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bstract

We examined the relationships between normal aging, Alzheimer’s disease (AD), and brain levels of sex steroid hormones in men and
omen. In postmortem brain tissue from neuropathologically normal, postmenopausal women, we found no age-related changes in brain

evels of either androgens or estrogens. In comparing women with and without AD at different ages, brain levels of estrogens and androgens
ere lower in AD cases aged 80 years and older but not significantly different in the 60–79 year age range. In male brains, we observed that
ormal aging was associated with significant decreases in androgens but not estrogens. Further, in men aged 60–79 years, brain levels of
estosterone but not estrogens were lower in cases with mild neuropathological changes as well as those with advanced AD neuropathology. In

ale cases over age 80, brain levels hormones did not significantly vary by neuropathological status. To begin investigating the relationships
etween hormone levels and indices of AD neuropathology, we measured brain levels of soluble �-amyloid (A�). In male cases with mild

europathological changes, we found an inverse relationship between brain levels of testosterone and soluble A�. Collectively, these findings
emonstrate sex-specific relationships between normal, age-related depletion of androgens and estrogens in men and women, which may be
elevant to development of AD.

2009 Elsevier Inc. All rights reserved.
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. Introduction

Advancing age is the most significant risk factor for the
evelopment of Alzheimer’s disease (AD) (Evans et al., 1989;
orm et al., 1987; Rocca et al., 1986). One age-related change
ll women experience is the almost complete loss of their pri-
ary sex steroid hormone, the estrogen 17�-estradiol (E2)

t menopause. Men also experience a robust age-related

ecrease in circulating levels of their primary sex steroid
ormone testosterone (T), however this effect is much more
radual and typically less severe than E2 depletion in women
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Morley et al., 1997; Vermeulen et al., 1996). The loss of
ex steroid hormones during normal aging increases the risk
f disease and dysfunction in hormone-responsive tissues
Baumgartner et al., 1999; Burger et al., 1998; Kleerekoper
nd Sullivan, 1995; Morley, 2001; Stampfer et al., 1990).
ince the brain is a hormone-responsive tissue, age-related
ormone depletion presumably results in diminished neu-
oprotective actions of hormones and an increased risk to
eurodegenerative diseases such as AD (Pike et al., 2006;
osario and Pike, 2008). In fact, epidemiological evidence
as linked estrogen loss during menopause with an increased
isk for the development of AD in women (Cholerton et al.,

002; Henderson, 2006). However, studies comparing E2 lev-
ls in women with and without AD have yielded conflicting
esults (Cunningham et al., 2001; Manly et al., 2000; Twist et
l., 2000), as have studies evaluating the efficacy of hormone
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herapy in the prevention and treatment of AD (Espeland et
l., 2004; Kawas et al., 1997; Rapp et al., 2003; Shumaker et
l., 2004, 2003; Zandi and Breitner, 2003; Zandi et al., 2002).

In men, low circulating levels of total and free T have
een associated with an increased risk for the development
f AD (Hogervorst et al., 2003a,b, 2004, 2001; Paoletti et
l., 2004; Watanabe et al., 2004). While these studies estab-
ished a relationship between androgens and AD, they did not
istinguish whether low T levels are contributing to or result-
ng from the disease process. However, a longitudinal study
ound that the relationship between low T and AD precedes
linical diagnosis by several years (Moffat et al., 2004). Fur-
her, we previously reported that T levels in male brain are
ignificantly reduced not only in cases of severe AD but also
n cases with mild neuropathological changes, supporting the
dea that low androgen levels are a risk factor for development
f AD (Rosario et al., 2004).

In this study, we expanded our previous investigation into
he relationship between brain levels of sex steroid hormones
nd AD neuropathological diagnosis. Specifically, we ana-
yzed brain levels of testosterone (T), its active metabolite
ihydrotestosterone (DHT), the weak estrogen estrone (E1),
nd its active metabolite the potent estrogen E2. We compared
evels in postmortem brain samples from men and women
oth across normal aging and by AD neuropathological diag-
osis. For male cases, we were also able to obtain sufficient
ases with mild neuropathological changes consistent with
ery early stages of AD to evaluate hormone changes in tran-
itional stages of AD pathogenesis. We report sex-specific
elationships in levels of estrogens and androgens with both
ging and AD.

