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Abstract We assessed whether melatonin administra-
tion would prevent the hyperoxidative status that occurs
in lung mitochondria with age.Mitochondria from lungs
of male and female senescent prone mice at 5 and
10 months of age were studied. Age-dependent mito-
chondrial oxidative stress was evaluated by measuring

the levels of lipid peroxidation and nitrite, glutathione/
glutathione disulfide ratio, and glutathione peroxidase
and reductase activities. Mitochondrial respiratory chain
and oxidative phosphorylation capability were also
measured. Age induces a significant oxidative/nitro-
sative status in lung mitochondria, which exhibited a
significantly reduced activity of the respiratory chain
and ATP production. These manifestations of age were
more pronounced in males than in females. After
9 months of melatonin administration in the drinking
water, the hyperoxidative status and functional deficiency
of aged lung mitochondria were totally counteracted, and
had increased ATP production. The beneficial effects of
melatonin were generally similar in both mice genders.
Thus, melatonin administration, as a single therapy,
maintained fully functioning lung mitochondria during
aging, a finding with important consequences in the
pathophysiology of lung aging. In view of these data
melatonin, the production of which decreases with age,
should be considered a preventive therapy against the
hyperoxidative status of the aged lungs, and its use may
lead to the avoidance of respiratory complications in the
elderly.

Keywords Lung . Aging .Mitochondria . Respiratory
chain . Oxidative phosphorylation . Oxidative stress

Introduction

Respiratory system undergoes various structural,
physiological, and immunological changes with age,
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which are directly involved in the frequency and
severity of several chronic and acute lung pathologies
such as emphysema and pneumonia, respectively
(Sharma and Goodwin 2006). Age also increases in
the inflammatory response to lung injury due to
pollutants (Meyer 2005; Elder et al. 2000). Whereas
it is unclear why the elderly are more susceptible to
these lung diseases, previous studies have revealed that
oxidative stress could be an important component of
the mechanism of action of several toxic compounds
that reach the lung through inhaled air (Umstead et al.
2009). Moreover, exposure to ozone and/or high
oxygen produces a similar susceptibility increase to
lung diseases than aging (Baleeiro et al. 2003; Mikerov
et al. 2008). These data suggest a relationship between
lung disease, age, and oxidative stress.

Lungs are highly vascularised organs and they are
directly exposed to atmospheric oxygen. Consequently,
lungs themselves are an important source of reactive
oxygen (ROS) and nitrogen (RNS) species that play an
important role in lung biology and pathology. In
particular, ROS and RNS may be produced by the
immune cells during chronic or acute inflammation in
the lung, which may be used for local defence against
pathogens (Umstead et al. 2009). The remainder ROS/
RNS may be scavenged by the endogenous antioxidant
system preventing the subsequent oxidative/nitrosative
damage to the lung. But with age, increased production
of ROS and RNS, together with a reduced antioxidant
defense activity, may surpass the antioxidative capabil-
ity of the lungs, leading to lung damage and making
lungs more susceptible to other pathologies (Umstead
et al. 2009; Kirkwood 2005). ROS/RNS may also be
produced in lung mitochondria, constituting a key
factor in aging (Pendyala and Natarajan 2010; Shoal
et al. 2002). The high concentration of ROS and RNS
in the mitochondria as a consequence of aging
promotes the subsequent oxidative damage to DNA,
proteins and lipids, reducing ATP availability and
accelerating cell damage, reducing the repair capacity
of lung epithelium and becoming lung tissue more
sensitive to diseases (Mora and Rojas 2008).

