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Abstract. The main risk factors for developing Alzheimer’s disease (AD) are age and gender. The incidence of the disease is
higher in women than in men, and this cannot simply be attributed to the higher longevity of women versus men. Thus, there
must be a specific pathogenic mechanism to explain the higher incidence of AD cases in women. In this regard, it is notable that
mitochondria from young females are protected against amyloid-β toxicity, generate less reactive oxygen species, and release
less apoptogenic signals than those from males. However, all this advantage is lost in mitochondria from old females. Since
estrogenic compounds protect against mitochondrial toxicity of amyloid-β, estrogenic action may be important in protecting cells
from amyloid-β toxicity and suggests a possible treatment or prevention strategy for AD. Unfortunately, to date, clinical trials
with Ginkgo biloba and other estrogenic therapies have not proved successful in treating AD. As such, more experiments and
clinical trials are indeed warranted to find conditions in which estrogenic compounds may be useful to prevent or treat AD.
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GENDER DIFFERENCES IN THE INCIDENCE
OF ALZHEIMER’S DISEASE

The increase in life expectancy in Western countries,
particularly the US and Europe, has been associated
with a parallel increase in age-related diseases. De-
mentia is the first cause of mental disorder greatly con-
tributing to physical decline as defined by frailty and
dependency of the older population [1]. Alzheimer’s
disease (AD) is manifested by a progressive loss of
memory and cognition. It is the main cause of dementia
and, in fact, about 60% of all cases of dementia are AD
patients. According to the Alzheimer’s Association [2],
AD is a leading cause of death in the US.
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The main risk factor for AD is age, but gender is
also very important. Table 1 shows that the proportion
of persons suffering AD is always higher in women
than in men. This is true of all groups studied, be-
ginning at age 60–64 through the population over age
95. The increased incidence in later stages of life, i.e.,
when persons are over 80, may be due to the higher
longevity of females versus males. However, the in-
creased incidence in persons at ages 60–80 cannot be
attributed to the higher longevity of women versus men
because at those ages, the death rate is too small to be
a significant factor in the pathogenesis of the disease.
Thus, there must be a specific pathogenetic mechanism
to explain the higher incidence of AD cases in wom-
en compared to men. A possible explanation for the
increased incidence of dementia in women is that they
suffer higher rates of obesity, diabetes, and other condi-
tions which increase the likelihood of developing AD.
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Table 1
Incidence of Alzheimer’s disease
in different age groups and gen-
ders. Figures are % of the popu-
lation in the European communi-
ty suffering Alzheimer’s disease
in each age-group

Age groups Men Women

60–64 0.2 0.9
65–69 1.8 1.4
70–74 3.2 3.8
75–79 7.0 7.6
80–84 14.5 16.4
85–89 20.9 28.5
90–94 29.2 44.4
> 95 32.4 48.8

Based on estimates of the Aging, Demographics, and
Memory Study (ADAMS), 16% of women and 11% of
men over the age of 71 years have dementia [2]. We
have attempted to find an explanation for this based on
the mitochondrial toxicity of AD, and this is described
below.

MITOCHONDRIA GENERATE MORE
REACTIVE OXYGEN SPECIES IN THE
PRESENCE OF AMYLOID-β PEPTIDE

The fact that there is oxidative stress in AD has been
very well documented thanks to the pioneering work
of George Perry and Mark A. Smith [3]. Work from
Catarina Oliveira and colleagues [4] indicates that there
must be a mitochondrial involvement in the generation
of oxidative stress associated with AD. In fact, as ear-
ly as 1988, these authors reported that mitochondrial
function was impaired by the amyloid-β peptide (Aβ)
in PC12 cells [4]. The involvement of mitochondria in
the pathogenic mechanism of Aβ toxicity was clearly
established when it was reported that cells lacking mi-
tochondria (ρ cells) were protected against the toxici-
ty of Aβ [5]. Moreover, it was also described that a
specific protein (ABAD, an isoform of alcohol dehy-
drogenase) was of capital importance to understand the
binding and subsequent toxicity of Aβ in its interaction
with mitochondria [6].

