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Abstract
Advancing age is the most significant risk factor for the development of Alzheimer's disease (AD),
however the age-related changes that underlie this effect remain unclear. In men, one normal
consequence of aging is a robust decline in circulating and brain levels of the sex steroid hormone
testosterone. Testosterone depletion leads to functional impairments and increased risk of disease in
androgen-responsive tissues throughout the body, including brain. In this review we discuss the
relationship between age-related testosterone depletion and the development of AD. Specifically, we
focus on androgen regulation of β-amyloid protein (Aβ), the accumulation of which is a key initiating
factor in AD pathogenesis. Emerging data suggest that the regulatory actions of androgens on both
Aβ and the development of AD support consideration of androgen therapy for the prevention and
treatment of AD.
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1. Introduction
Alzheimer’s disease (AD) is a devastating neurodegenerative disease that affects over four and
one half million people in the United States alone, a number that is projected to grow with the
aging of the population (Brookmeyer, et al., 1998, Hebert, et al., 2003). Advancing age is the
most significant risk factor for the development of AD (Evans, et al., 1989, Jorm, et al.,
1987, Rocca, et al., 1986), however what age-related changes underlie this effect remain
uncertain. In this review, we discuss recent work from our laboratory and others suggesting
that one normal age-related change that may contribute to the risk of AD in men is testosterone
loss. Further, we suggest that the mechanism by which androgen depletion increases risk of
AD in men involves recent evidence that androgens regulate accumulation of β-amyloid
(Aβ), perhaps the key event in AD pathogenesis.

1.1 Androgen depletion during normal male aging
With advancing age, men experience a significant decrease in circulating levels of testosterone
(Morley, et al., 1997, Swerdloff and Wang, 1993). The decline in total testosterone levels
begins in the thirties and progresses at an annual rate between 0.2%–1% (Feldman, et al.,
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2002, Gray, et al., 1991). Due to an age-related increase in sex hormone binding globulin
(SHBG) at an annual rate of 1.1%–1.6% (Feldman, et al., 2002, Gray, et al., 1991, Harman, et
al., 2001, Purifoy, et al., 1981, Vermeulen, et al., 1996), levels of bioavailable testosterone
decrease at a higher rate (2%–3% per year) than total testosterone (Feldman, et al., 2002, Gray,
et al., 1991, Muller, et al., 2003). While age changes in circulating DHT levels are not
consistently reported (Feldman et al., 2002, Gray et al., 1991), decreases in other androgens
including DHEA and androstendione are observed with increasing age in men (Feldman, et
al., 2002, Gray, et al., 1991, Muller, et al., 2003, Vermeulen, et al., 1996). The age-associated
decrease in testosterone is not paralleled by changes in estradiol levels, which decrease slightly
or not at all in aging men (Davidson, et al., 1983, Muller, et al., 2003, Vermeulen, et al.,
1996).

Normal age-related testosterone depletion has been associated with functional impairments in
androgen-responsive tissues, including bone, muscle, and heart (Baumgartner, et al., 1999,
Burger, et al., 1998, Ferrando, et al., 2002, Jones, et al., 2003, Meier, et al., 1987, Sheffield-
Moore and Urban, 2004). Dysfunction and disease due to age-related testosterone loss has been
collectively recognized as a clinical syndrome termed ‘androgen deficiency in aging
males’ (Morley, 2001). Since the brain is also an androgen responsive tissue, it may be
susceptible to age-related androgen loss. Although studies have reported alterations in mood,
libido, and cognition resulting from androgen depletion (Gooren, 2003, Kaufman and
Vermeulen, 2005, Morley, 2001, Swerdloff and Wang, 1993, Swerdloff and Wang, 2002), the
full range of consequences of age-related testosterone loss on the brain remain incompletely
defined.

Circulating levels of hormones generally parallel tissue levels, however factors such as sex
hormone binding globulin, hormone transport across the blood brain barrier, and the presence
of steroid converting enzymes in brain suggest that brain levels of hormones may vary from
what is observed in blood (Manni, et al., 1985, Pardridge, 1985, Pardridge, 1986). Recent work
from our lab was the first to examine age-related changes in brain levels of testosterone in men.
Using neuropathologically normal human postmortem tissue we found a robust decrease in
brain levels of testosterone with advancing age that appeared to reach minimal values in men
over 80 years of age (Rosario et. al., 2004). Consistent with prior observations in circulating
levels, we observed no significant change in brain levels of estradiol with increasing age in
men (Rosario et al., 2004). The decrease in brain levels of androgens suggest the possibility
that beneficial neural actions of androgens may be compromised during aging, resulting in
increased risk of neural dysfunction and disease, including AD.