To clarify the role of aging on the incidence of
lung disease, it is mandatory to first know the extent
at which ROS and RNS are produced, and whether
these radicals affect significantly the lung mitochon-
drial function. The redox states of glutathione/
glutathione disulfide (GSH/GSSG) have been shown
to be oxidized with age (Rebrin et al. 2003; Jones

2006). Besides ROS, RNS may also cause lipid
peroxidation (LPO), and products of peroxidation are
in turn important mediators of oxidative damage (Riahi
et al. 2010). In this regard, the senescence-accelerated
mouse (SAMP), an established murine model of
accelerated aging (Hosokawa 2002; Takeda 1999), is
a good model to test this hypothesis since lungs from a
SAMP sub-strain shows morphological and functional
changes associated to aging (Teramoto et al. 1994). The
significant mitochondrial oxidative damage associated
to aging in several tissues of SAMP8 mice may explain
their hyperoxidative status leading to ATP depletion
and death (Hosokawa 2002; Rodríguez et al. 2007a, b).
Thus, in this study we analyzed the age-dependent
ROS/RNS production by lung mitochondria in male
and female SAMP8 mice and their relation with
mitochondrial bioenergetics. Because it has been
reported that melatonin, an endogenous antioxi-
dant, prevented the age-related free radical gener-
ation in SAMP8 mice (Rodríguez et al. 2007a, b),
the beneficial effect of chronic melatonin treatment
on lung mitochondria in SAMP8 animals was also
assessed.

Materials and methods

Animals and treatments

Male and female SAMP8 mice breeding pairs were
obtained from the Council for SAM Research (Kyoto,
Japan) through Harlan (Barcelona, Spain). The ani-
mals were maintained in the university’s facility under
a 12:12 h light/dark cycle (lights on at 0700 h) at
22±2°C, and were given regular chow and tap water,
under the supervision of veterinarians. All experi-
ments were performed according to the Spanish
Government Guide and the European Community
Guide for animal care. Animals were used at 5 and
10 months of age. Once newborn mice were separated
from their mothers (at the age of 1 month), melatonin
or vehicle treatments were initiated. The animals were
separated into the following groups (n=35 animals/
group): (a) Veh-5 group, consisting of SAMP8
animals treated with vehicle from 1 to 5 months of
age; (b) Veh-10 group, which included SAMP8 mice
treated with vehicle from 1 to 10 months of age; and
(c) aMT-10 group, which included SAMP8 mice
treated with melatonin from 1 to 10 months of age.
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Melatonin was dissolved in a minimum volume of
absolute ethanol and then diluted in the drinking
water to yield a dose of 10 mg/kg body weight (b.w.)
daily during the months of treatment. The concentra-
tion of ethanol in the final drinking water was
0.066%. A fresh melatonin and vehicle solutions
were prepared twice a week. Water bottles were covered
with aluminum foil to protect from light, and the drinking
fluid was changed twice weekly. All mice were killed at
the end of their treatment period, i.e. 5 and 10 months,
and their lungs were quickly removed and immediately
processed for pure mitochondria preparation.

Isolation of lung mitochondria

Animals were killed by cervical dislocation and lung
mitochondria were immediately isolated (Escames et
al. 2006). All procedures were carried out at 0–4°C.
Briefly, the lungs were excised, washed with buffer A
(0.32 M sucrose, 1 mM EDTA K+, 10 mM Tris–HCl,
pH 7.4, at 4°C), and homogenized (1/10, w/v) in
buffer A at 800 rev/min with a Teflon pestle. The
homogenate was centrifuged at 1,300×g for 3 min at
4°C. The pellet was suspended in 5 ml buffer A, and
centrifuged again at 1,300×g for 3 min at 4°C. The
supernatants were mixed and centrifuged at 21,200×g
for 10 min at 4°C. Then, the mitochondrial pellets
were frozen to −80°C. Mitochondrial protein content
was determined in an aliquot of homogenized lung
mitochondria without BSA (Lowry et al. 1951).

Lipid peroxidation determination

Mitochondrial fractions were thawed, suspended in ice-
cold 20 mM Tris–HCl buffer, pH 7.4, and sonicated to
break mitochondria membranes. Aliquots of these
samples were either stored at −80°C for total protein
determination (Lowry et al. 1951) or used for LPO
measurements. For this purpose, a commercial LPO
assay kit that estimates both malondialdehide (MDA)
and 4-hydroxyalkenals (4HDA) was used (Bioxytech
LPO-568 assay kit; OxisResearch, Portland, OR, USA)
(Esterbauer and Cheeseman 1990). LPO concentration
is expressed in nmol/mg prot.