An important fact in this field is that Aβ blocks respi-
ration [7,8]. This has, of course, important bioenergetic
consequences (a lowering of the ATP/ADP ratio), but
it is also important to explain the increase in reactive
oxygen species (ROS) associated with mitochondria.
In general terms, when the flow of electrons through
the respiratory chain is blocked at any of the respiratory
complexes, the production of ROS by mitochondria is

very significantly increased. Pioneering work by the
group of Britton Chance together with Alberto Boveris
showed that 2% of the oxygen consumption in resting
mitochondria is converted to superoxide rather than to
water [9,10]. However, when the rate of respiration
increases (i.e., when mitochondria change from state
III to state IV), this proportion dramatically decreas-
es. Therefore, the lowering rate of respiration, due to
the presence of Aβ peptide, led the group of Catarina
Oliveira and our own group to the idea that Aβ could
increase the production of ROS.

We observed that incubation with Aβ peptide signif-
icantly increases the rate of oxidant release by mito-
chondria thus confirming previous results of Oliveira’s
group [7,11].

We attempted to find an explanation for this phe-
nomenon. Work by Hani Atamna had shown that Aβ
could bind to heme molecules present in the respirato-
ry chain and interact with them and therefore interfere
with their normal function in the transfer of electrons
along the respiratory chain [12]. We took over from
this idea and observed that incubation of mitochondria
in the presence of Aβ resulted in an increase of oxi-
dant production by mitochondria but that this was com-
pletely prevented by pre-incubation of Aβ with heme.
Thus, heme protected the mitochondria from the attack
by Aβ peptide because free heme was competing with
that present in the respiratory chain complexes and pro-
tecting mitochondria against the toxicity of Aβ [11].
The involvement of mitochondria in aging as proposed
originally by Jaime Miquel [13], and the fact that there
is a gender difference between ROS production and
mitochondria from females as compared with that of
males, led us to study if mitochondria were involved in
the gender differences in AD incidence. An important
clue came from the fact that mitochondria from females
produce fewer radicals than those from males.

MITOCHONDRIA FROM FEMALES
PRODUCE FEWER REACTIVE OXYGEN
SPECIES THAN THOSE FROM MALES

The question of why women live longer than men
has been a focus of attention in our laboratory. We
ruled out the possibility that this was due to sociological
causes, because in many animal species like the Wistar
rat or the white Swiss albino mouse, females also live
longer than males. This is, however, not the case for
all species and, for instance, the very commonly used
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mouse C57BL6 shows a different pattern of behavior:
males live longer than females.

In any case, in both the human species and the Wis-
tar rat, females live longer than males. We observed
that both hepatic and brain mitochondria from female
Wistar rats produce significantly less peroxides than
those from males. However, ovariectomy complete-
ly reversed this trend and mitochondria from ovariec-
tomized females produce the same amount of peroxides
as those from males. Estrogen replacement therapy
of ovariectomized females led to a low production of
peroxides from mitochondria and in this case, ovariec-
tomized females treated with estrogens produced fewer
peroxides than males. Thus, we figured out that estro-
gens could be the reason for the low production of per-
oxides because of the antioxidant properties conferred
to them by the phenolic structure of the A ring. How-
ever, the dose of estrogens normally used in estrogen
replacement therapy in humans is approximately 8,000
times less than the recommended amount of vitamin E
for human supplementation. Women under estrogen re-
placement therapy normally receive 50 µg of estradiol
whereas normally, vitamin E is usually administered at
a dose of 400 mg/day. Thus, the powerful antioxidant
effect of estrogens could not be based on their chemical
structure, but rather on their hormonal action [14]. This
led us to conclude that estrogens might upregulate the
expression of antioxidant genes.

ESTROGENS (AND PHYTOESTROGENS)
UPREGULATE THE EXPRESSION OF
ANTIOXIDANT ENZYMES TARGETED TO
MITOCHONDRIA

As stated above, estrogens very actively upregulate
the expression of superoxide dismutase and glutathione
peroxidase. This is the basis of the powerful antioxi-
dant effects of estrogens when administered to animals
(or humans) in vivo.

We dissected the signaling pathway of the antioxi-
dant effect of estrogen. First of all, estrogens have to
bind to estrogen receptor. The use of albumin bound
to estrogens indicated that the effects are mediated by
membrane receptors rather than by intercellular ones.
When cells were incubated with estrogen bound to al-
bumin, the effect was similar to free estrogen. Es-
trogen does bind (most likely to estrogen receptor β,
see below) and activates a signaling pathway leading
to phosphorylation of MEKK which leads to activa-
tion of MEK and subsequent phosphorylation of ERK.

Fig. 1. Mechanism of antioxidant action of estradiol and genistein.
The mechanisms of the upregulation of antioxidant enzymes by estra-
diol (a) or genistein (b) are very similar, involving binding to mem-
brane estrogen receptors, activation of the MAP kinase pathway and
upregulation of NFκB (reprinted from [36] (panel a), and from [17]
(panel b).