. Materials and methods

.1. Human cases

Frozen postmortem brain tissue from midfrontal gyrus of
europathologically characterized male and female cases,
ged 50–97 years and predominantly Caucasian, was
cquired from tissue repositories associated with Alzheimer’s
isease Research Centers at the University of Southern
alifornia, University of California Irvine, University of Cal-

fornia San Diego, and Duke University. To minimize the
otential effects of hormone degradation, we included only
ases with (i) a postmortem interval (time lag between death
nd tissue processing) less than 10 h, and (ii) a storage period
rior to hormone analysis of less than 6 years. Further, we
xcluded cases with a medical history that included condi-
ions associated with altered androgen or estrogen levels,
ncluding renal disease, liver disease, breast cancer, prostate
ancer, and use of hormone therapy.
All cases were either neuropathologically normal (i.e.,
acking significant neuropathology of any type) or exhibited
pecifically AD associated neuropathology within defined
raak criteria (Braak and Braak, 1991) but lacking additional

D
e
f
w

f Aging 32 (2011) 604–613 605

r mixed neuropathologies, including infarcts and other vas-
ular pathology, Parkinson’s disease, Lewy body pathology,
nd hippocampal sclerosis. Clinical findings, which were
vailable only in a subset of cases, were consistent with
he neuropathological diagnoses. Female cases were divided
nto two groups according to neuropathological diagnosis: (i)
europathologically normal (Braak stages 0–I without evi-
ence of degenerative changes; n = 12, age range = 63–95
ears, mean age = 81.3 ± 2.5 years, (ii) AD (Braak stages
–VI with neuropathological diagnosis of AD in the absence
f other neuropathologies); n = 32, age range = 61–91 years,
ean age = 74.3 ± 1.6 years. Female cases were analyzed

oth across ages and following stratification into two age
roups, 60–79 years and ≥80 years (see Table 2).

Male cases were divided into three groups according to
europathological diagnosis: (i) neuropathologically normal
Braak stages 0–I, without evidence of degenerative changes,
= 15, age range = 50–97 years, mean age = 80.6 ± 2.1, (ii)
ild neuropathological changes (MNC; Braak stages II–III

nd lacking neuropathology unrelated to AD); n = 17, age
ange = 64–94 years, mean age = 79.5 ± 1.9, and (iii) AD
Braak stages V–VI with neuropathological diagnosis of
D in the absence of other neuropathologies); n = 33, age

ange = 60 – 89 years, mean age = 76.6 ± 1.4. Like the female
ases, male cases were also analyzed both across ages and
ollowing stratification into two age groups, 60–79 years and
80 years (see Table 4).

.2. Hormone measurements

Steroid hormones, specifically unbound hormones since
issociation from binding proteins is necessary for entry
nto brain, were purified from frozen postmortem brain tis-
ue (midfrontal gyrus) then quantified by radioimmunoassay
RIA) following organic solvent extraction and Celite col-
mn partition chromatography (Goebelesmann et al., 1979),
s previously described (Rosario et al., 2004). In brief, frozen
−80 ◦C) brain tissue was thawed, weighed, and homoge-
ized in ice-cold PBS (3 ml PBS/g tissue). An aliquot of
omogenate was taken for protein quantification and the
emainder used for hormone quantification. 3H-labeled hor-
ones (∼500 cpm/tube) were included as internal standards

o correct for procedural losses. The analytes were extracted
ith hexane:ethyl acetate (3:2) and separated from interfering

teroids by use of Celite column partition chromatography
ith ethylene glycol as the stationary phase. DHT and T were

luted with 10% and 35% toluene in isooctane, respectively,
hereas E1 and E2 were eluted with 15% and 40% ethyl

cetate in isooctane, respectively. These assays have been
hown to be sensitive, accurate, precise, and specific; inter-
ssay and intra-assay coefficient of variation were <10%.
he sensitivity of the RIAs is 15 pg/ml for T, 8 pg/ml for

HT, 5 pg/ml for E1, and 3 pg/ml for E2. All collected data

xceeded these detection limits, and there were a total of only
our missing hormone values across all cases. All results
ere corrected for procedural losses and are reported as a
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raction of starting tissue weight (protein correction yielded
omparable results, data not shown).

