
INTRODUCTION: THE MITOCHONDRIAL
THEORY OF AGING

MANY THEORIES have been postulated to explain aging
(29). One of the most prominent is the free radical

theory of aging, which was f irst proposed by Harman in 1956
(21). Thus, oxygen-derived free radicals are responsible for
the age-associated impairment at the cellular and tissue levels.

This theory is supported by experimental evidence such as
the extension of life span obtained by increasing the antioxi-
dant defense as well as the inverse relationship between the
rate of reactive oxygen species (ROS) production and the max-
imum life span of species (4, 22, 42). Administration of an-
tioxidants can increase the mean life span of flies (31, 47).
Orr and Sohal have reported that simultaneous overexpres-
sion of copper-zinc superoxide dismutase and catalase genes
in transgenic Drosophila extends their mean and maximum
life span (33).

The fact that mitochondria are damaged inside intact cells
was almost simultaneously reported by ourselves (39) and by
Hagen and co-workers (20) (see Fig. 1).

Mitochondria are an important source of free radicals in cells.
Moreover, mitochondrial components are targets of free radical
damage associated with aging (19, 32, 39). More than 90% of
the oxygen used by aerobic cells is consumed in mitochondria,
and ~1–2% of oxygen used by mammalian mitochondria in state
4 does not form water, but superoxide anion (7, 10), which is
converted to hydrogen peroxide within mitochondria either
spontaneously or by manganese superoxide dismutase (Mn-SOD).
Hydrogen peroxide is released to the extramitochondrial space
(18). Studying different mammalian species, Sohal and co-work-
ers found that mitochondria from shorter-lived species produce
higher amounts of hydroperoxide than those from the longer-
lived species (26, 43).Thus, oxygen free radicals and hydroper-
oxides are generated continuously in the mitochondrial respira-
tory chain (7, 10) and they, particularly hydroxyl radical, cause
oxidative damage to proteins, lipids, and DNA (39).

The continuous generation of ROS by mitochondria through-
out cell life produces an age-related “chronic” oxidative stress
that plays a key role in cellular aging. It is now well estab-
lished that oxidative damage to mitochondrial DNA, proteins,
and lipids occurs upon aging (5, 19, 39–41).
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We found that late-onset administration of some sulfur-
containing antioxidants protects against the age-associated
glutathione (GSH) depletion in mice. It also prevented the
age-related decline in neuromuscular coordination (47). These
antioxidants also increased the mean life span of Drosophila (47).

More recently, we have investigated the protective effect of
a standardized extract from dried leaves of Ginkgo biloba
(EGb 761) on the age-associated oxidative damage to mito-
chondrial DNA (40). Oral administration of EGb 761 to rats
for 3 months is able to prevent the oxidative damage to mito-
chondrial DNA that occurs in liver and brain upon aging (40).
Mitochondrial GSH oxidation is also prevented. In fact, age-
associated mitochondrial GSH oxidation and mitochondrial
DNA damage are directly related (19) (see Fig. 2). Hence,
EGb 761 or other antioxidants partially prevent the chronic
oxidative stress associated with mitochondrial aging.

In conclusion, administration of certain antioxidants, such
as GSH, thiazolidine carboxylate derivatives, vitamins C and
E, or the Ginkgo biloba extract EGb 761, may prevent or
delay the oxidative stress and the physiological impairment
associated with aging. On the other hand, mitochondria are

key mediators of apoptosis because opening the mitochon-
drial permeability transition pore (PT) is a critical step in apop-
tosis (48). Indeed, opening of the mitochondrial PT pores
causes release of apoptogenic factors from the intermembrane
space (12, 44). Mitochondria are at the same time the target
and the source of ROS, which may induce apoptosis (37).
Some common features of apoptotic cells and of cells from
old animals include an increased mitochondrial hydrogen
peroxide production, oxidation of GSH, and oxidation of mi-
tochondrial DNA (13). However, a relationship between aging
and apoptosis remains to be established.

