated
for 45 min in a thermal bath at 37°C with 1.091μm
diameter latex beads (Sigma) at 1% in PBS].

Measurement of SOD activity

SOD levels were estimated using the Bioxytech® SOD-
525™ assay kit (OxisInternational, Foster City, CA),
following standard procedures (Rodríguez et al. 1998).
The technique is based on the SOD-mediated increase
in the rate of autoxidation of 5,6,6a,11b-tetrahydro-
3,9,10-trihydroxybenzo[c]fluorene R1 in aqueous alka-
line solution to yield a chromophore with maximum
absorbance at 525 nm. SOD activity is determined
from the ratio of the autoxidation rates in the presence
(Vs) and in the absence (Vc) of SOD. The relationship
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between the Vs/Vc ratio and SOD activity is described
by the equation Vs=Vc ¼ 1þ SOD½ �=a � SOD½ � þ b,
where Vs = rate of sample containing SOD; Vc =
average rate of blank (SOD = 0) samples; SOD = the
SOD activity of the sample in SOD-525 units; α =
dimensionless coefficient; β = coefficient in SOD-525
units. The resulting value is multiplied by the dilution
factor and expressed as units of activity per milliliter.

Measurement of LPO

LPO was measured using the LPO-586™ kit by
Bioxytech® (OxisInternational), according to a previ-
ously described technique (Rodriguez et al. 1999; Terrón
et al. 2005b). This assay quantifies the malondialde-
hyde (MDA) levels present in a sample. MDA is an end
product of membrane LPO caused by free radicals and
is one of the most widely used markers for in vivo free
radical oxidation processes. The equation MDA½ � ¼
A� A0ð Þ � 5=" gives the concentration of MDA in a
sample, where A is the absorbance in the presence of
sample, A0 is the absorbance in the absence of sample,
5 is the sample dilution factor in the cuvette (200μL
sample in a total volume of 1 mL), and ε is the apparent
molar extraction coefficient obtained from the standard
curve using a standard (solution of 10 mM 1,1,3,3-
tetramethoxypropane in 20 mM Tris-HCl buffer,
pH 7.4, 0–20μM) diluted 100 times with PBS. Since
results are expressed as nmol MDA/mg protein, the
levels of cell lysate total protein were measured using
the Bradford protein assay (Sigma). The concentration
of total protein was calculated by means of a standard
curve with bovine albumin (Sigma) and the results
expressed as milligrams of protein per milliliter.

Statistical analysis

Data are expressed as mean ± SD of the number of
determinations. The results were analysed by using
Friedman ranges for paired samples, followed by
Kruskal-Wallis multiple contrasts. Only values with
P<0.05 were accepted as significant.

Results

In all groups (non-treated, melatonin-treated, and
tryptophan-treated), the melatonin values obtained at
the nadir were significantly lower than those of the

acrophase (P<0.05; Fig. 1). Serum melatonin levels at
the acrophase in non-treated young animals were
significantly higher compared with values measured
in old birds (P<0.05). The administration of melato-
nin caused a significant rise (P<0.05) in the circulat-
ing levels of the indoleamine in the nocturnal period
in both age groups, causing the age difference in the
melatonin values found between non-treated young
and old groups to disappear. Tryptophan treatment
also significantly elevated (P<0.05) melatonin levels
at both the diurnal and nocturnal periods as compared
to their corresponding values in non-treated animals.

In non-treated young and old animals, there was a
significant decrease (P<0.05) in nocturnal LPO levels
with respect to the values obtained during the day,
under both basal and control conditions (Fig. 2a).
This was also the case in the melatonin-treated young
and old basal and control groups (Fig. 2b). In
tryptophan-treated individuals, a similar pattern was
observed, i.e., higher diurnal levels of MDA com-
pared to those measured at night although the
difference was non-significant (Fig. 2c). The LPO
levels reached in old animals were significantly
higher (P<0.05) than those obtained in the basal and
control young groups. Interestingly, in melatonin-
treated and tryptophan-treated animals, this rise in
MDA values in old animals compared to young was
not found.

Heterophil incubation with latex beads provoked a
significant elevation (P<0.05) in the LPO of both
non-treated young and old animals with respect to the
values obtained in the basal and control groups, with
the elevation being higher (P<0.05) in old birds. The
antigen-induced LPO rise was observed during the
day as well as at night. However, nocturnal MDA
levels were significantly lower (P<0.05) when com-
pared with diurnal values. Similarly to non-treated
animals, antigen-induced LPO was greater (P<0.05)
during the day than in the nocturnal period in the
melatonin- and tryptophan-treated young and old
groups. Nevertheless, the values obtained in both
groups of old birds were significantly reduced
(P<0.05) when compared to the corresponding values
in the non-treated animals.