.3. Aβ ELISA

Soluble A� levels from postmortem tissue of normal
nd MNC cases were determined by ELISA as previously
escribed (Nistor et al., 2007). A� was sequentially extracted
n DEA buffer (50 mM sodium chloride, 0.2% DEA, and
× protease inhibitor cocktail) using 1 ml buffer/100 mg wet
eight tissue and centrifuged at 4 ◦C at 16,000 × g for 30 min.
fter centrifugation, the supernatant was collected and stored

t −80 ◦C until assayed. Brain samples were run in tripli-
ate on ELISA plates coated with a monoclonal anti-A�1–16
ntibody (kindly provided by Dr. William Van Nostrand,
tony Brook University, Stony Brook, NY) and detection
as by monoclonal HRP conjugated anti-A�1–40 (MM32-
3.1.1) and anti-A�1–42 (MM40-21.3.1) antibodies (kindly
rovided by Dr. Christopher Eckman, Mayo Clinic Jack-
onville, Jacksonville, CA) (Das et al., 2003; Kukar et al.,
005; McGowan et al., 2005).
.4. Statistical analyses

Linear regression was used to analyze the interaction
etween hormone levels (expressed as hormone amount

i
e
a
v

ig. 1. Brain levels of estrogens and androgens do not significantly change with age
ersus age for (A) testosterone (r = −0.27), (B) dihydrotestosterone (r = −0.24), (
63–95 years, N = 12) characterized as neuropathologically normal.
f Aging 32 (2011) 604–613

er wet tissue weight) and age. An analysis of covariance
ANCOVA) with age as the covariate followed by between
roup comparisons using the Fisher LSD test was used to
ompare differences in hormone levels by neuropathological
tatus. Multivariate correlations followed by Spearman rank
nalyses were used to determine the relationship between hor-
ones and hormone levels and soluble A�. Since age had an

ndependent effect on soluble A�, partial correlations were
erformed to control for age.

. Results

.1. Brain levels of sex steroid hormones during aging
nd across neuropathological diagnoses in women

To investigate the effects of both age and the presence
f AD on brain levels of sex steroid hormones in women,
e first assessed levels of estrogens and androgens in frozen

amples of midfrontal gyrus from neuropathologically
ormal postmenopausal women. We observed heterogeneity

n the brain levels of the androgens, T and DHT, and the
strogens, E2 and E1, that were broadly distributed over
pproximately a five-fold range from lowest to highest
alues (Fig. 1). Of the four hormones measured, E1 was

in postmenopausal women. Data show brain levels of sex steroid hormones
C) estradiol (r = −0.07), and (D) estrone (r = −0.003) in all female cases
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Table 1
Correlations between estrogens and androgens in all female cases (63–95
years) neuropathologically characterized as normal.

T, ng/g
WT

DHT, ng/g
WT

E1, ng/g
WT

E2, ng/g
WT

T, ng/g WT 1.0
DHT, ng/g WT 0.09 1.0
E1, ng/g WT 0.72* 0.28 1.0
E
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Table 3
Correlations between estrogens and androgens in all male cases (50–97
years) neuropathologically characterized as normal.

T, ng/g
WT

DHT, ng/g
WT

E1, ng/g
WT

E2, ng/g
WT

T, ng/g WT 1.0
DHT, ng/g WT 0.87* 1.0
E , ng/g WT −0.15 0.05 1.0
E
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2, ng/g WT 0.46 0.18 0.84* 1.0

* p < 0.05.

resent at the highest mean levels, followed by T, E2,
nd DHT (Table 2). There were no statistically significant
elationships between age and brain levels of any of the four
tudied hormones (T, r = −0.07, p = 0.82; DHT, r = −0.003,
= 0.99; E2, r = 0.27, p = 0.39; E1, r = −0.24, p = 0.46). To

nvestigate potential relationships between hormones includ-
ng the associations between precursors and metabolites, we
erformed correlations between hormone levels (Table 1).
evels of E1 showed significant positive associations with
oth its metabolite E2 and T. Conversely, T showed no
elationship with its androgen metabolite DHT and only a
onsignificant association with its metabolite E2 (Table 1).