Nitrite plus nitrate determination

Mitochondrial fractions were thawed, suspended in ice-
cold distilled water, and immediately sonicated to break

mitochondrial membranes. Aliquots of these samples
were either stored at −80°C for total protein determina-
tion (Lowry et al. 1951) or used to calculate nitrite
levels. Samples were previously treated with nitrate
reductase to transform nitrate to nitrite. The total
amount of nitrite (nitrite plus nitrate) was measured
following the Griess reaction (Green and Ruiz de
Luzuriaga 1981) by incubating 100-μl samples with
100 μl Griess reagent [0.1% N-(1-naphthyl) ethylendi-
amine dihydrochloride; 1% sulfanilamide in 5%
phosphoric acid; 1:1] at room temperature for 20 min.
The absorbance at 550 nm was measured and nitrite
concentrations were calculated by comparison with the
absorbance of a standard solution of known sodium
nitrite concentration, and expressed as nmol/mg prot.

Measurement of glutathione peroxidase (GPx)
and reductase (GRd) activities

Mitochondrial fractions were thawed and suspended
in 200 μl of buffer A (potassium phosphate 50 mM
and EDTA-K2 1 mM, pH 7.4) and sonicated. To
measure GPx activity, 10 μl of each sample were
added to 240 μl of a working solution containing
buffer A plus 4 mM sodium azide, 4 mM GSH,
0.2 mM NADPH and 0.5 U/ml GRd. After incubation
for 4 min at 37°C, the reaction was started by adding
10 μl of cumene hydroperoxide (0.3%) and the
GPx activity was determined spectrophotometrically
following the oxidation of the NADPH for 3 min at
340 nm (UV-1603 spectrophotometer Shimadzu
Deutschland GmBH, Duisburg, Germany) (Griffith
1999). GRd activity was measured in samples (35 μl)
added to 465 μl of a working solution containing
buffer A plus 2 mM GSSG. After incubation for
4 min at 37°C, the reaction was started by adding
8.5 μl of 9.5 mM NADPH solution, and the GRd
activity was spectrophotometrically measured follow-
ing the oxidation of NADPH for 3 min at 340 nm
(Griffith 1999). GPx and GRd activities are expressed
as nmol/min/mg prot. In both cases, non-enzymatic
NADPH oxidation was subtracted from the overall
rates.

Measurement of glutathione and glutathione disulfide

Both GSH and GSSG were measured by a slight
modification of an established fluorometric method
(Hissin and Hilf 1976). Mitochondrial fractions were
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deproteinized with ice-cold 10% TCA and centrifuged
at 20,000×g for 15 min. For GSH measurement, 10 μl
supernatant was incubated with 10 μl of an ethanol o-
ophthalaldehyde solution (1 mg/ml) and 180 μl phos-
phate buffer (100 mM sodium phosphate, 5 mM
EDTA-Na2, pH 8.0) for 15 min at room temperature.
Then, the fluorescence of the samples was measured at
340 nm excitation and 420 nm emission in a plate-
reader spectrofluorometer (Bio-Tek Instruments, Inc.,
Winooski, VT, USA). For GSSG measurement, 30-μl
aliquots of supernatants were preincubated with 12 μl
N-ethylmaleimide solution (5 mg/ml in distilled water)
for 40 min at room temperature, and then alkalinized
with NaOH 0.1 N. Aliquots of 45 μl were then
incubated with 10 ml o-ophthalaldehyde solution and
145 μl NaOH 0.1 N for 15 min at room temperature.
The fluorescence was then measured. GSH and
GSSG concentrations were calculated with standard
curves prepared accordingly. The levels of GSH
and GSSG are expressed in nmol/mg prot.