SOD activity in non-treated young individuals
(Fig. 3a) exhibited a significant increase (P<0.05) at
night under both basal and control conditions. The
incubation with latex beads augmented the enzymatic
function significantly (P<0.05) with respect to the
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basal and control groups. In non-treated old animals,
the afore-mentioned difference between diurnal and
nocturnal values was not observed. In addition, in
latex-challenged old cells obtained at night, SOD
activity was reduced significantly (P<0.05) with
respect to the levels reached in young antigen-
induced cells.

Treatment with either melatonin or tryptophan
caused a significant augmentation (P<0.05) of SOD
activity in both age groups at most basal and control
conditions with respect to the values obtained in the
non-treated groups (Fig. 3b,c). In most latex-induced
melatonin and tryptophan-treated groups, SOD activ-
ity increased significantly (P<0.05) with respect to
values reached under basal conditions. However,
SOD activity measured in young melatonin-treated
animals was significantly reduced (P<0.05) with
respect to the corresponding non-treated values in
both the diurnal and nocturnal periods.

Discussion

The age-related decline in both circulating levels and
the amplitude of the rhythm of melatonin are well-
documented phenomena in a variety of species (Lahiri
et al. 2004; Pang et al. 1990), including the ringdove
(Paredes et al. 2006, 2007c, d). The loss of this potent
anti-oxidant during aging may be, in part, the cause of
the onset of the age-related imbalance between
prooxidants and antioxidants. In fact, there are reports
that confirm that exogenous administration of this

indole or its precursor, the amino acid tryptophan,
reduces the inflammatory and oxidative processes
associated with age (Paredes et al. 2009a; Rodriguez
et al. 2007).

In the present study, we found a significant
reduction in circulating melatonin levels during the
nocturnal period compared to values observed in
young birds. The diminution of the melatonin rhythm
found in old birds could have serious implications in
terms of antioxidant defense, taking into account the
protective action of this molecule against reactive
oxygen and nitrogen species (Reiter et al. 2008b). In
this regard, we found that LPO values were higher
during the day than at night, and that they were
significantly raised when the cells were incubated in
the presence of latex beads. The administration of
melatonin significantly elevated the nocturnal circu-
lating melatonin in young and old animals and
resulted in a general decline of the LPO level, as
observed after incubation with latex beads in both
groups of age. Similar results were obtained in old
animals treated with tryptophan, but in this case both
the diurnal and nocturnal serum levels of the indole
increased. This is in agreement with previous studies
on ring dove heterophils, where it was observed that
in vitro incubation with melatonin suppressed both
basal and antigen-induced LPO (Rodriguez et al.
1999). Also, incubating heterophils from old animals
with physiological concentrations of melatonin in
young animals provoked a general reduction of
MDA levels (Terrón et al. 2005b). In this context, in
melatonin-treated old animals, where the circulating

Fig. 1 Serum levels of melatonin at the corresponding hours of
acrophase and nadir in young and old ringdoves, either non-
treated or after 3 days of treatment 1 h before lights out with
0.25 mg/kg b.w. and 2.5 mg/kg body weight (b.w.) melatonin,
or after 3 days of treatment 1 h after lights on with 300 mg/kg
b.w. tryptophan in old ringdoves. Each value represents the

mean ± standard deviation of ten determinations performed in
duplicate. Lower case letters indicate P<0.05: a vs values
obtained in the diurnal period, b vs values obtained in the
corresponding non-treated groups, c vs values obtained in
young animals
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levels of the indolamine were significantly elevated,
the LPO levels found under basal and control
conditions were similar to those obtained in young
doves, contrary to the case in non-treated animals,
where old birds had higher MDA values than the
young. Other studies have also shown geroprotective
effects of this pineal indole on LPO (Kireev et al.
2008; Rodriguez et al. 2007; Somova et al. 2001),
probably due to the pronounced antioxidant activity
of this molecule and its metabolites (Peyrot and

Ducrocq 2008; Reiter et al. 2008b; Tan et al. 2007).
Melatonin, administered directly or via conversion
from its precursor (the amino acid tryptophan), may
thus act as an effective protector against age-related
and/or latex-bead induced LPO toxicity.