To investigate whether brain levels of androgens and estro-
ens in postmenopausal women are associated with AD,
e compared hormone levels in aged women that were
iagnosed neuropathologically normal versus severe AD.
nalyses performed on the entire female dataset showed no

ignificant differences in brain levels of androgens between
he normal and AD cases (ANCOVA, age as a covari-
te: T, F = 1.3, p = 0.30; DHT, F = 1.36, p = 0.28) (Table 2).
owever, we observed lower levels of estrogens in AD

ases, relationships that reached statistical significance for
1 (ANCOVA, age as a covariate: E1, F = 3.8, p = 0.04) but
ot E2 (ANCOVA, age as a covariate: E2, F = 3.2, p = 0.08)
Table 2). To investigate whether these relationships vary by
ge group, we repeated these analyses after stratifying the
ases into two age groups, 60–79 years and ≥80 years. In the

elatively younger age group, we observed no significant dif-
erences between normal and AD cases in any hormone. In the
80 years group, we found that AD cases had significantly

ower levels of E1, E2, and T (ANCOVA, age as a covari-

T
(
F
A

able 2
rain levels (mean ± standard deviation) of estrogens and androgens in female ca
ge: all cases (56–94 years), 60–79 years, and ≥80 years.

Sample
size

Age, years PMI, h T

ll cases
NOR 12 81.3 ± 2.5 5.9 ± 0.6
AD 32 74.3 ± 1.6* 5.1 ± 0.4

0–79 years
NOR 6 71.3 ± 2.7 6.1 ± 0.8
AD 24 71.3 ± 1.3 5.1 ± 0.4

80 years
NOR 6 90.0 ± 1.7 5.7 ± 0.8
AD 7 84.6 ± 1.6* 4.2 ± 1.4

* p < 0.05 relative to age-matched neuropathologically normal (NOR) group.
1

2, ng/g WT −0.01 0.11 0.86* 1.0

* p < 0.05.

te: E1, F = 7.1, p = 0.02; E2, F = 7.0, p = 0.02; T, F = 10.2,
= 0.009) (Table 2).

.2. Brain levels of sex steroid hormones during aging
nd across neuropathological diagnoses in men

We previously reported an age-related decrease in brain
evels of T but not E2 in men (Rosario et al., 2004). Extend-
ng our analyses of these cases, we found levels of not only

(r = −0.71, p < 0.01, Fig. 2A) but also DHT (r = −0.57,
= 0.01, Fig. 2B) were inversely correlated with age in
europathologically normal male brains (N = 18, age range
0–97 years). However, there was no relationship between
ge and brain levels of either E2 (r = −0.04, p = 0.96, Fig. 2C)
r E1 (r = −0.09, p = 0.73, Fig. 2D). In contrast to our obser-
ations of hormone correlations in females, we observed in
ormal men that T levels strongly predict DHT levels but are
ot associated with either E1 or E2 levels (Table 3). Further,
1 shows a strong positive correlation with E2.

To investigate the relationships between sex steroids
ormones and AD diagnosis in men, we compared brain hor-
one levels in aged men that exhibited no neuropathology,
oderate to severe AD pathology, and mild neuropatho-

ogical changes. In the full analysis of all male cases, we
bserved nonsignificant trends of lower T and higher E1
n AD cases, but no statistically significant differences in
rain levels of androgens (ANCOVA, age as a covariate:

, F = 0.57, p = 0.56; DHT, F = 0.14, p = 0.87) or estrogens
ANCOVA, age as a covariate: E2, F = 0.37, p = 0.69; E1,
= 1.8, p = 0.17) across neuropathological status (Table 4).
nalyses of data following stratification by age revealed brain

ses neuropathologically characterized as normal and AD, and grouped by

, ng/g WT DHT, ng/g WT E1, ng/g WT E2, ng/g WT

0.65 ± 0.12 0.12 ± 0.02 1.11 ± 0.27 0.12 ± 0.03
0.54 ± 0.07 0.13 ± 0.01 0.57 ± 0.2* 0.07 ± 0.02

0.63 ± 0.17 0.11 ± 0.03 1.04 ± 0.4 0.08 ± 0.02
0.57 ± 0.08 0.14 ± 0.01 0.6 ± 0.2 0.07 ± 0.01