Determination of mitochondrial complex I, II, III,
and IV activities

Mitochondrial pellets were thawed, suspended in
350 μl of the incubation medium corresponding to
the complex to be measured and immediately soni-
cated to prepare submitochondrial particles. Mito-
chondrial protein concentration was measured using
BSA as standard (Lowry et al. 1951). To determine
the complex I activity, submitochondrial fractions
(0.6 mg/ml) were incubated for 3 min in a medium
containing 250 mM sucrose, 50 mM potassium
phosphate, 1 μM KCN, 50 μM decylubiquinone,
0.8 μM antimycin, pH 7.4. The reaction was initiated
by the addition of NADH, and the activity of the
complex I (NADH CoQ oxidoreductase, expressed as
nmol oxidized NADH/min/mg prot) was measured
following the rate of the oxidation of NADH (100 mM)
at 340 nm in a UV-1603 spectrophotometer (Shimadzu
Deutschland GmBH) (Barrientos 2002). The activity of
complex II (succinate: DCIP oxireductase, expressed in
nmol reduced DCIP/min/mg prot) was measured in 1 ml
medium containing submitochondrial particles
(0.03 mg/ml), 100 mM potassium phosphate, 0.5 M
succinate, 0.8 μM antimycin, 50 μM rotenone, 2 μM
KCN, 50 μM DCIP, pH 7.4. The reaction was initiated
by the addition of 50 μM decylubiquinone. The activity
of complex II was measured following the rate of

reduction of 2, 6-DCIP at 600 nm with 520 nm as
reference wavelength (Brusque et al. 2002). The activity
of complex III (ubiquinol: cytochrome c reductase,
expressed in nmol reduced cytochrome c/min/mg prot)
was measured in 1 ml medium containing submito-
chondrial particles (0.03 mg/ml), 35 mM potassium
phosphate, 5 mM MgCl2, 2.5 mg/ml BSA, 1.8 μM
KCN, 50 μM rotenone and 2 μM decylubiquinone, pH
7.5. The reaction was started by adding 125 μM
cytochrome c and the activity of complex III was
measured following the rate of reduction of cyto-
chrome c at 550 nm with 580 nm as the reference
wavelength (Brusque et al. 2002). The activity of
complex IV (cytochrome c oxidase, expressed as
nmol oxidized cytochrome c/min/mg prot) was
measured in 1 ml medium containing submitochon-
drial particles (0.1 mg prot/ml) and 50 mM potassi-
um phosphate, pH 6.8. The reaction was initiated by
adding 75 μM cytochrome c previously reduced with
sodium borohydride and measuring the absorbance
at 550 nm (Brusque et al. 2002).

Measurement of mitochondrial content of adenine
nucleotides

Adenine nucleotides were determined by HPLC with a
ProPac PA1 column (4×250mm;Dionex, Bannockburn,
IL, USA) and a binary gradient of 0.3 M ammonium
carbonate and water (Pissarek et al. 1999). Purified
mitochondria were rapidly resuspended in ice-cold
0.5 M perchloric acid, mixed during 120 s in vortex
(to break the mitochondrial membranes) and centrifuged
at 25,000×g for 15 min at 2°C to precipitate proteins.
Pellets were frozen to −80°C to determine protein
concentration (Lowry et al. 1951) and the supernatants
were mixed with 8 μl 5 M potassium carbonate to
neutralize the acid and centrifuged at 12,000×g for
10 min at 2°C. The resultant supernants were used for
HPLC measurements. After stabilizing the column with
the mobile phase, 20 μl of each sample were injected
onto the HPLC system. The mobile phase consisted in
water (phase A) and 0.3 M ammonium carbonate pH
8.9 (phase B), and the following time schedule for
the binary gradient (flow rate, 1 ml/min) was used:
5 min, 50% A and 50% B; 5 min 50–100% B and
then 100% B during 25 min; 5 min 100–50% B
and then another 5 min with 50% B. For calibra-
tion, water was used as blank and 3.125, 6.250,
12.5 and 25 μg/ml of each nucleotide (AMP, ADP

684 AGE (2012) 34:681–692



and ATP) were used for constructing the standard
curves. Absorbance of the samples was measured
with a UV detector at 254-nm wavelength and the
concentration of each nucleotide was calculated
based on the peak area. Mitochondrial content of
nucleotides is expressed in μg/mg prot.

Statistical analysis

Data are expressed as the mean ± SE of at least six
animals analysed in duplicate. An ANOVA followed
by Student’s t-test was used to compare the means
between groups. A p value lower than 0.05 was
considered statistically significant.