DIFFERENT LIFE EXPECTANCY
BETWEEN MALES AND FEMALES 

OF VARIOUS SPECIES

Life expectancy over time by gender in Spain during the
period 1900–1992 is shown in Table 1 (14). Two important
features can be seen. On the one hand, life expectancy has in-
creased from ~34 years to ~80 years of age during the 20th
century. This is the highest increase in life expectancy in the
human species in recorded history. Another increase of ~45
years is highly unlikely to occur again. Indeed, if we accept a
maximal life span for humans of ~110 years, then, even if all
diseases were cured and all humans reached the maximal life
span, one would expect an increase of up to 30 years. There-
fore, the dramatic increase in life span that has taken place in
the 20th century is very unlikely to occur again. Another im-
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FIG. 1. Flow cytometric analysis of mitochondria and hepatocytes isolated from young and old rats. (A) Peroxide genera-
tion by liver mitochondria is higher in old than in young rats. It was estimated with dihydrorhodamine 123 using isolated mito-
chondria. (B) Intracellular peroxide levels are higher in hepatocytes isolated from old rats than in those from young rats. Peroxide
levels were measured using dichlorodihydrofluorescein (39).

FIG. 2. Relationship between DNA damage and GSH oxi-
dation. Age-associated mitochondrial GSH oxidation and mi-
tochondrial DNA damage (estimated measuring the levels of 8-
oxodeoxyguanosine) are directly related (19). Antioxidants
given were vitamin C (50 g/kg body weight) and vitamin E (30
mg/kg body weight).

TABLE 1. LIFE EXPECTANCY IN SPAIN BETWEEN

1900 AND 1992

Year Men Women Difference (%)

1900 33.8 35.1 3.8
1960 67.4 72.2 7.1
1980 72.5 78.6 8.1
1992 73.7 81.0 9.9

Data are taken from reference 14.
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portant feature of Table 1 is that in all cases females have lived
longer than males. Moreover, when, earlier in the century, both
men and women died of diseases unrelated to aging, the in-
crease of average life span of women was only 3.8% higher
than in men. However, when at the end of the century, women
died of diseases related to aging, their average life span was
almost 10% higher than that of men. The higher longevity of
females versus males could be attributed to social reasons.
However, this is not a phenomenon specific to humans. A sur-
vival curve of Wistar rats in our laboratory is shown in Fig. 3.
In this case, also, females lived considerably longer than males.
Average life span for female rats was 15% higher than for
males. Thus, the increase in average life span in women over
men is unlikely to be attributable to social reasons, and basic
biological phenomena may be underlying this fact (6).

OXIDANT PRODUCTION 
BY MITOCHONDRIA FROM 

MALES AND FEMALES

Hepatic mitochondria from females produce ~50% the
amount of oxidants produced by mitochondria from males (see
Fig. 4). This occurred when mitochondria were incubated either
with pyruvate and malate or with succinate as respiratory sub-
strates. When Wistar rats had been ovariectomized for 1 month,
oxidant production by mitochondria was similar to that found in
males. However, (see Fig. 4) when ovariectomized rats were
treated with 1 mg/kg/day of estradiol, their oxidant production
was similar to that of control females. Thus, ovariectomy causes
an increase of oxidant production by mitochondria, which is
completely prevented by estrogen replacement therapy. We con-
clude that estrogens are responsible for the lower production of
mitochondrial oxidants in females versus males.

MITOCHONDRIA FROM POSTMITOTIC
TISSUES PRODUCE MORE HYDROGEN

PEROXIDE THAN THOSE FROM 
MITOTIC TISSUES

Miquel et al. have emphasized the idea (32) that aging should
be studied in cells from postmitotic tissues. Mitosis causes a

renewal of cell components, and therefore cell senescence is
better studied in postmitotic tissues. The brain provides a
unique model in which postmitotic cells (neurons) and mitotic
cells (glia) coexist. Synaptic (neuronal) and nonsynaptic
(glial) mitochondria may be isolated by differential centrifu-
gation (27). Hydrogen peroxide production from synaptic
mitochondria was more than f ivefold higher than that from
nonsynaptic mitochondria (see Fig. 5). In both cases, mitochon-
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FIG. 4. Oxidant production by hepatic mitochondria from
males and females: effect of ovariectomy and of estrogen re-
placement therapy. Hydrogen peroxide generation is higher in
liver mitochondria from male rats than in mitochondria from
female rats. Ovariectomy increases hydrogen peroxide produc-
tion by liver mitochondria, and this effect is prevented by estro-
gen replacement. 17b-Estradiol was given subcutaneously at a
daily dose of 1 µg/kg body weight for 1 month. The rate of hy-
drogen peroxide production was measured in isolated liver mi-
tochondria from Wistar rats (3–5 months old) following the
procedure described by Barja (3). Liver mitochondria were iso-
lated as described by Rickwood et al. (38) and incubated with
10 mM succinate. The number of experiments was 12–14 for
liver mitochondria. The statistical difference is indicated as fol-
lows: **p < 0.01 versus male rats (6).

