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Abstract. Differences in the prevalence and age of onset
of Alzheimer disease (AD) in men and women, and
observations that hormone replacement therapy (HRT)
may prevent the development of AD, caused many to hy-
pothesize that estrogen deficiency contributes to AD.
However, recent trials using estrogen failed to show any
benefit in preventing or alleviating the disease. To ad-
dress this and other inconsistencies in the estrogen hy-
pothesis, we suspect that another hormone of the hypo-
thalamic-pituitary-gonadal axis, luteinizing hormone
(LH), as a major factor in AD pathogenesis. Individuals
with AD have elevated levels of LH when compared with

controls, and both LH and its receptor are present in in-
creased quantities in brain regions susceptible to degen-
eration in AD. LH is also known to be mitogenic, and
could therefore initiate the cell cycle abnormalities
known to be present in AD-affected neurons. In cell cul-
ture, LH increases amyloidogenic processing of amyloid-
B protein precursor, and in animal models of AD, phar-
macologic suppression of LH and FSH reduces plaque
formation. Given the evidence supporting a pathogenic
role for LH in AD, a trial of leuprolide acetate, which sup-
presses LH release, has been initiated in patients.
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Etiology of Alzheimer disease (AD)

Despite being the leading cause of dementia, the etiologic
events that lead to the pathology of Alzheimer disecase
(AD), namely neuronal loss, neurofibrillary tangles, amy-
loid-B (AP) and senile plaques, remain unknown [1].
Current mechanistic hypotheses that attempt to explain
AD are based on the pathological hallmarks. For example,
the A hypothesis [2], the most well accepted to date, is
supported by the fact that familial forms of AD, resulting
from mutations in either the A protein precursor or pre-
senilins-1/2, all affect the processing of Af [3]. However,
while genetic evidence supports this theory, the fact that
experimental manipulation of A in cell or animal models
does not yield the multitude of biochemical and cellular
changes found in the human disease [4—6] hints at other
factors being involved. In fact evidence now suggests that
A may be a consequence rather than causative factor in
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disease pathogenesis [7-9]; thus, alternative theories such
as tau phosphorylation [10-12], oxidative stress [13],
metal ion deregulation [14] and inflammation [15] are now
emerging. However, it is likely that not a single theory but
rather a combination of these may be necessary to be able
to explain the spectrum of abnormalities found in this
disorder. Unfortunately, the incomplete understanding of
pathogenic mechanisms associated with AD has resulted
in a lack of efficient therapeutic strategies such that, at
present, the disease is primarily targeted by palliative treat-
ment of symptoms rather than by attempting to forestall
the progression of the disease. Therefore, urgent attention
is needed to resolve the mechanistic underpinnings of AD.
The role of sex steroids, and particularly estrogen, in AD
has been given a prominent role because of its rather
unique multi-encompassing role in the development of
disease, impinging on factors such as age, genetics and
environment. However, recent contradictory reports,
based on a randomized clinical trial, regarding the effects
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of HRT on AD incidence and progression have created
much confusion and significantly lessened interest in the
role of estrogen in AD [16—18]. In this review we propose
that the hypothalamic-pituitary-gonadal (HPG) axis
remains a major player in this disease, but suggest that
it is not sex steroids, such as estrogen, but rather
gonadotropins, which are key elements in the develop-
ment of AD. Of prime importance, we provide a potential
mechanism of action as well as a new therapeutic avenue
to treat this insidious disease.

Sex steroids in the etiology of AD

The decrease in the serum concentrations of these
neurotrophic  steroids following menopause (and
andropause) is associated with disease progression and
has been based on epidemiological studies and findings
that estrogen deficiency in vitro and in vivo promotes
biochemical and neuropathological changes consistent
with those observed in the aging and AD brains (see
previous reviews).