Results

Figure 1a shows the changes in LPO levels in lung
mitochondria of SAMP8 mice. Up to 5 months of age
(Veh-5 groups) male and female mice had similar
LPO levels, increasing them at 10 months of age
(Veh-10) mainly in males (p<0.05 vs. females). The
animals treated with melatonin (aMT-10 groups) had
an important (p<0.001) reduction in LPO levels, and
the effect of treatment was more pronounced in males
than in females (p<0.01).

Nitric oxide levels were quantified through the
levels of nitrite plus nitrate (NOx, Fig. 1b). Young
male and female animals had similar NOx levels in
lung mitochondria (Veh-5), increasing significantly at
10 months of age (Veh-10 groups). Melatonin
treatment prevented the age-dependent NOx surge,
keeping them at the level found at 5 months of age in
both genders (p<0.001 and p<0.01 for males and
females, respectively).

The activity of GPx was similar in male and female
animals at 5 months of age (Veh-5), decreasing
significantly 5 months later in both genders (Veh-10,
Fig. 2a, p<0.001). Melatonin administration pre-
vented the drop in the age-dependent GPx activity
(p<0.001). GRd activity was higher in males than in
females at 5 months of age (Veh-5, Fig. 2b, p<0.05),
decreasing at 10 months of age in both genders
(p<0.001 and p<0.05 for males and females, respec-
tively). In turn, chronic melatonin administration in-
creased GRd activity in both mice’s gender (p<0.001)
even above the values found at 5 months of age

The GSH/GSSG ratio was higher in young
females than in males (Fig. 2c, p<0.05). Age
significantly reduced this ratio in males (p<0.001)
and somewhat in females (p<0.01). The administra-
tion of melatonin completely restored the GSH/
GSSG ratio in both genders, although the effect

Fig. 1 Effect of age and melatonin treatment on (a) LPO and
(b) nitrite levels in lung mitochondria from male and female
SAMP8 mice. Animals were given vehicle (0.066% ethanol) or
melatonin (10 mg/kg) in the drinking water from 1 month after
birth, and sacrificed 4 or 9 months later (at 5 and 10 months of
age, respectively). Results are expressed as a mean ± SEM of
six experiments measured in duplicate. Veh5 and Veh10,

SAMP8 mice treated with vehicle and sacrificed at 5 and
10 months of age; aMT10, SAMP8 mice treated with melatonin
and sacrificed at 10 months of age. *p<0.05, **p<0.01 and
***p<0.001 compared with Veh5; ###p<0.01 compared with
Veh10; ‡p<0.05 and ‡‡p<0.01 compared with the same group
of males
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was more prominent in males (p<0.01 and p<0.001,
respectively).

The activity of the respiratory complexes is shown
in Fig. 3. Complex I activity (Fig. 3a) decreased with
age mainly in males (p<0.001) than in females (p<
0.01). Melatonin prevented the effect of age on
complex I activity in both genders (p<0.001). Female
mice, however, reached higher activity of complex I
activity after melatonin treatment than males (p<
0.001). Complex II activity (Fig. 3b) was higher in
young males than in females (Veh-5, p<0.001),
whereas the reduction of its activity with age was
higher in the former (p<0.001 vs. p<0.05, respec-
tively). Melatonin treatment restored the activity of
complex II in both mice genders (p<0.001), although
females showed an activity of complex II after
melatonin treatment higher than at 5 months of age
(p<0.01). The activity of complex III (Fig. 3c) was
higher in young males than in females (p<0.001), and
it was reduced significantly with age (p<0.001 and p
<0.05 for males and females, respectively). Melatonin
treatment partially counteracted the effect of age on
complex III activity in males (p<0.001), whereas its
activity remained low in females. Complex IV activity
(Fig. 3d) was similar in male and female mice at
5 months of age (Veh-5), decreasing it at the same

extent with age (p<0.001). Melatonin partially counter-
acted the effects of age, recovering the activity of this
complex up to 65% (p<0.001).