FIG. 3. Survival curve of Wistar rats. Female rats live
longer than male rats. Rats were kept under standard condi-
tions in the Faculty of Medicine, University of Valencia.

FIG. 5. Oxidant production by synaptic and nonsynaptic
mitochondria. Hydrogen peroxide generation is higher in brain
mitochondria from male rats than in mitochondria from female
rats. The rate of hydrogen peroxide production was measured in
synaptic and nonsynaptic mitochondria from Wistar rats (3–5
months old) following the procedure described by Barja (3).
Synaptic and nonsynaptic mitochondria were isolated following
the method described by Lai and Clark (27). Synaptic mitochon-
dria were incubated with 10 mM succinate. The number of ex-
periments was three to five for synaptic mitochondria and seven
to nine for nonsynaptic mitochondria. The statistical difference
is indicated as follows: *p < 0.05 versus male rats (6).
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dria from males always produced a consistently and signifi-
cantly higher level of oxidants than those from females. This
occurred when mitochondria were incubated either with suc-
cinate or with pyruvate and malate as respiratory substrate (see
Fig. 5). In a similar fashion, when we compared hydrogen
peroxide production by hepatic mitochondria with that from
synaptic mitochondria, we found that the latter had a much
higher rate of hydrogen peroxide production than the former
(Figs. 4 and 5).

MITOCHONDRIAL GSH, BUT NOT
TOTAL CELLULAR GSH IS HIGHER IN

FEMALES THAN IN MALES

The GSH redox system constitutes a major intracellular
endogenous defense mechanism against oxidation (45). In-
deed, intracellular GSH levels in hepatocytes are ~ 5 µmol/g
of tissue, i.e., a value similar to that of glucose (46). Early
studies by Jocelyn (25) and by Meister (30) showed that mito-
chondrial GSH is critical in the maintenance of normal cell
function. This has also been emphasized by Fernández Checa
et al. (15). We found that aging causes a significant decrease
in GSH levels in mitochondria. In fact, most of the oxidation
of GSH that can be observed in cells is due to oxidation of the
mitochondrial compartment (19). Levels of mitochondrial
GSH in males are 40% lower than those of females (see Fig.
6). However, when female Wistar rats had been ovariectomized
for 1 month, their mitochondrial GSH levels fell to values
similar to those found in males. Moreover, when ovariectomized
rats were treated with estrogen replacement therapy (1 mg/kg
/day of 17b-estradiol injected subcutaneously for 1 month),
GSH levels returned to the high values found in females.
This, together with the facts reported in Fig. 4, i.e., that estro-
gen therapy decreases hydrogen peroxide production by mito-
chondria, emphasizes the protective role of estrogens against
mitochondrial free radical damage associated with aging.

OXIDATIVE DAMAGE TO
MITOCHONDRIAL DNA IS MUCH 

HIGHER IN MALES THAN IN FEMALES

In our previous aging studies, we observed that oxidation
of mitochondrial GSH correlates with oxidative damage to
mitochondrial DNA (see Fig. 2) (19). The same occurs in
apoptosis (13). Thus, we checked whether males had a higher
level of oxidative damage to mitochondrial DNA than females.
Indeed this is the case and the level of 8-oxo-deoxyguanosine
in hepatic mitochondrial DNA is fourfold higher than that
found in females (see Fig. 7). Recent work by Loft and col-
leagues showed that urinary excretion of 8-oxo-deoxyguano-
sine is higher in males than in females (28). In a similar fash-
ion, Proteggente et al. reported that oxidative damage to DNA
is higher in males than in females; however, damage to mito-
chondrial DNA was not measured (35). The group of Ames
was f irst to report that mitochondrial DNA oxidation is asso-
ciated with aging (1). We confirmed these findings and, as
mentioned earlier, observed that there is a direct relationship
between oxidation of GSH and oxidation of DNA in mito-
chondria (19). More recently, Barja and his co-workers have
found an increase in mitochondrial, but not in nuclear, DNA
damage inversely associated with longevity (4). Long-lived
species show a lower level of oxidation of mitochondrial
DNA than short-lived ones (36).