Phospho-ERK phosphorylates IKβ and therefore acti-
vates NFκB which is translocated to the nucleus upreg-
ulating the expression of manganese superoxide dis-
mutase and glutathione peroxidase. These enzymes
are directed to mitochondria where they exert their an-
tioxidant effects. The higher activity of these antioxi-
dant enzymes results in a significantly lower release of
peroxides from mitochondria and therefore is a potent
protection against oxidative stress (see Fig. 1a) [15].

The favorable effects of estradiol on the redox bal-
ance in cells are seriously limited by their feminizing
effects. Of course, estradiol cannot be administered to
males and, particularly in the case of women, estro-
gen replacement therapy with estradiol has serious lim-
itations because of the higher incidence of breast and
uterine cancer as well as an increase in cardiovascu-
lar diseases [16]. Therefore, an alternative to estradiol
had to be found. Because of the similar structure of
estradiol and genistein, we determined that this phy-
toestrogen could be a valid alternative to estradiol. We
tested its favorable effects on the upregulation of an-
tioxidant enzymes, particularly superoxide dismutase
in animals [17], and then we studied the pathway in
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Fig. 1. continued.

MC7 cells in vivo. Figure 1b shows that genistein acts
in a very similar way to that of estradiol, the path-
way being: estrogen receptor → activation of MEK →
phosphorylation ERK → phosphorylation of IKβ →
translocation of NFκB to the nucleus. Figure 1b shows
how similar the pathway of genistein action is to that
of estradiol [18]. In our opinion, a critical point is that
the majority of the effect of genistein is mediated by
estrogen receptor β with only a very minor activation
of estrogen receptor α. Because the feminizing effects
of estrogens are mediated by α activation, genistein
is indeed a very useful alternative to estradiol to pro-
mote antioxidant effects in both health and disease, in
particular in AD.

MITOCHONDRIA FROM YOUNG FEMALES
GENERATE LESS REACTIVE OXYGEN
SPECIES IN THE PRESENCE OF AMYLOID-β
PEPTIDE THAN OLD ONES

Aβ was initially thought to cause neuronal toxici-
ty because of extracellular plaque formation. How-
ever, approximately a decade ago, evidence began to
increase regarding the intracellular toxicity of Aβ1−42

peptide [18]. The findings by the groups of Mark A.

Smith and George Perry, and also from that of Catarina
Oliveira, were of particular importance, showing that
mitochondria could produce higher amounts of perox-
ides when they were incubated with Aβ (see above).

The previous background on the gender differences
in mitochondrial free radical production together with
the different incidence in AD (being higher in females)
led us to study the effect of Aβ on radical production
by mitochondria from male and female Wistar rats. We
found it surprising that ROS production from mito-
chondria from females was lower than that of males in
the presence of Aβ peptide. This puzzling observation
(in view of the higher incidence of AD in females) was
solved when we obtained mitochondria from old female
rats and measured peroxide production. We found that
in old animals, mitochondria from females produced as
many, or even more, peroxides than those from males.
Therefore, we concluded that young females are pro-
tected against the toxicity of Aβ [11]. It is well known
that estrogen levels do not fall in old rats (in contrast to
what happens in women after menopause). However,
the sensitivity of tissues to estrogens declines sharply
with age [20]. Our studies show that mitochondria from
old females are not protected against the toxicity of Aβ
peptide, whereas those from young ones are.

ROLE OF p38 IN THE CELLULAR
PATHO-PHYSIOLOGY OF AD

p38 is a MAP kinase which is of critical importance
in the response cells to stress. In fact, p38 has been
considered as a sensor of ROS in cells [21]. The im-
portance of p38 in the possible phosphorylation of tau
was first described as far back as 1997. This finding led
the authors to conclude that cellular stresses might con-
tribute to tau phosphorylation [22]. In fact, the same
group of authors [23] considered that some of the iso-
forms of p38 were important candidates as tau kinas-
es, and that they might be involved in the hyperphos-
phorylation of tau in AD. Zhu and Smith showed that
p38 activation was induced by Aβ in a concentration
dependent manner [24]. And in fact, Aβ toxicity was
significantly decreased by inhibition of p38. Moreover,
Cuenda and Russeau [25] suggested that indeed it was
conceivable that members of the MAP kinase might
play an important role in the phosphorylation of tau.
Work in our laboratory showed that p38 is activated
when neurons are incubated with Aβ [26]. So there
is a mounting body of evidence that p38 is indeed a
very important mediator in the hyperphosphorylation
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Fig. 2. Reactive oxygen species are involved in the mitochondrial toxicity of Alzheimer’s disease. Amyloid-β peptide causes an upregulation of
p38 and genistein prevents it.

of tau. Recent work from our laboratory also showed
that estradiol or genistein might be protective because
they rescue neurons from phosphorylation of p38 and
therefore inhibit Aβ-induced cell death.