0.84 ± 0.12 0.14 ± 0.04 1.53 ± 0.29 0.19 ± 0.04
0.27 ± 0.11* 0.07 ± 0.03 0.3 ± 0.26* 0.04 ± 0.07*
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ig. 2. Brain levels of androgens decrease with age in neuropathologically
estosterone (r = −0.71), (B) dihydrotestosterone (r = −0.57), (C) estradiol
haracterized as neuropathologically normal.

evels of T in the 60–79 years group were significantly dif-
erent across neuropathological diagnoses (ANCOVA, age as
covariate; F = 4.7, p = 0.02; Table 4). Specifically, T levels
ere lower in AD and mild neuropathology cases in com-
arison to neuropathologically normal men (Table 4). DHT

ollowed a similar trend to that of T but did not reach sta-
istical significance (ANCOVA, age as a covariate; F = 2.4,
= 0.25, Table 4). No changes in brain levels of E2 were
bserved between groups in the 60–79 age range (ANCOVA,

b
a
e
E

able 4
rain levels (mean ± standard deviation) of estrogens and androgens in male cases n
nd grouped by age: all cases (50–97 years), 60–79 years, and ≥80 years.

Cond. Sample size Age, years PMI, hours

ll cases
NOR 17 77.1 ± 2.3 5.2 ± 0.7
MNC 17 79.5 ± 1.9 4.9 ± 0.7
AD 33 76.6 ± 1.4 3.8 ± 0.6

0–79 years
NOR 7 71.1 ± 2.2 5.8 ± 1.1
MNC 7 71.9 ± 2.2 5.5 ± 1.3
AD 22 73.0 ± 1.2 3.4 ± 0.9

80 years
NOR 8 87.2 ± 1.6 3.9 ± 1.0
MNC 10 85.0 ± 1.2 4.1 ± 0.7
AD 11 84.6 ± 1.2 4.4 ± 0.8

* p < 0.05 relative to age-matched neuropathologically normal (NOR) group.
l men. Data show brain levels of sex steroid hormones versus age for (A)
.04), and (D) estrone (r = −0.09) in all male cases (50–97 years, N = 17)

ge as a covariate; F = 0.22, p = 0.7, Table 4), although there
as a trend towards increased brain levels of E1 in AD cases

hat did not reach statistical significance (ANCOVA, age as a
ovariate; F = 4.25, p = 0.06, Table 4). In male cases 80 years
f age and older, we observed no significant differences in

rain levels of either androgens (ANCOVA, age as a covari-
te: T, F = 2.5, p = 0.10; DHT, F = 2.6, p = 0.09; Table 4) or
strogens (ANCOVA, age as a covariate: E2, F = 0.4, p = 0.64;
1, F = 0.4, p = 0.66; Table 4).

europathologically characterized as normal, mild neuropathology, and AD,

T, ng/g WT DHT, ng/g WT E1, ng/g WT E2, ng/g WT

0.77 ± 0.09 0.15 ± 0.01 0.39 ± 0.15 0.09 ± 0.03
0.57 ± 0.09 0.15 ± 0.02 0.57 ± 0.16 0.11 ± 0.03
0.5 ± 0.07 0.13 ± 0.01 0.81 ± 0.11 0.12 ± 0.02

1.03 ± 0.15 0.19 ± 0.03 0.44 ± 0.18 0.12 ± 0.03
0.55 ± 0.2* 0.12 ± 0.03 0.45 ± 0.2 0.09 ± 0.04
0.54 ± 0.1* 0.14 ± 0.01 0.9 ± 0.1 0.13 ± 0.02

0.29 ± 0.18 0.08 ± 0.04 0.40 ± 0.21 0.07 ± 0.04
0.42 ± 0.15 0.14 ± 0.03 0.35 ± 0.17 0.07 ± 0.07
0.67 ± 0.15 0.15 ± 0.03 0.61 ± 0.17 0.12 ± 0.03
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Table 5
Correlations between sex steroid hormones, age, and soluble levels of �-
amyloid in male cases with ‘mild neuropathological changes’.

A�42 p-value

Age 0.30 0.15
T, ng/g WT −0.49* 0.044
DHT, ng/g WT −0.30 0.15
E2, ng/g WT −0.30 0.16
E
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* p < 0.05.