Mitochondrial ATP levels are shown in Fig. 4.
Whereas the ATP content in lung mitochondria was
similar in both genders at 5 months of age, it
decreased 5 months later in females (p<0.05).
Melatonin treatment increased the ATP content over
the levels at 5 months of age in males (p<0.01) and
females (p<0.001). The effect of melatonin on ATP
levels was significantly higher in females than in
males (p<0.05). The ATP/ADP ratio decreased
significantly (p<0.001) in both genders with age
(Fig. 4b, p<0.001). The treatment with melatonin
increased the ATP/ADP ratio, mainly in females
(p<0.001). The changes observed in ATP/ADP ratio
were quite similar to those observed in ATP/AMP
ratio and energy charge (data not shown).

Discussion

This study documents the existence of a prominent
age-dependent oxidative stress in lung mitochondria
of SAMP8 mice. The results suggest that the
oxidative stress derived from free-radical generation,

Fig. 2 Effect of age and melatonin treatment on the glutathione
peroxidase (GPx) (a) and glutathione reductase (GRd) (b)
activities, and on the GSSG/GSH ratio (c) in lung mitochondria
from males and females SAMP8 mice. See legend of Fig. 1 for
additional information. Results are expressed as a mean ± SEM

value of six experiments measured in duplicate. *p<0.05,
**p<0.01 and ***p<0.001 compared with Veh5; ##p<0.01
and ###p<0.001 compared with Veh10; ‡p<0.05 and ‡‡p<0.01
compared with the same group of males
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combined with a less effective antioxidative system,
may underlie the mitochondrial dysfunction in this
model of aging. Of interest is the presence of a lower
oxidative stress and mitochondrial dysfunction in
aged female compared with male mice. Another

important finding here reported is the prevention of
the age-dependent lung mitochondrial oxidative/nitro-
sative stress by melatonin, which also increased the
ATP availability to the cell. Together, reducing lung
mitochondrial dysfunction by melatonin may yield

Fig. 4 Effect of age and melatonin treatment on the ATP (a)
content and ATP/ADP ratio (b) in lung mitochondria from
males and females SAMP8 mice. See legend of Fig. 1 for
additional information. Results are expressed as a mean ± SEM

value of six experiments measured in duplicate. *p<0.05,
**p<0.01 and ***p<0.001 compared with Veh5; #p<0.05,
##p<0.01 and ###p<0.001 compared with Veh10; ‡p<0.05 and
‡‡‡p<0.001 compared with the same group of males

Fig. 3 Age and melatonin effects on the activity of complex I
(a NADH dehydrogenase), complex II (b succinate dehydro-
genase), complex III (c cytochrome bc1 complex), and complex
IV (d cytochrome c oxidase) of the electron transport chain in
lung mitochondria from male and female SAMP8 mice. See

legend of Fig. 1 for additional information. Results are
expressed as a mean ± SEM value of six experiments measured
in duplicate. *p<0.05, **p<0.01 and ***p<0.001 compared
with Veh5; ###p<0.001 compared with Veh10; ‡p<0.05 and
‡‡‡p<0.001 compared with the same group of males
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tissues less susceptible to the age-dependent chronic
and/or acute lung pathologies such as emphysema and
pneumonia. Moreover, the virtual lack of toxicity of
melatonin (De Lourdes et al. 2000) supports its
chronic administration in these conditions.

The vast majority of the organs produce ROS
mainly related to oxidative phosphorylation in mito-
chondria. Because their physiological function, lungs
are highly vascularised and they are directly exposed
to a hyperoxidative ambient air, which includes
atmospheric oxygen and ozone (Baleeiro et al. 2003;
Mikerov et al. 2008; Elder et al. 2000). These
conditions increase oxidative damage to the lungs
and may explain the higher LPO levels and GPx and
GRd activities observed in lung of SAMP8 mice
compared with other metabolically active organs such
as, heart, diaphragm or brain (Rodríguez et al. 2007a;
Carretero et al. 2009). Moreover, cardiolipin oxida-
tion, one of the major sources of 4-hydroxynonenal, a
LPO component (Liu et al. 2010) which is involved in
apoptosis (Gonzalvez and Gottlieb 2007), contributes
to the increased LPO levels and mitochondrial
apoptosis during aging. In addition to ROS, lung
cells are exposed to RNS, mainly NO● and its
metabolite ONOO−, both of them produced by the
immune cells through the induction of the inducible
NOS (iNOS) (Escames et al. 2003; Nathan and Xie
1994). Whereas at physiological concentration NO●