ESTROGENIC COMPOUNDS PROTECT
AGAINST MITOCHONDRIAL TOXICITY OF
AMYLOID-β

The fact that women have a higher incidence of
AD than men, which happens after menopause, to-
gether with the idea that estrogens protect against age-
associated damage (some of it coming from our own
laboratory [14,15]), has led many researchers to look
for protective effects of estrogen and estrogenic com-
pounds against the toxicity of Aβ and even as a treat-
ment to AD. Work from Roberta Brinton’s group has
shown that estrogenic compounds act bind to estrogen
receptors, activate cell signaling pathways, and finally
result in restoration of normal glucose metabolism and
mitochondrial function [27]. These authors propose
that there are a number of protective mechanisms un-
leashed by estradiol which converge in mitochondrial
protection. We, among others, underpinned the im-
portance of mitochondrial toxicity in AD [11]. There-
fore, estrogens are postulated as mitochondrial protec-
tors against the damaging effects of AD via activation
of both estrogen receptor α and β [28].

Further evidence of the protective role of estradiol
and estrogenic compounds, such as genistein, in the
pathophysiology of AD also come from our laborato-

ry in which we observed that either estradiol or genis-
tein were able to prevent the increase of interleukin 1β
and TNFα caused by incubation of astrocytes with Aβ
peptide [29]. Furthermore, we showed that estradiol
or genistein were able to prevent COX2 expression in-
duced by Aβ. An important target of inflammation is
iNOS, and this is very much upregulated (more than
tenfold) in astrocytes when incubated with 5 µM Aβ.
When these astrocytes were incubated with Aβ and ei-
ther genistein or estradiol, the upregulation of the ex-
pression of iNOS by Aβ was completely prevented. So
it appears that estrogens not only protect against neu-
ronal toxicity of Aβ peptide but also against inflamma-
tion which is mainly caused by astrocytes in the dis-
ease. Some of the anti-inflammatory effects of estro-
genic compounds may be mediated by the upregulation
of PPARs [29]. So it appears that estrogens interfere
with the pathophysiology of Aβ in a favorable way and
they are likely to be protective against AD develop-
ment. The possible clinical application of estrogens or
estrogenic compounds in the prevention and treatment
of AD is reported in the next paragraph.

ESTROGENIC COMPOUNDS IN THE
PREVENTION AND TREATMENT OF AD

The protective effect of estrogenic compounds,
which has been observed in a number of laboratories in-
cluding our own, suggests a possibility for treatment or
prevention of AD by these compounds. The Women’s
Health Initiative Memory Study (WHIMS) is a sub-
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study of the Women’s Health Initiative (WHI) in which
7479 women enrolled were randomized to treatment
with either estrogen if they were hysterectomized, or a
combination of estrogen and a progestational agent if
they retain the uterus. The principal end point was all
cause dementia. The estrogen therapy was stopped in
2002 because of an increase in heart attack and breast
cancer and the progestational agent was stopped in 2004
because of excessive strokes and the absence of cardio-
vascular benefit. Moreover, the treatments separately
and combined revealed an increase in the cumulative
hazard for probable dementia [30,31].

Estrogen replacement therapy has given conflicting
results but with all factors considered, the problems as-
sociated with treatment with estradiol, particularly the
increased incidence of cancer and cardiovascular dis-
ease, led researchers to favor phytoestrogens to protect
against cognitive decline associated with AD.

Some hope was deposited in the possibility that es-
trogenic compounds in Ginkgo biloba might prevent
AD, but very recent evidence [32–34] indicates that
Ginkgo biloba, normally taken by patients in the form
of a controlled extract, does not prevent the loss of cog-
nition in AD. Work from our laboratory [35] indicat-
ed that Ginkgo biloba is very protective against age-
associated mitochondrial damage. The failure of clin-
ical trials with Ginkgo biloba together with problems
associated with estrogen therapy indicate that the con-
ditions have not been found to treat AD with estrogenic
compounds, although hopes of finding the right situa-
tion to treat or prevent AD by interacting with estrogen
receptors should not be given up and more experiments
and clinical trials are indeed warranted.
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