Experimental support for sex steroids in promoting
neurodegenerative-like changes has come primarily from
studies demonstrating an increase in AfB deposition
following suppression of serum sex steroid concentra-
tions (following menopause and ovariectomy/castration),
and by the modulation of ABPP processing and A gen-
eration by sex steroids in vitro. At high concentrations of
sex steroids, 17p-Estradiol and testosterone have been
shown to alter neuronal A protein precursor (ASPP)
processing towards the non-amyloidogenic pathway both
in vitro and in vivo. 17p-Estradiol at concentrations
between 2 and 2000 nM increases sSASPPa production
and reduces the generation of Af in both mouse and
human cell lines and primary cultures of rat, mouse and
human embryonic cerebrocortical neurons [19-22].
Likewise, testosterone treatment (2002000 nM) of
mouse neuroblastoma cells and rat primary cerebrocorti-
cal neurons increases secretion of SASPPa and decreases
the secretion of A [23]. Ovariectomy, which suppresses
serum estrogen levels, also has been shown to increase
total Af concentrations in guinea pigs [22] and ApBPP
transgenic mice [24]. Conversely, 17 -estradiol treatment
was shown to partially and totally reverse the effects of
ovariectomy in guinea pigs [25] and ABPP transgenic
mice (Tg2576 and Tg2576 x mutant PS1; [24]), respec-
tively. A more recent study using ABPPSWE transgenic
mice did not see a significant increase in brain AB
following ovariectomy [26]. One difference that might
explain this discrepancy is that the APPSWE mice were
ovariectomized prior to puberty (4 weeks), while the
Tg2576 mice were ovariectomized after puberty, indi
cating that establishment of an intact HPG axis is impor-
tant with regards to ABPP processing and pathologic
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deposition of AB. In humans, one study has shown a
higher incidence of amyloid plaques in the brains of
women, together with a greater age-related increase in the
incidence rate of plaques [27]. Interpretation of these
results must be carefully considered, since changes in
APPP processing and AfB generation in all the above
studies could also be explained by the changes in serum
concentrations of other hormones induced by the loss of
the sex steroids. Likewise, the high concentrations of sex
steroids used in vitro have been shown to alter LH recep-
tor number [19], and also may be exerting their effects
indirectly. The results indicate the importance of main-
taining serum sex steroid concentrations, but may fall
short of a complete mechanistic explanation of how the
axis modulates A SPP processing and Af generation.

The role of gonadotropins in AD

Despite the large body of evidence supporting the
protective role of estrogen in AD, controversy regarding
the benefits of HRT in the disease clearly reveals that
falling levels of steroid hormones associated with
menopause/andropause do not successfully account for
patterns of AD susceptibility; only when one takes into
account the role of the other hormones of the HPG axis,
during i.e. peri-menopause and beyond, that the events
leading to AD pathogenesis can be accurately character-
ized.

Hormones of the HPG axis include gonadotropin-
releasing hormone, luteinizing hormone (LH), follicle-
stimulating hormone (FSH), estrogen, progesterone,
testosterone, activin, inhibin and follistatin. Each of these
hormones, by participating in a complex feedback loop
initiated by the hypothalamic secretion of gonadotropin-
releasing hormone (reviewed in [28]) and, via the
stimulation of anterior pituitary hormones such as LH,
lead to stimulation of oogenesis/spermatogenesis, and
production of the sex steroids ultimately decreases
gonadotropin secretion from the hypothalamus and
pituitary gland. Importantly, menopause and andropause
can shift the balance of this feedback loop, and this shift
results in an increase in the production of gonadotropins
along with the bioavailability of activin and a decrease in
gonadal inhibin production in both women [29, 30] and
men [31].

Surprisingly, despite the tight relationship between sex
steroids and gonadotropins, the effects of increased cir-
culating LH or FSH due to the loss of negative feedback
on the aging brain remain unexplored. In fact if these
secondary hormonal changes are taken into account, it
can be speculated that benefits of HRT may be dependent
on the integrity of the HPG axis feedback loop. To this
end, the levels of gonadotropins, including LH, are high-
est during perimenopause and early menopause [32],
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when HRT has been observed to be most successful in
preventing dementia [33]. Therefore it is possible that
during perimenopause and early menopause, when the
HPG axis is still functional, estrogen therapy is benefi-
cial. Once this loop is shut down after chronic low levels
of estrogen and high levels of gonadotropins such as LH,
as later in menopause, HRT loses therapeutic value or
may even become detrimental [34].

Elevations in LH are associated with AD pathology

Epidemiological data demonstrate that patients with AD
have higher levels of LH than do individuals who do not
develop the disease [35, 36]. Moreover, in addition to
explaining the therapeutic controversies associated with
HRT and dementia, increasing LH levels can also explain
the higher predominance for developing AD in females
when compared to males [37—41]. In this regard, LH lev-
els are significantly higher in females as compared to
males [29, 30]. Further evidence supporting gnadotropins,
and in particular LH, as a central mediator of disease
stems from examining individuals with Down syndrome
who develop precocious AD-type pathology and cognitive
alterations. To this end, in Down syndrome, there is a gen-
der-reversal in the incidence of AD-type changes such that
males with this disorder, and not females, are at signifi-
cantly higher risk for developing AD-type changes. Inter-
estingly, in this population while sex steroid levels are
comparable to those found in non-Down syndrome indi-
viduals, contrary to what we see in a the normal popula-
tion where females have higher LH levels than males [30,
31] after menopause/andropause, LH levels in Down syn-
drome males are much higher than in females [42]. There-
fore, LH levels account for the gender reversal seen in this
syndrome, and with regard to AD, represents and affords
the only explanation thus far for the gender selectivity in
AD and Down syndrome.