regulates the respiration acting on the complex IV
(Brown 2001), high NO● levels reversibly inhibit the
activity of complex IV, III and I (Brown and Borutaite
2002). Additionally, the formation of ONOO− trans-
forms two relatively unreactive free radicals, NO● and
O2‾• into a much more reactive specie that can
irreversibly damage the mitochondrial respiratory
complexes (Brown and Boroutaite 2004). Further-
more, the reaction of ONOO− with CO2 accounts for
a large fraction of the ONOO− formed in vivo, and the
reaction produces reactive intermediates such as
nitrites that can affect other biotargets in secondary
reactions (Squadrito and Pryor 1998). Among other
macromolecules, lipids are attacked not only by ROS,
but also by RNS. So, whereas LPO levels express the
damage induced by these radicals, NOx levels directly
reflect the degree of nitrosative stress. Herein, our
results support the increase in NOx and LPO in the
aged mitochondria of lungs elsewhere published in
other peripheral tissues (Rodríguez et al. 2007a;
Carretero et al. 2009; Matsugo et al. 2000).

The increased oxidative/nitrosative stress of lung
mitochondria in aged mice reflects a hyperoxidative
environment that may negatively affect the activity of
the mitochondrial respiratory chain. This hypothesis
is further supported by the changes observed in GSH.
The GSH redox cycle, the main mitochondrial
defense against ROS and RNS, comprises the major
reductive force for maintaining intracellular redox
balance and regulating cellular defenses (Meister
1988). The GSH/GSSG ratio is indicative of the
overall redox state (Jones 2002; Droge 2002), and its
decrease in aged SAMP8 mice reflects an oxidizing
tendency due to ROS generation, and a reduced
biosynthetic activity (Garcia et al. 2010). In support
of the GSH–respiratory chain connection, the age-
dependent GSH reduction parallels a reduced activity
of the respiratory complexes at 10 month of age in
both genders of mice. Consequently, these mitochon-
dria have a diminished capacity of ATP production.
These aged mice manifested most of the characteristic
changes in senile lung, including increments of the
airspace size and shape constant obtained from the
pressure–volume curve, although without alveolar
wall destruction and, thus, absence of emphysema
(Teramoto et al. 1994). However, SAM mice develop
emphysema when they were exposed to tobacco
smoke, supporting the idea that premature aging is
not the direct cause of emphysema, but it enhances
the susceptibility of the lung to extrinsic insults
(Uejima et al. 1990). In this study, the hyperoxidative
status and mitochondrial dysfunction in lungs from
aged mice could probably account for this increased
susceptibility of the elderly to lung diseases.

Melatonin is a potent free radical scavenger which
possesses antioxidant and anti-inflammatory proper-
ties (Tan et al. 1993, 1998; 2001; 2007; Reiter et al.
2009; Crespo et al. 1999; Escames et al. 2006). When
scavenging free radicals, melatonin becomes in a
series of metabolites that are also free radical
scavengers (Hardeland et al. 2009). Mitochondria
are the main targets for these actions of melatonin
(Acuña-Castroviejo et al. 2007, 2011; Jou et al. 2010;
López et al. 2009; Paradies et al. 2010), and its ability
to maintain mitochondrial homeostasis has been
reported (Acuña-Castroviejo et al. 2001; 2011;
Escames et al. 2007; López et al. 2006). Of note,
melatonin—but not other antioxidants, such as vita-
mins C and E, and N-acetylcystein—was able to
maintain mitochondrial GSH homeostasis in extreme-
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ly oxidative conditions, increasing their capability of
ATP production (Martín et al. 2000, 2002). In this
context, it is not surprising that the antioxidant and
anti-inflammatory potential of melatonin has been
elsewhere reported in SAM mice (Rodríguez et al.
2007a, b). Here, the chronic administration of
melatonin absolutely prevented the age-dependent
dysfunction in lung mitochondria of senescent mice.
These changes were accompanied by normalization of
the GSH/GSSH ratio and increase in GPx and GRd
activities, with the latter probably being responsible
for restoring the GSH pool in the mitochondria.
Besides the direct scavenger activity, these changes
may reflect the well-known genomic effect of indole-
amine: inducing GPx and GRd and reducing iNOS
expression (Crespo et al. 1999; Escames et al. 2003;
Antolin et al. 1996).