.3. Correlations between Aβ, age, and sex steroid
ormones

Because previous findings have suggested that estrogens
nd androgens may be related to AD risk by regulating A�
Carroll et al., 2007; Rosario and Pike, 2008), we investigated
hether brain levels of sex steroid hormones are associated
ith brain levels of A� prior to the development of AD.
evels of soluble A�1–42 were not consistently detected at
easurable levels using our ELISA system in neuropatholog-

cally normal cases (data not shown). Therefore, we limited
ur analyses to cases with mild neuropathological changes,
or which only male cases were available. We observed a
on-significant trend towards increased brain levels of A�
ith increasing age (Table 5). Notably, we found a significant
egative correlation between levels of T and A� (Table 5).
ecause age and brain levels of T are significantly associ-
ted in men (Fig. 2), we performed partial correlations, to
orrect the T/A� relationship for age and the age/A� rela-
ionship for T. We found that correcting for T weakened
he age/A� relationship (r = 0.12), but correcting for age
nly mildly reduced the strength of the T/A� relationship
r = −0.42). DHT, E1 and E2 showed modest negative correla-
ions with A�1–42, although these relationships were weaker
han the T relationship and were not statistically significant
Table 5).

. Discussion

The goal of this study was to investigate the relation-
hips between brain levels of sex steroid hormones in men
nd women during normal aging with and without AD. In
ostmenopausal women, we found no significant changes in
rain levels of sex steroid hormones during normal aging. In
en, we found normal aging was associated with significant

ecreases in the brain levels of the androgens T and DHT but
o significant changes in the estrogens E2 and E1. Compari-
on of hormone levels between normal and AD cases revealed
ower levels of estrogens and T in women, effects most appar-
nt at advanced age. In men, T was significantly lower in

D cases than in neuropathologically normal cases but only
ithin the 60–79 age range. Interestingly, within the same

ge group, we found that men with mild neuropathological
hanges consistent with early AD also showed significantly

i
t
t
e
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educed T levels that were inversely correlated with brain
evels of soluble A�.

Our analysis of sex steroid hormones in neuropathologi-
ally normal men and women represents the first analysis of
rain levels of sex steroid hormones across aging. Numerous
rior studies have evaluated age changes in sex steroid hor-
ones in serum. In women, menopause is associated with
large decline in circulating levels of estrogens and andro-
ens, however little change is observed following menopause
Militello et al., 2002; Paoletti et al., 2004; Riggs et al., 2002).
onsistent with these findings, we did not observe signifi-
ant changes in the levels of either estrogens or androgens in
ostmenopausal women across increasing ages from 63 to 95
ears. We did observe a strong correlation between E1 and E2
n brain tissue from neuropathologically normal women, but
nly a weak, statistically insignificant correlation between T
nd E2, suggesting that E1 may be the primary prohormone
esponsible for E2 synthesis in the aged female brain.

In men, normal aging is associated with a gradual decrease
n serum levels of T, typically beginning in the fourth decade,
ut no consistent change in serum levels of either DHT or
strogens (Kaufman and Vermeulen, 2005). Although cir-
ulating levels of sex steroid hormones are often predictive
f tissue levels, brain levels of hormones can significantly
iffer from circulating levels due to the effects of sex hor-
one binding globulin, the presence in brain of steroid

onverting enzymes, and neurosteroidogenesis (Manni et al.,
985; Melcangi and Panzica, 2006; Schumacher et al., 2004;
toffel-Wagner, 2001). In fact, our findings in men on age
hanges in brain levels of sex steroid hormones differ from
stablished changes in serum levels. For example, whereas
erum data in men indicate modest declines in both total

and free T with age (Harman et al., 2001; Kaufman and
ermeulen, 2005; Muller et al., 2003; Purifoy et al., 1981),
ur findings show a robust decline in brain T that reaches
nadir at approximately 80 years of age. Further, serum

evels of DHT in men do not appear to decrease with age
Kaufman and Vermeulen, 2005) but our data show a signif-
cant inverse correlation between age and brain DHT levels.
his parallel age-related decrease in brain levels of T and
HT is also reflected in the robust correlation between these
ormones, indicating a strong precursor (T):product (DHT)
elationship that was not observed in female brain. Interest-
ngly, although T is converted into E2 by aromatase action in
rain, we observed that E2 levels were not associated with T
ut rather with the estrogenic precursor E1.