ESTRADIOL INCREASES THE
EXPRESSION OF MITOCHONDRIAL

ANTIOXIDANT AND LONGEVITY GENES

The beneficial effects of estradiol have been widely docu-
mented. In particular, estradiol has been shown to have a car-
dioprotective role (2). The possible importance of estradiol in
the prevention of Alzheimer’s disease has been proposed, but
is not widely accepted (24). Moreover, estrogens have a pow-
erful in vitro antioxidant effect. However, the possible effects
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FIG. 6. GSH levels in hepatic mitochondria from males
and females: effect of ovariectomy and of estrogen replace-
ment therapy. GSH levels are lower in liver mitochondria
from male rats than in those from females. Ovariectomy de-
creases GSH, and estrogen replacement therapy prevents this
decrease. Animal experimental conditions are as in Fig. 5.
GSH levels were determined as described by Brigelius et al.
(8). The statistical difference is indicated as follows: *p < 0.05,
**p < 0.01 versus male rats.

FIG. 7. Mitochondrial DNA damage in liver from males
and females. Mitochondrial DNA oxidative damage is higher
in liver from male rats than in liver from female rats. Isolation
of mitochondrial DNA and measurement of 8-oxodeoxyguano-
sine levels (as an index of oxidative damage) were performed
as described by García de la Asunción et al. (19). The statistical
difference is indicated as follows: *p < 0.05 versus male rats.
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of estradiol on longevity in vivo are unlikely to be due to its
chemical antioxidant properties. In fact, the recommended
dose of estradiol as part of estrogen replacement therapy is 50
µg/day. However, a widely recommended dose of vitamin E as
an antioxidant supplement is 400 mg/day, i.e., 8,000 times more
than that of estradiol. Therefore, to have significant antioxi-

dant properties due to its chemical structure, estradiol should be
8,000 times more potent an antioxidant than vitamin E. This
is clearly not the case. Therefore, we reasoned that the benefi-
cial effects of estrogens in preventing oxidant production by
mitochondria might not be due to their chemical properties,
but to the induction of the expression of antioxidant genes. To
check this hypothesis, we tested whether the effect of estra-
diol on hydrogen peroxide levels in cells is mediated by re-
ceptors. To this end, we used tamoxifen (the estrogen receptor
antagonist) and checked its effects on hydrogen peroxide lev-
els in a mammary tumor gland cell line (MCF-7 cells). Estra-
diol caused a significant decrease in the levels of hydrogen
peroxide in cells (in agreement with our findings in vivo). Ta-
moxifen significantly blocked this effect (see Fig. 8).

Thus, we checked whether estradiol, acting via its interaction
with estrogen receptors, increased the expression of the antioxi-
dant enzymes superoxide dismutase and glutathione peroxidase.

The fact that glutathione peroxidase activity was higher in fe-
males than in males was first reported by Pinto and Bartley in
the late 1960s (34). However, these authors did not relate this
fact to the different longevity between males and females. Glu-
tathione peroxidase activity in males is ~50% of the values
found in females (see Fig. 9). Furthermore, we checked whether
this was due to a different gene expression in females and
males. Molecular expression of the glutathione peroxidase gene
is significantly lower in males than in females (see Fig. 9).

GENDER DIFFERENCES IN LONGEVITY 553

FIG. 8. Hydrogen peroxide levels in mammary gland
tumor cells (MCF-7) treated with estradiol and/or tamoxi-
fen. Hydrogen peroxide levels are lower in cells preincubated
for 1 h with 15 µM estradiol. The addition of 15 µM tamoxifen
prevents this effect. Hydrogen peroxide levels were measured
in MCF-7 cells following the procedure described by Barja (3).
The statistical difference is indicated as follows: **p < 0.01
versus male rats.