More recently, studies have begun to support these
epidemiological data with mechanistic evidence. In this
regard, several findings now indicate an experimental
link between elevations in LH and the development of AD
(reviewed in [43]). For example, LH can cross the blood-
brain barrier [44] and thus may play a direct driving
pathogenic force in this disease [45]. In support of this
view, neurons of individuals with AD show significant
elevations of LH when compared to aged-matched con-
trol cases [45]. More important, these elevations parallel
the distribution of LH receptors [46], which show the
highest density within the hippocampus [46—48], the most
vulnerable and affected area in AD [1]. Because such in-
creases in LH appear to be a very early event in disease
history and are predictive of neuronal populations at risk
of degeneration and death, these findings suggest that LH
is likely contribute to other pathological events seen in
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the disease indicating a cause-effect relationship [49-51].
Further support for the role of LH in AD stems from its
capacity to modulate neurodegenerative-like changes
such as A deposition, the most prominent pathological
entity. In this regard, addition of LH to neuroblastoma
cells has been shown to alter ASPP processing toward the
amyloidogenic pathway, as evidenced by increased gen-
eration and secretion of Af, decreased ABPP secretion,
and increased ABPPCT100 levels [19]. In this regard, the
expression of presenilin-1 and -2 genes, members of the
y-secretase complex involved in the processing of ABPP,
have recently been shown to be upregulated by
gonadotropins in human granulosa cells [52]. Confirm-
ing these results, suppression of LH with the anti-
gonadotropin drug leuprolide acetate in mice leads to
AD-like changes in ABPP processing [45]. Notably,
alterations in ASPP processing were due to the suppres-
sion of LH [19], since decreased brain Af followed
treatment with leuprolide acetate (i.e. ablation of LH) but
not with the loss of sex steroids [20, 23, 53]. More
important, suppression of gonadotropins with leuprolide
acetate improves cognitive performance and decreases
A deposition in transgenic mice carrying the ABPP with
the Swedish mutation [54].

Based on the aforementioned notion that LH is a
driving pathogenic force in AD, leuprolide acetate, a
gonadotropin-releasing hormone agonist which has been
shown to suppress luteinizing hormone to undetectable
levels by downregulating pituitary gonadotropin-
releasing hormone receptors, might be an effective
method of treatment for patients with AD. As stated
above, administration of leuprolide acetate to C57BL/6
mice produced significant decreases of brain AB[19] and
improved cognitive function in a transgenic mouse model
of AD, improvements that correlated to decreases in Af-
burden [54]. Importantly, the latter study used mice at a
very advanced stage of cognitive decline, indicating
therapeutic efficacy at later stages of disease. Therefore,
targeting LH release may be a successful strategy to
combat the incidence as well as the progression of AD
[43, 55].

Mechanistic link between gonadotropins and AD

The above evidence demonstrates that gonadotropins such
as LH may indeed play an important role in the develop-
ment of AD. However, successful treatment strategies can
only stem from careful examination of the mechanisms in-
volved in such actions. Previously, we have discussed that
elevations of LH levels in vulnerable neuronal populations
of patients with AD compared to aged-matched control
cases [45] appear to be a very early change in disease his-
tory serving to predict neuronal populations at risk of de-
generation and death. One early change that temporally
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matches these elevations in LH and that is also observed
in these vulnerable neuronal populations is the expression
of cell-cycle markers that are not associated with post-mi-
totic cellular populations. Neuronal changes supporting
the involvement of cell cycle-related events in the etiology
of the disease include the ectopic expression of markers of
the cell cycle [56], organelle kinesis [57] and cytoskeletal
alterations, including tau phosphorylation [58]; in fact,
these neurons seem to attempt an unscheduled initiation of
a mitotic division cycle which in a mature, normally post-
mitotic neuron leads to an abortive reactivation of a vari-
ety of cell cycle components and ultimately the demise of
the cell 8, 49, 59]. With regard to LH, this gonadotropin
hormone has powerful mitogenic properties [60, 61]. For
example, restoration of LH levels after testosterone and
estrogen-induced LH deprivation leads to increased
proliferation of leydig cells in the testis of adult rats [62].
Likewise, LH levels are associated with increased T-cell
proliferation and activation [63, 64] and peripheral blood
lymphocyte proliferation [65]. Finally, LH secretion has
been associated with increased proliferation of porcine
granulosa cells and activation of mitogen activated protein
kinases such as extracellular signal-regulated kinase [66],
and other signal transduction and transcription activators
[67], all of which play a major role in cell cycle events [68]
and, more important, are associated with AD pathology
[12, 58, 69-71].

Based on the above evidence and considering that eleva-
tion of LH parallels the ectopic expression of cell cycle
and oxidative markers that represent one of the initiating
pathological changes preceding neuronal degeneration by
decades [50, 51], it is likely, given this temporal and
spatial overlap with mitotic changes in AD [unpublished
observations], that elevations in LH are responsible for
inappropriate cell cycle reentry in neurons [45, 49].
Obviously, such a notion does not preclude the involve-
ment of other hormones of the HPG axis, such as activin
or inhibin, that also exhibit significant changes in serum
concentrations during aging, however, these findings
provide the first evidence for a potential mechanism by
which elevations in LH may take part in the development
and progression of AD.
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