An additional difference between established serum levels
f sex steroid hormones and our data on brain hormone lev-
ls is the effect of gender. For example, while serum T levels
re approximately 10-fold higher in normal aged men than in
ostmenopausal women (Militello et al., 2002; Paoletti et al.,
004; Rasmuson et al., 2002), we show very similar T levels

n neuropathologically normal male and female brain. Fur-
her, serum levels of E2 are two- to three-fold higher in men
han postmenopausal women (Militello et al., 2002; Paoletti
t al., 2004), however in brain we observe negligible dif-
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erences in E2 levels between men and women. There have
een only a few prior studies that investigated brain levels
f androgens and estrogens. These studies yielded results
enerally similar to ours, reporting comparable brain levels
f E2 in neuropathologically normal men and women, and
lightly higher brain levels of T in men compared to women
Hammond et al., 1983; Lanthier and Patwardhan, 1986).

In addition to examining the change in brain levels of
ex steroid hormones across normal aging, we also inves-
igated hormone changes associated with neuropathological
iagnosis of AD. In women across all age groups, we found
ignificantly lower E1 and a non-significant trend of lower E2
rain levels in AD cases compared with neuropathologically
ormal control cases. When these cases were stratified by age
e found significantly decreased levels of both E2 and E1 in
D cases in the women over 80 years of age. This associa-

ion of low estrogen and AD diagnosis is generally consistent
ith epidemiological evidence that identifies estrogen loss

t menopause as a risk factor for the development of AD
Brinton, 2004; Henderson, 2006). Unclear is why estrogen
evels were lower in the ≥80 age group but not the 60–79
ge group, a time period one might predict would be more
mportant if estrogen depletion contributes to AD pathogene-
is. Prior studies comparing serum levels of estrogens in aged
omen with and without AD have been mixed, with reports
f no differences (Cunningham et al., 2001), increased levels
f E2 in AD subjects (Ravaglia et al., 2007; Hogervorst et al.,
003a,b), and decreased levels of E2 in AD subjects (Manly
t al., 2000; Schupf et al., 2006). Discrepancies in the liter-
ture may reflect low assay sensitivity for measurement of
erum E2 (Hogervorst et al., 2003a,b). This limitation is less
f a concern with tissue analyses, since starting material can
e increased to meet sensitivity criteria. There have been two
rior studies that measured brain levels of estrogen in women.
imilar to our findings, Yue and colleagues reported lower E2

evels in brain but not serum of postmenopausal women with
D (Yue et al., 2005), although Twist and colleagues found
o changes in E2 between control and AD cases (Twist et al.,
000).

In men, our data suggest that any association between
ex steroid hormones and AD involves androgens rather than
strogens. In the analyses of both the complete male dataset
nd the age-stratified groupings, neither E1 nor E2 differed
ignificantly by neuropathological status. In contrast, T levels
ere lower in cases from severe AD and mild neuropathology

onsistent with early AD, although this effect was statisti-
ally meaningful only in the 60–79 age group. These data
onfirm and extend our prior observations that demonstrated
ow brain T in men with AD (Rosario et al., 2004). The only
ther published report that compared brain levels of T in men
ith and without AD reported a trend of lower T in AD cases

Twist et al., 2000), an effect that may have failed to reach sta-

istical significance due to a small sample size and extended
ostmortem delay. Our observations of low T in AD men
ounger than age 80 is largely consistent with the literature
n serum T and AD in men. That is, of the several studies

p
a
w
2

f Aging 32 (2011) 604–613

hat have linked low serum levels of T in men with a clinical
iagnosis of AD, most report mean ages of less than 80 years
Hogervorst et al., 2003a,b, 2004, 2001; Moffat et al., 2004;
aoletti et al., 2004; Watanabe et al., 2004). Further, one study
eported that AD is associated with low T only in men less
han 80 but not in those over age 80 (Hogervorst et al., 2004).
he significance of the association between low T and AD
pecifically during the relatively early and middle phases of
ging is hypothesized to reflect its potential contributing role
n AD pathogenesis. Consistent with this notion, longitudi-
al data show that serum T levels in men are reduced several
ears prior to the clinical diagnosis of dementia (Moffat et
l., 2004). Although the reasons why age 80 appears to be a
ignificant time point are not known, it is interesting to note
hat our data in neuropathologically normal men indicate that
0 is the approximate age when brain levels of T reach their
owest point.