1.2 Androgen actions in the brain
Testosterone and its active metabolite dihydrotestosterone (DHT) have several important
actions in the brain. Androgen actions are mediated in part via activation of androgen receptors
(AR), which are localized in many brain areas including regions important for learning and
memory such as hippocampus and amygdala (Kerr, et al., 1995, Simerly, et al., 1990, Tohgi,
et al., 1995). Beneficial actions of androgens in the brain include stimulation of neuronal
differentiation, maintenance of neuronal morphology, and promotion of synaptic density
(Beyer and Hutchison, 1997, Leranth, et al., 2004, Marron, et al., 2005, Matsumoto, 1997).
For example, studies of hippocampus in male rats show a significant decrease in the density
of spine synapses following gonadectomy (GDX) (Kovacs, et al., 2003, Leranth, et al.,
2003), an effect reversed by replacement with either testosterone or DHT (Kovacs, et al.,
2003, Leranth, et al., 2003). In addition to androgen actions in neurons, testosterone has also
been found to down-regulate astrogliosis (Day, et al., 1998).

Another beneficial neural action of androgens is regulation of neuron viability during
developmental apoptosis (Lund, et al., 2000, Nordeen, et al., 1985, Nuñez, et al., 2000) and in
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adult brain following toxic challenge. Neuronal cell culture studies have revealed
neuroprotective effects of androgens against serum deprivation (Brooks, et al., 1998,
Hammond, et al., 2001), Aβ toxicity (Pike, 2001, Zhang, et al., 2004, Nguyen et al., 2005), and
oxidative stress (Ahlbom, et al., 2001). In animal models, testosterone and DHT have been
found to accelerate the rate of cranial nerve regeneration (Yu, 1982, Yu and Srinivasan,
1981) and attenuate motor neuron loss following axotomy (Yu, 1989). Similarly, following
facial nerve crush in male hamsters, testosterone increased the rate of axonal growth and
functional recovery (Kujawa, et al., 1991, Kujawa, et al., 1989). In addition, androgens have
also been found to protect against toxic insult in hippocampus, a brain region vulnerable to
neurodegenerative effects of AD. For example, Azocitia et al. (2001) found that androgen
depletion resulting from GDX of adult male rodents increased neuron loss in the hilus of the
dentate gyrus following excitotoxic lesion, an effect that was significantly attenuated by acute
treatment with testosterone but not DHT. However, Ramsden et al. (2003a) found that extended
DHT treatment in GDX male rats significantly blocked the increased hippocampal neuron
death caused by the excitotoxin kainate. Because AR levels decrease following GDX,
prolonged rather than acute androgen exposure may be necessary for neuroprotection since it
allows for restoration of AR expression and consequently AR-dependent signaling (Ramsden
et al., 2003a). Although acute treatment with the DHT metabolite 3α-androstanediol can protect
against excitotoxin-induced seizures (Frye and Reed, 1998), we found that neuroprotection
afforded by long-term DHT treatment was not associated with a decrease in either the latency
or severity of kainate-induced seizure (Ramsden, et al., 2003a). Thus, available evidence
suggests that androgens can afford neuroprotection through a variety of pathways, including
both estrogen and androgen pathways.