Females seem to be more protected against
oxidative stress than males, an observation related,
at least in part, to estrogens (Candore et al. 2010; Viña
and Borrás 2010). At 5 months of age, no differences
were found in LPO or NOx levels between male and
female mice, but the former had higher LPO levels
than females at 10 months of age. At the age of
5 months, GRd activity was lower and GSH/GSSG
ratio higher in females than in males, and this
difference was maintained at 10 months of age in
the case of the GSH/GSSG ratio. Moreover, gender
differences among the activity of the complexes II
and III at 5 months of age and that of complexes I, II,
and III at 10 months of age, were also detected. Thus,
it seems that mitochondria from males are more
dependent on complex I, whereas female mitochon-
dria are more dependent on complex II. To our
knowledge, variable stoichiometries of mitochondrial
complexes have been observed in different tissues
(Benard et al. 2006), but no data on both genders are
as yet available. The substrate of complex I is NADH,
which comes from glucose metabolism; the substrate
of complex II mainly comes from fatty acid β-
oxidation. Since estrogens are involved in the regula-
tion of lipid metabolism (Campbell and Febbraio
2001; Wang et al. 2001), the gender differences in
complex I, II and III activities may invoke the
regulatory action of sex hormones. The effects of
melatonin against age-dependent mitochondrial oxi-
dative/nitrosative stress and GSH/GSSG ratio were
similar in male and female mice. Moreover, melatonin
restored the activity of the four mitochondrial com-

plexes in all cases except for the complex III in
females, increasing the ATP production, especially
in females. Although estrogen may contribute to a
better antioxidative protection in female mice, the
reduction in melatonin production with age, which
is observed in SAMP8 mice as well as in humans
(Lardone et al. 2006; Waldhauser et al. 1998), may
cause, at least in part, the mitochondrial dysfunction
reported in this study.

Conclusions

The anti-aging effects of melatonin agree with previous
data reported on different animal models of age and
disease, suggesting that indoleamine is a universal
antioxidant and anti-inflammatory molecule, targeting
the mitochondria to improve their function in health
and disease (López et al. 2009; Acuña-Castroviejo
et al. 2011). Reduction in the apoptosis program and
increased life span have been demonstrated in mice
after melatonin therapy (Caballero et al. 2009;
Rodríguez et al. 2007a, b, 2008).

Our results support the concept that SAMP8 mice
exhibit a relatively high level of oxidative stress and
respiratory chain impairments in lung mitochondria at
the age of 10 months, in comparison with young
mice. These results support the mitochondrial oxida-
tive stress hypothesis of aging (Miquel 1998);
however, several differences were detected between
both genders, suggesting a role for estrogens in the
lower mitochondrial impairment among females com-
pared with males. Moreover, differences on mito-
chondrial complexes activity, ATP levels and ATP/
ADP ratio in response to melatonin, were also
detected. Because the beneficial effects of melato-
nin against age-dependent organ dysfunction have
been observed, melatonin becomes an optimal
candidate for anti-aging studies. Applied to lungs,
this observation becomes extremely important. In
fact, aging itself is a process involving multiple
lung alterations and, among other considerations,
changes in respiratory physiology associated with
aging must be anticipated to minimize potential
complications associated with surgery and anesthe-
sia in the elderly (Sprung et al. 2006). Melatonin
may be an excellent therapy against the hyper-
oxidative status of the aged lungs, preventing
clinical complications in the elderly.
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