Of particular interest is the significance to AD pathogene-
is of low brain estrogens in women and low brain androgens
n men. One possibility is that age-related depletion of estro-
ens and androgens may contribute to AD pathogenesis.
mple evidence demonstrates that estrogens have numerous
eneficial neural actions relevant to a protective role against
D, including regulation of cognition, neuron viability, and

ccumulation of A� (Brinton, 2004; Wise, 2006). Thus, rela-
ively low levels of estrogens are predicted to make the brain

ore vulnerable to AD. Recent experimental evidence sug-
ests parallel protective actions of androgens in male brain.
hat is, androgens are positively associated with cognition

Cherrier et al., 2005; Janowsky, 2006), neuroprotection (Pike
t al., 2008), and reduction in A� levels (Rosario and Pike,
008). Why we observe sex-specific relationships between
ormones and AD, although brain levels of hormones are sim-
lar between the two sexes, is not clear. One possibility is that
strogens and androgens induce sex-specific neural actions
elevant to AD. For example, spine density in female rodent
ippocampus is positively regulated by estrogens (Woolley,
999), whereas in males androgens but not estrogens are
nvolved (Leranth et al., 2003). Similarly, estrogen reduces
� levels in female rodents (Petanceska et al., 2000; Carroll

t al., 2007), but androgens are more important than estrogens
n A� regulation in males (Ramsden et al., 2003).

In this study, we began initial evaluation of the relation-
hip between AD pathology and brain levels of hormones by
easuring brain levels of soluble A� in male cases with mild

europathological changes. Our observations of a negative
orrelation between brain levels of T and A� are consistent
ith the hypothesis that loss of androgen may contribute

o the development of AD. Our findings also agree with
ecent studies that have found significant inverse relation-
hips in the blood levels of T and A� in men suffering from
emory loss (Gillett et al., 2003) as well as prostate cancer
atients treated with androgen deprivation therapy (Almeida
nd Papadopoulos, 2003; Gandy et al., 2001). In conjunction
ith findings in rodent (Ramsden et al., 2003; Rosario et al.,
006) and cell culture (Gouras et al., 2000; Yao et al., 2008)
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odels demonstrating androgen regulation of A�, our results
n mild neuropathology cases suggest that one important con-
equence of low brain levels of T in at least some men is an
ncreased potential for A� accumulation, which in turn may
recipitate the development of AD.

Despite the value and potential significance of these data,
here are also several limitations. First, this study was lim-
ted in sample size. We collected cases from four different
issue repositories and evaluated more cases than what is
ypical for similar studies. However, stratification of cases to
xamine differences across neuropathological states at dif-
erent ages resulted in some groups with fewer than 10 cases.
onsequently, some analyses were underpowered to statis-

ically evaluate subtle differences. In addition, we were not
ble to include a female ‘mild neuropathological changes’
roup because of insufficient sample size resulting from
ur strict exclusion and inclusion criteria. While our strict
riteria limited sample size and thus certain analyses, they
lso strengthened our findings by eliminating many variables
hat may affect hormone levels. Nonetheless, there are some
ariables that we were unable to control for and may have
ffected hormone levels, including body mass index (Tan
nd Pu, 2002; Seftel, 2006) and use of psychoactive drugs
Meador-Woodruff and Greden, 1988). The inclusion of the
mild neuropathological changes’ group in males allowed
s to indirectly control for a range of other potential con-
ounding factors since these cases are unlikely to display the
ate life conditions and agonal state associated with advanced
D.
In summary, this study describes the relationships between

strogen and androgen levels in male and female brain both
uring normal aging and in the presence of AD. Interestingly,
he data show that mean levels of sex steroid hormones are
emarkably similar in male and female brain although there
s a wide range of observed values. This variability suggests
he possibility that relatively high or low levels of hormones

ay be associated with differential risk to neural disorders
ncluding AD. In fact, our data show that, within defined
ge ranges, AD in women is associated with low estrogens
hereas AD in men is associated with low androgens. These
ndings are consistent with the hypothesis that normal, age-
elated loss of sex steroid hormones is one of a large number
f factors that are associated with AD and may contribute to
ts pathogenesis. Further study will be necessary to clarify
he potential roles of other brain hormones and the extent to
hich therapeutic maintenance of hormone levels in brain
ay reduce AD risk.
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