2. Androgens and Alzheimer’s disease
2.1 Androgens and cognition

Androgens are known to affect some aspects of cognition including spatial abilities (Gouchie
and Kimura, 1991, Janowsky, et al., 1994) and verbal fluency (Alexander, et al., 1998). Low
levels of androgens have been associated with impaired cognitive performance in some but not
all studies (Haren, et al., 2005, Moffat, et al., 2002). Men with a relatively higher free
testosterone index performed better on visual and verbal memory tasks and exhibited better
long-term memory (Barrett-Connor, et al., 1999) while those with low free testosterone showed
decreased visual memory, visuomotor scanning, verbal memory, and visuospatial processing
(Moffat, et al., 2002). In men with low testosterone androgen therapy may improve some
cognitive abilities. For example, verbal fluency was increased in hypogonadal and eugonadal
men treated with either intramuscular injections of testosterone enanthate, which has the
addition of an ester group allowing for longer action than testosterone, or oral administration
of sublingual testosterone cyclodextrin, which is surrounded by a carbohydrate ring facilitating
absorption of T through the oral mucosa (Alexander, et al., 1998). In a small clinical study of
men recently diagnosed with AD, testosterone treatment resulted in improved performance on
both the mini-mental status exam and the clock drawing test (CDT) (Tan and Pu, 2003).
Overall, findings with testosterone treatment in cases with AD and mild cognitive impairments
have shown mixed results, with beneficial results in some but not all studies (Cherrier, et al.,
2005, Lu, et al., 2006, Tan and Pu, 2003).

Since testosterone levels tend to positively correlate with at least some aspects of cognition,
pharmacological depletion of androgens and inhibition of androgen signaling in men may be
predicted to yield deleterious cognitive consequences. Consistent with this possibility, anti-
androgen therapies used for the treatment of prostate cancer (e.g., leuprolide, cyproterone
acetate) have been associated with cognitive impairments (Green, 2002, Salminen, et al.,
2004). Conversely, the discontinuation of anti-androgen therapy was reported to restore
cognitive performance, in particular verbal memory (Almeida and Papadopoulos, 2003).
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Similarly, a study evaluating the effect of cycling anti-androgen therapy found that androgen
blockade negatively affected spatial memory (Cherrier, et al., 2003). Together, this literature
suggests that androgens significantly modulate specific aspects of cognition, and that androgen
depletion – either through normal aging or pharmacological action – can result in specific
cognitive impairments.

2.2 Androgen depletion and risk for Alzheimer’s disease in men
Since androgens decrease with age and have several beneficial neural actions, low androgen
levels may place the brain at increased risk for dysfunction and the development of disease. In
agreement with this prediction, accumulating data from our group and others indicate that one
consequence of normal, age-related androgen depletion in men is an increased risk for AD
(Pike et al., 2006).

Several studies now confirm that circulating levels of testosterone are significantly lower in
men with AD in comparison to age-matched, non-demented men, a relationship that appears
strongest in men younger than 80 years of age (Hogervorst, et al., 2003, Hogervorst, et al.,
2002, Hogervorst, et al., 2001, Rasmuson, et al., 2002, Watanabe, 2004, Paoletti, et al.,
2004). In contrast to these studies, some studies have not found differences in testosterone
levels between AD cases and controls (Pennanen, et al., 2004, Twist, et al., 2000), however
small sample size may be contributing to the conflicting results. A variety of factors may affect
the relationship between AD and low testosterone levels. For example, the apolipoprotein ε4
allele risk factor for AD may interact with testosterone. Hogervorst and colleagues (2002)
found not only that low circulating levels of testosterone in men are associated with AD, but
also that cases with at least one apolipoprotein ε4 allele had significantly lower levels of
testosterone than those cases without the ε4 allele (Hogervorst, et al., 2002). It remains unclear
how apolipoprotein ε4 interacts with testosterone in modulating the risk for AD. In mice
genetically engineered to express human apolipoprotein ε4, female animals showed deficits in
learning and memory that was prevented by androgen treatment whereas males showed deficits
upon antagonism of the androgen receptor (Raber, et al., 2002). Interestingly, a recent study
examining the relationship between testosterone levels, apolipoprotein ε4 and cognition in aged
men found that in non- ε4 carriers, higher levels of testosterone were associated with better
cognitive outcomes. In contrast, in individuals with an ε4 allele, higher levels of testosterone
were not associated with better overall cognition (Burkhardt, et al., 2006).