FIG. 9. Expression and activity of glutathione peroxidase (GPx) and Mn-SOD in liver from male and female rats. An-
tioxidant defense is higher in liver mitochondria from female rats than in those from males (6). Expression of antioxidant en-
zymes was studied by RT-PCR using specific oligonucleotides. (A) Glutathione peroxidase mRNA expression. (B) Glutathione
peroxidase activity measured as described by Flohe and Gunzler (16). (C) Mn-SOD mRNA expression. (D) Mn-SOD activity was
measured as described by Flohe and Otting (17). The statistical difference is indicated as follows: **p < 0.01 versus male rats.
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In a similar fashion, we tested the effect of gender on en-
zyme activity and on gene expression of mitochondrial super-
oxide dismutase. Mn-SOD activity in hepatic mitochondria from
males is ~40% of the value found in females (see Fig. 9). This
is due to a higher expression of the Mn-SOD gene in females
than in males (see Fig. 9). Thus, the expression of both super-
oxide dismutase and glutathione peroxidase is significantly
lower in males than in females. This is important in the con-
text of previous work by Orr and Sohal (33) who showed, in
Drosophila, that overexpression of superoxide dismutase or
catalase alone did not increase average life span. However,
Drosophila overexpressing both superoxide dismutase and
catalase did indeed have a higher average life span than the
controls. In this sense, female rats behave as double transgen-
ics overexpressing both superoxide dismutase and glutathione
peroxidase when compared with males. This in itself may ex-
plain why the average life span of female rats is higher than
that of males.

BIOLOGICAL MARKERS OF AGING
INDICATE THAT FEMALES ARE

BIOLOGICALLY YOUNGER THAN MALES
OF THE SAME CHRONOLOGICAL AGE

A major challenge of gerontology is to find reliable mark-
ers of biological, as opposed to chronological, aging. In many
cases, the search for reliable parameters of biological aging
has been sterile. Work by Lang and co-workers has established
GSH levels as a reliable marker of biological aging (23). GSH
levels are significantly higher in females than in males of the
same chronological age (see Fig. 6). Thus, from this point of
view, females behave as younger than males of the same age.
Another interesting marker of aging is 16S rRNA. Work by
the group of Marco (9) showed an important decrease in mi-
tochondrial transcripts of 16S rRNA with aging. Moreover,
they reported that these changes correlate with the shape of
the life span curve. Work by the group of Davies showed that
16S rRNA degradation is associated with oxidative stress (11).
Thus, we checked the hypothesis that mitochondria from cells
of higher biological age should have lower expression of 16S
rRNA. If this is the case, mitochondria from female animals
should have a higher expression of 16S rRNA than those from
males. Indeed, this is the case and 16S rRNA expression was
>700% higher in females than in males (see Fig. 10). Thus, we
can conclude that biological markers of aging indicate that fe-
males behave as if they were younger than males of the same
chronological age.

CONCLUDING REMARKS

Females live longer than males in many species, including
humans. This can be explained on the basis of the mitochon-
drial theory of aging. Hepatic or brain mitochondria from fe-
males produce significantly less hydrogen peroxide than those
from males. On the other hand, they have a higher level of mi-
tochondrial GSH than those from males. Oxidative damage to
mitochondrial DNA, which is related to aging, is fourfold higher
in males than in females. This difference between females and

males may be explained by the beneficial effects of estro-
gens: ovariectomy abolishes the gender differences between
males and females, and estrogen replacement therapy prevents
the effects of ovariectomy. The beneficial effects of estrogens
are due, not to their chemical antioxidant properties, but
rather to their receptor-mediated effects on the genome. Ex-
pression of antioxidant enzymes such as Mn-SOD and glu-
tathione peroxidase is higher in females than in males. In this
respect, females behave as double transgenics overexpressing
superoxide dismutase and glutathione peroxidase. The chal-
lenge for the future in this field is to find molecules that have
the beneficial effects of estradiol, but without its feminizing
effects. Phytoestrogens or phytoestrogen-related molecules
may be good candidates to meet this challenge.

ABBREVIATIONS

GSH, glutathione; Mn-SOD, manganese superoxide dis-
mutase; PT, transition pore; ROS, reactive oxygen species.
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