It has been shown that elevated free radical
production increases the expression and/or activity
of antioxidative enzymes, including SOD (Warner et
al. 1996). Melatonin has also been described as a
regulator of this antioxidative enzyme (Rodriguez et

Fig. 2 Levels of lipid per-
oxidase [LPO; nmol malon-
dialdehyde (MDA)/mg
protein] in heterophils from
young and old ringdoves in
basal, control and antigen-
induced conditions in non-
treated animals (a), and after
3 days of treatment 1 h
before lights out with
0.25 mg/kg b.w. and
2.5 mg/kg b.w. melatonin in
young and old ringdoves,
respectively (b); or after
3 days of treatment 1 h after
lights on with 300 mg/kg
b.w. tryptophan in old ring-
doves (c). Each value rep-
resents the mean ± standard
deviation of six determina-
tions performed in dupli-
cate. Lower case letters
indicate P<0.05: a vs val-
ues obtained in the diurnal
period, b vs values obtained
in their respective basal
groups, c vs values obtained
in the corresponding control
groups, d vs values obtained
in young animals, e vs val-
ues obtained in the
corresponding non-treated
groups
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al. 2004). In fact, it has been suggested that the
circadian rhythm of melatonin may influence the
endogenous rhythm that SOD exhibits under normal
light/dark conditions, with generally higher levels of
both enzyme activity and mRNA gene expression
during the nocturnal period (Albarrán et al. 2001;
Martín et al. 2003). In our study, an elevation of SOD
levels was found in cells from non-treated young
animals incubated in the presence of latex beads. This
elevation was higher at night, which may reflect an
additive effect of both free radical production and

melatonin on the activity of the enzyme. Additionally,
in the non-treated young basal and control groups,
SOD levels were higher at night than during the day.
However, in non-treated old animals, this day/night
pattern was not found. Also, the elevation of SOD
activity after latex bead exposure was not as pro-
nounced as that obtained in young birds. One reason
for this could be the SOD reduction observed in aged
individuals (Bolzán et al. 1997; Inal et al. 2001;
Kedziora-Kornatowska et al. 2007), although other
causes should not be ruled out. For example,

Fig. 3 Levels of superoxide
dismutase (SOD) activity in
heterophils from young and
old ringdoves in basal, con-
trol and antigen-induced
conditions in non-treated
animals (a), and after 3 days
of treatment 1 h before
lights off with 0.25 mg/kg
b.w. and 2.5 mg/kg b.w. of
melatonin in young and old
ringdoves, respectively (b),
or after 3 days of treatment
1 h after lights on with
300 mg/kg b.w. tryptophan
in old ringdoves (c). Each
value represents the mean ±
standard deviation of six
determinations performed in
duplicate. Lower case let-
ters indicate P<0.05: a vs
values obtained in the diur-
nal period, b vs values
obtained in their respective
basal groups, c vs values
obtained in the
corresponding control
groups, d vs values obtained
in young animals, e vs
values obtained in the
corresponding non-treated
groups
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cytokines such as IL-1α, IL-1β, IL-6, or TNF-α are
also implicated in the SOD regulation: higher than
average levels of Mn-SOD expression were found
after administration of cytokines, while Cu-Zn SOD
levels remained unchanged or even decreased
(Isoherranen et al. 1997; Kifle et al. 1996; Martín
et al. 2003; Sugino et al. 1998). Since elevated
production of IL-1β, IL-6, or TNF-α has been
reported in old ringdoves (Paredes et al. 2009a),
probably due to the fact that these cytokines are pro-
inflammatory and age is associated with increased
inflammation processes (Sergio 2008), further inves-
tigation is required to elucidate the role of these or
other regulating molecules on the impaired enzymatic
response to ageing and the antigen-induced activation
found in our animal model. Interestingly, SOD
activity was augmented in both basal and control
tryptophan and melatonin-treated animals, but this
elevation was significantly less than that obtained in
non-treated birds when heterophils from these groups
were incubated with latex-beads. The reason may lie
in the powerful antioxidant and free-radical scaveng-
ing actions that both the indole and its precursor exert
in phagocytic cells from birds and mammals, includ-
ing the neutralization of the superoxide anion, the
substrate of SOD (Paredes et al. 2007a, b; Sánchez et
al. 2008; Terrón et al. 2004).

In summary, we found an age-related decline in the
melatonin rhythm that was accompanied by increased
levels of LPO and altered responses of SOD to
antigen-induced activation. The replacement of the
melatonin rhythm via the administration of exogenous
melatonin or the amino acid tryptophan increased
circulating levels of the indoleamine in old birds as
well as reducing LPO generation and upregulating
SOD activity. Similar results were obtained when
young animals were treated with melatonin. Melato-
nin and tryptophan may thus be useful agents for the
treatment of disease states and processes where
elevated lipid oxidation and free radical damage have
been reported.
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