Although several studies identified a relationship between low testosterone in aging men and
AD, they did not clearly determine whether low testosterone is a result of the disease process
or rather contributes to its development. In a prospective longitudinal study using subjects from
the Baltimore Longitudinal Study on Aging, men that developed AD were observed to exhibit
lower testosterone levels 5–10 years prior to clinical diagnosis of AD (Moffat, et al., 2004). In
complementary work from our lab, we found that testosterone depletion appeared to occur
before the development of AD neuropathology. Using samples of human postmortem brain
tissue, we purified and quantified brain levels of sex steroid hormones in men
neuropathologically diagnosed as either normal (Braak stage 0–1), mild neuropathological
changes (Braak stage 2–3), or advanced AD (Braak stage 5–6) (Rosario et. al., 2004). We found
significantly lower brain levels of testosterone in cases with advanced AD in comparison to
neuropathologically normal cases, thereby confirming in brain the relationship between low
testosterone and AD. Importantly, we also observed significantly lower brain levels of
testosterone in men with mild neuropathological changes. This result indicates that brain levels
of testosterone are reduced prior to neuropathological development of AD, suggesting that low
testosterone is a factor that contributes to rather than results from the development of AD
(Rosario et. al., 2004).
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2.3 Relationship between luteinizing hormone and Alzheimer’s disease
Recently, elevated gonadotropin levels, specifically luteinizing hormone (LH), have also been
linked to an increased risk of AD in men (Bowen, et al., 2000, Short, et al., 2001). Some have
suggested that age-related increases in LH may be more relevant to AD pathogenesis than the
associated decline in testosterone levels (Casadesus et al., 2004). The interactions between age-
related LH increase, testosterone depletion, and increased risk for AD in men remain to be
fully elucidated. However, one possibility is that the LH relationship with AD may be most
important in late stages of male aging. Significant increases in circulating LH levels appear to
occur rather late in normal male aging, often not becoming significant until age 80 (Morley,
et al., 1997). In a study of men with a mean age of 75 years, AD was associated with low
testosterone but not with either LH or FSH levels (Hogervorst, et al., 2003). In contrast, in the
study by Bowen et al. (2000) which found an association between elevated LH and AD, the
mean age of the men was 85 years. In our studies, we find that brain levels of testosterone are
significantly lower in AD cases in men aged 60–80 years (Rosario et al., 2004), but that there
is no further decline in testosterone levels in men over the age of 80 and no significant
relationship between testosterone and AD in this older age group (unpublished observations).
Given the current knowledge on this subject, we speculate that both testosterone and LH may
be relevant to AD pathogenesis, and that the testosterone relationship may be more important
in early and middle stages of male aging.

3. Androgen regulation of β-amyloid
With a relationship between age-related testosterone depletion in men and increased risk for
AD reasonably well established, a critical issue is how androgen loss promotes AD
pathogenesis. Perhaps the most likely possibility is through regulation of β-amyloid (Aβ)
accumulation, which is widely believed to be the critical initiating step in AD pathogenesis
(Hardy and Selkoe, 2002). As discussed below, evidence from our lab and others suggest that
androgens function as negative endogenous regulators of Aβ, and thus the age-related loss of
androgens is predicted to increase brain levels of Aβ and consequentially the risk of AD.

3.1 Androgens correlate with Aβ levels in men
Some of the initial evidence linking androgen action with regulation of Aβ came from studies
of men undergoing anti-androgen therapy for prostate cancer. Upon combined treatment with
the AR antagonist flutamide and the GnRH agonist leuprolide acetate, men exhibited decreased
circulating levels of estrogen, testosterone, and gonadotropins as well as increased circulating
levels of Aβ (Almeida and Papadopoulos, 2003, Gandy, et al., 2001). A relationship between
androgens and Aβ has also been observed during normal male aging in which circulating levels
of Aβ were inversely associated with circulating levels of testosterone but unrelated to estradiol
levels (Gillett, et al., 2003). Using human postmortem tissue, we compared the relationship
between brain levels of soluble Aβ and sex steroid hormone levels in aging men. In cases with
mild neuropathological changes (Braak stage 2–3), we found that brain levels of testosterone
significantly and inversely correlated with brain levels of soluble Aβ (unpublished
observations), suggesting that age-related testosterone depletion may result in elevated brain
levels of Aβ and thereby increase the risk of AD.

3.2 Androgen regulation of Aβ in cell culture studies
Perhaps the first association between androgens and Aβ regulation came from cell culture
studies reporting that Aβ levels in cultures of murine neuroblastoma N2a cells and rat primary
neurons were reduced by testosterone treatment (Gouras, et al., 2000). Because this study
utilized testosterone at rather high concentrations and for extended time periods, it raised the
possibility that the observed testosterone effect was mediated via aromatization to estradiol, a
previously established pathway of Aβ regulation (Xu, et al., 1998). In fact, subsequent work
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found that the ability of testosterone to decrease Aβ levels in a different culture paradigm was
blocked in the presence of aromatase inhibitors (Goodenough, et al., 2000). Regardless of
whether the mechanism involves estrogen and or androgen pathways, these initial culture data
suggest that androgens can regulate neural Aβ levels.

3.3 Androgen regulation of Aβ in rodent models
Consistent with predictions from cell culture studies, recent work from our lab demonstrated
that androgens regulate brain levels of Aβ in adult male rodents (Ramsden, et al., 2003b). We
reasoned that if androgens are endogenous negative regulators of Aβ, then androgen depletion
should increase Aβ levels in brain. Consistent with this prediction, we found that after six
weeks of androgen depletion in adult male rats induced by gonadectomy (GDX), soluble brain
levels of Aβ were significantly increased in comparison to sham GDX rats (Ramsden, et al.,
2003b). Suggesting an androgen rather than estrogen mechanism of action, we also found that
treatment of GDX male rats for four weeks with the non-aromatized androgen DHT completely
prevented the increase in brain Aβ levels caused by GDX (Ramsden, et al., 2003b). In ongoing
studies, we are investigating the extent to which normal, age-related androgen depletion in
male rodents affects Aβ similarly to GDX-induced androgen depletion.

The studies discussed thus far, ranging from human analyses to animal models to cell culture
paradigms, consistently predict a relationship between low testosterone in men and increased
risk of AD through a mechanism involving at least in part regulation of Aβ. To directly test
this idea, we recently investigated how androgen status affects the progression of AD-like
pathology in a triple transgenic mouse model of AD (3xTg-AD). We observed that the age-
dependent accumulation of Aβ in the subiculum, hippocampus CA1, and amygdala of male
3xTg-AD mice was significantly accelerated following GDX-induced androgen depletion in
adulthood (Rosario et. al., 2006). Importantly, DHT treatment at the time of GDX prevented
the acceleration of Aβ accumulation (Fig. 1), suggesting an androgen receptor (AR)-dependent
mechanism of Aβ regulation. We also found that androgen status regulated the development
of memory deficits in this model. Specifically, we observed that GDX worsened the
performance of male 3xTg-AD mice in a spontaneous alternation behavior in the Y-maze, a
hippocampal-dependent task of working memory (Rosario et. al., 2006). DHT treatment of
GDX 3xTg-AD mice rescued their behavioral deficit. Because androgen status did not affect
spontaneous alternation behavior in wild-type mice of the 3xTg-AD background strain
(Rosario et. al., 2006), these data suggest that androgens regulated behavioral deficits via
underlying effects on pathology (e.g., Aβ accumulation) rather than direct actions on behavior.

4. Mechanism of androgen regulation of Aβ
Beneficial actions of androgens such as neuron viability and modulation of Aβ levels support
the hypothesis that age-related androgen depletion may increase the risk of developing AD.
As previously discussed, several studies have identified androgens as endogenous regulators
of Aβ (Gandy et al., 2001, Gouras et al., 2000, Gillett, et al., 2003, Ramsden, et al., 2003b,
Rosario et. al., 2006). The mechanism(s) by which androgens regulate Aβ is not known, but
presumably involves one or more of three general pathways; direct actions through AR-
dependent pathways, indirect actions through estrogen pathways via testosterone aromatization
to estradiol, indirect actions through gonadotropin pathways via testosterone modulation of the
hypothalamic-pituitary-gonadal axis.

4.1 Androgen regulation of Aβ through direct androgen pathways
Testosterone has been shown to regulate levels of Aβ in cell culture, rodent models, and human
brain (as reviewed in Pike et al., 2006). Work from our lab indicates that androgen, not estrogen,
pathways are responsible for the regulation of Aβ levels in males (Ramsden, et al., 2003b).
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Aβ levels were significantly increased following GDX, and this effect was completely blocked
by DHT treatment (Ramsden, et al., 2003b). Because DHT is not aromatized to estradiol, these
data would appear to suggest that the mechanism is independent of estrogen receptors (ER)
and likely involves AR. However, recent observations demonstrate that the DHT metabolite
5α-androstan-3β, 17 β-diol can act as an agonist for ERβ (Lund et al., 2006), leaving open the
possibility that DHT actions may be mediated indirectly through ERβ. However, in the
Ramsden et al., (2003b) study, treatment of GDX male rats with estradiol did not reverse the
GDX-induced elevation in Aβ, suggesting that androgen rather than estrogen pathways regulate
Aβ levels in this model. In our recent study of androgen regulation of neuropathology in male
3xTg-AD mice, we also found that DHT blocked increased Aβ accumulation resulting from
GDX (Rosario et. al., 2006). Initial evidence suggests that estradiol treatment of GDX male
3xTg-AD mice can partially reduce Aβ accumulation in a region-specific manner, but that
estradiol is generally less effective than either DHT or testosterone (unpublished observations).
In aging men, circulating levels of androgens but not estrogen were correlated with Aβ (Gillett,
et al., 2003). Recent cell culture studies in our lab have identified a novel AR-dependent
mechanism in which androgens reduce Aβ levels by increasing expression of neprilysin, an
important Aβ-catabolizing enzyme (unpublished observations). Thus, available evidence is
consistent with a direct androgen mechanism but does not exclude potential roles of indirect
androgen actions through estrogen and perhaps gonadotropin pathways.

4.2 Androgen regulation of Aβ through estrogen pathways
Similar to androgens, estrogen has also been found to be an endogenous regulator of Aβ. In
cell culture models, 17β-estradiol has been shown to reduce Aβ levels directly by assay of
soluble Aβ and or indirectly by demonstration of increased levels of soluble APPα (sAPPα),
a proteolytic product of non-amyloidogenic APP metabolism (Jaffe, et al., 1994, Xu, et al.,
1998, Chang, et al., 1997, Vincent and Smith, 2000). These studies indicate that estrogen
regulation of Aβ is likely mediated by regulation of APP processing and or APP trafficking
(Greenfield, et al., 2002), perhaps through activation of mitogen-activated protein kinase-
signaling (MAPK) pathway (Manthey, et al., 2001). Although the precise mechanism remains
to be fully elucidated, the cell culture studies all suggest that estrogen modulates Aβ levels by
regulating its production from APP.

Estrogen regulation of Aβ levels has also been observed in wild-type female rodents
(Petanceska, et al., 2000) and in some but not all rodent models of AD (Zheng, et al., 2002,
Levin-Allerhand, et al., 2002, Heikkinen, et al., 2004, Yue, et al., 2005, Green et al., 2005). It
is unclear why estrogen apparently fails to regulate Aβ levels in some mouse models of AD,
but there are several potentially important differences across these studies, including mouse
strains and experimental parameters such as age, dose of estrogen, method of Aβ assay, and
duration of hormonal manipulation. In those in vivo studies that reported estrogen regulation
of Aβ, the mechanism was not clear. In contrast to cell culture studies, there is some evidence
that estrogen may not regulate sAPPα levels (Petanceska, et al., 2000, Savage, et al., 1998).
Interestingly, one report indicates that estrogen may increase the activity of the Aβ-catabolizing
enzyme neprilysin (Huang, et al., 2004), suggesting a possible effect of estrogen on Aβ
clearance rather than on Aβ production.

4.3 Androgen regulation of Aβ through gonadotropin pathways
In addition to direct activation of AR-dependent signaling and indirect activation of estrogen
pathways, androgens may affect Aβ levels indirectly by regulation of the hypothalamic-
pituitary-gonadal axis and the gonadotropin luteinizing hormone (LH). Because testosterone
loss results in diminished negative feedback on the hypothalamic-pituitary-gonadal axis, it also
results in elevated LH levels, which some have theorized might increase risk of AD (Casadesus
et al., 2004). Perhaps consistent with this idea are recent data demonstrating that treatment of
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female mice with the GnRH agonist leuprolide acetate, which presumably suppressed LH
levels, resulted in reduced levels of Aβ (Bowen, et al., 2004). In a transgenic mouse model of
AD, 3 mo treatment with leuprolide acetate resulted in decreased Aβ accumulation and a
reduction in cognitive impairments (Casadesus, et al., 2006). Further, LH treatment in a
neuroblastoma cell line increased levels of secreted Aβ and decreased levels of sAPPα,
suggesting LH may promote amyloidogenic processing of APP (Bowen, et al., 2004).
Gonadotropins may also play a role in regulation Aβ levels through changing expression of
presenilins, which are important mediators of Aβ production (for review see Barron, et al.,
2006). Although accumulating data continue to implicate androgens as endogenous regulators
of Aβ, the relative roles of the various direct and indirect mechanisms of androgen action in
this effect remain to be established.

5. Conclusions and future directions
In this review, we have discussed recent evidence from a number of different research groups,
including our own, that collectively indicate a significant relationship between normal, age-
related testosterone depletion in men and increased risk for the development of AD. Because
androgens exert a variety of beneficial actions in brain, androgen loss may negatively impact
the aging brain and increase its vulnerability to age-related neurodegenerative diseases by a
variety of mechanisms, including regulation of neuron viability, neuronal plasticity, and glial
activation. Importantly, because beneficial neural actions of androgens affect many general
features of neural health and functioning, we speculate that androgen loss may be relevant not
only to AD but also several other neurodegenerative disorders. Perhaps most relevant to the
discussion of AD is evidence that androgens can reduce levels of Aβ, the accumulation of
which is thought to initiate and drive AD pathogenesis. Available evidence highlights three
general pathways by which androgens may regulate Aβ levels and vulnerability to AD: directly
through AR-dependent pathways, indirectly through estrogen pathways after testosterone
conversion to 17β-estradiol or DHT conversion to 5α-androstan-3β,17 β-diol, and indirectly
through gonadotropin actions as a consequence of androgen regulation of the hypothalamic-
pituitary-gonadal axis (Fig. 2). Although currently there is insufficient available data to
determine the relative importance of these different androgen pathways, recent data from our
laboratory is most consistent with a primary role of direct AR-dependent signaling pathways
resulting in increased Aβ clearance. As these novel and important findings are pursued in future
studies, it will be important to address the role of aging, which results not only in altered
hormone levels but often in diminished hormone responsiveness.

The obvious and clinically important implication from these data is that androgen therapy may
provide an effective and relatively safe means to prevent and or treat AD in aging men with
low testosterone. There are potential adverse risks associated with androgen therapy, including
prostatic carcinoma, atherosclerosis, breast carcinoma, and hypertension (for review see
Kaufman and Vermeulen, 2005). The principal concern is the development of prostate cancer
since the majority of prostate cancers are androgen sensitive, at least initially (Goldenberg, et
al., 1995). Despite these potential risks, there is little direct evidence that androgen therapy is
associated with increased incidence of prostate cancer (Raynaud, 2006, Kaufman and
Vermeulen, 2005). For example, in a recent clinical trial, short-term (6 months) androgen
therapy was effective in regulating serum levels of androgens in hypogonadal men but had no
adverse effects on prostate tissue (Marks, et al., 2006). Because extended androgen therapy
will likely be required for maximal efficacy in preventing AD, long-term safety is an issue that
must be addressed. Future research should continue to elucidate the mechanisms underlying
neural actions of androgens and begin to utilize these advances in the rational development of
selective androgen receptor modulators that ideally will mimic beneficial androgen actions and
minimize those linked to adverse outcomes. Importantly, future studies must also address the
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role of aging, which often results not only in altered hormone levels but also diminished
hormone responsiveness.
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Figure 1.
Androgens regulate accumulation of Aβ in the triple transgenic model of AD (3xTg-AD).
Immunostaining with anti-Aβ antibodies in adult (age 7 mo) male mice shows absent Aβ
immunoreactivity in subiculum of wild-type mice (A), but significant intracellular
accumulation in 3xTg-AD mice (B). 3xTg-AD mice that were androgen depleted by
gonadectomy (GDX) at age 3 mo show a robust increase in Aβ accumulation at age 7 mo (C),
an effect prevented by DHT treatment beginning immediately after GDX (D).
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Figure 2.
Androgen regulation of Aβ may involve three general pathways. Aging decreases testosterone,
which can reduce Aβ levels directly by androgen receptor (AR)-dependent regulation of the
Aβ-catabolizing enzyme neprilysin (NEP) and indirectly by aromatization to 17β-estradiol,
which has been shown to reduce amyloidogenic processing of the Aβ precursor protein (APP).
Through regulation of the hypothalamic-pituitary-gonadal axis, age-related testosterone
depletion also elevates LH levels, which have been associated with increased Aβ by an
incompletely defined mechanism that may include the LH receptor (LHR)
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